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Preface

This book gets together the pool of cutting-edge research articles on different
aspects of engineering design from the First International Conference on Future
Learning Aspects for Mechanical Engineering (FLAME), which was organized by
Amity University, Uttar Pradesh, Noida, India, from October 3 to 5, 2018.

The key task of this conference was to lay a platform that brings together
academicians, scientists, and researchers across the globe to share their scientific
ideas and vision in the areas of thermal, design, industrial, production, and inter-
disciplinary areas of mechanical engineering. FLAME 2018 played a key role to set
up a bridge between academicians and industries.

The conference hosted almost 550 participants to interchange scientific ideas.
During 3 days of the conference, researchers from academics and industries offered
the most recent cutting-edge findings, went through several scientific brainstorm
sessions, and exchanged ideas on practical socioeconomic topics. This conference
also provided an opportunity to establish a network for joint collaboration between
academicians and industries. Major emphasis was on the recent developments and
innovations in various fields of mechanical engineering through plenary lectures.

The book covers mechanical design areas such as computational mechanics,
finite element modeling, computer-aided designing, tribology, fracture mechanics,
and vibration. The book brings together different aspects of engineering design and
will be useful for researchers and professionals working in this field.

We would like to acknowledge all the participants who have contributed to this
volume. We also deeply express our gratitude to the generous support provided by
Amity University, Noida; Science and Engineering Research Board (SERB), an
enterprise of Department of Science and Technology (DST), Government of India;
Siemens; ISME; and Begell House. We also thank the publishers, and every staff
of the department and institute who have directly or indirectly assisted to accom-
plish this goal. Finally, we would also like to express gratitude to the respected
Founder President, Amity University, Dr. Ashok K. Chauhan, for providing all
kinds of support and blessings.
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In spite of sincere care, there might be typos and always a space for improve-
ment. We would appreciate any suggestions from the reader for further improve-
ments in this book.

Noida, India Dr. R. K. Tyagi
Brookings, USA Dr. Anamika Prasad
Kanpur, India Shakti S. Gupta
January 2019
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Static Analysis of Functionally Graded
Plate Using Nonlinear Classical Plate
Theory with von Karman Strains:
A Complex Solution Analysis

Simran Jeet Singh and Suraj Prakash Harsha

Abstract The present study is based on the nonlinear bending analysis of
Functionally Graded Material (FGM) plate with von Karman strain based nonlinear
classical plate theory with in-plane displacement and moderate rotation subjected to
thermal loading in the transverse direction. The equations of motion and boundary
conditions are obtained using the Principle of Minimum Potential Energy (PMPE)
method and material property is graded in thickness direction according to simple
power-law distribution in terms of volume fractions of the constituents. The tem-
perature is varying linearly through the thickness while temperature dependent
material properties are nonlinear function of temperature. The effect of
temperature-dependent material property is studied. It is observed that dependency
of material property on the temperature cannot be neglected for analyzing the
inhomogeneous FGM plate subjected to thermomechanical loading. The complex
solution is obtained using analytical method, viz., Navier’s Method which assures
minimum error in the solution for simply supported plate. The results show that the
response is transitional with respect to ceramic and metal and the complex solution
predicts the real behavior of stresses and deflections in the FGM plate. The
transverse deflection is in-between to that of metal and ceramic rich plates for FGM
plates. The complex form of solution also gives information about the stress dis-
tribution in the thickness direction. The effect of temperature rise, side-to-thickness
ratio and volume fraction exponent on nondimensional maximum central deflection
and axial and transverse shear stresses of an FGM plate is studied.
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1 Introduction

Functionally Graded Materials are one of the smart materials introduced, nowadays,
in which material properties of two materials are graded in one particular direction
resulting in corresponding changes in the properties of the material. FGMs may be
embodied as structural components and found to have great applications, where the
operating conditions are harsh and subjected to extreme temperature such as heat
exchanger tubes in power plant and heat shields of space crafts. Functionally
Graded Materials was substantially advanced in the early 1980s in Japan [1].

The behavior of most of the FGM plate in literature is modeled using
three-dimensional (3D) theory of linear elasticity or by two-dimensional (2D) plate
theory of plane stress and plane strain. The 3D exact solution [2–5] provides
benchmark results to access the validation and to predict the accuracy of various 2D
plate theory. Zenkour [6] did a 3D bending analysis to derive the exact solutions for
exponentially graded simply supported FGM plate subjected to a sinusoidal load
using state-space method. The “Classical Plate Theory” (CPT) [7] being the sim-
plest and most fundamental 2D plate model, does not take into account the trans-
verse shear effect. Mohammadi et al. [8] presented an analytical method for the
buckling analysis of Levy’s FGM plate based on CPT. Bending analysis of FGM
plate based on CPT [9, 10] has been done by several researchers. To avoid
encountering shear correction factor, polynomial and non-polynomial based higher
order theories were introduced. Levy et al. [11] obtained solutions for a wide range
of values of the loading parameter and the Aspect ratio for the large deflections of
rectangular plates using the asymptotic solution. Neves et al. addressed the analysis
of functionally graded plates by collocation with radial basis functions, according to
a sinusoidal shear deformation formulation [12], quasi-3D hyperbolic sine shear
deformation theory [13], quasi-3D sinusoidal shear deformation formulation [14],
quasi-3D higher order shear deformation theory and a meshless technique [15].
Tahar et al. [16] presented a theoretical formulation, of Navier solutions of rect-
angular plates based on a new higher order shear deformation model for the static
response of functionally graded plates. Kamlesh et al. [17] attempted to extend
inverse trigonometric shear deformation theory for the static and buckling analysis
of FGM plate using an analytical solution.

Moreover, numerous studies have been done on the bending of functionally
graded plates in the thermal environment. Reddy and Chin [18] studied the dynamic
thermoelastic response of functionally graded cylinders and plates. In their for-
mulation, Thermomechanical coupling was included and a finite element model of
the formulation was developed. Shen [19] presented nonlinear bending analysis for
a simply supported, functionally graded rectangular plate subjected to a transverse
uniform or sinusoidal load and in thermal environments. Zenkour and Alghamdi
[20] studied the bending response of sandwich plates subjected to thermome-
chanical loads. Material properties are assumed to be temperature independent.

It has been observed from the available literature that static and dynamic analysis
of FGM plate based on different theories, viz., classical to shear deformation plate
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theories have been studied and analyzed for stresses, deflection, and vibration using
different numerical and analytical solutions but to the best knowledge of the author,
none of the papers on the nonlinear bending analysis of plate subjected to ther-
momechanical analysis based on temperature dependent mechanical properties has
been encountered. Thus, in the present study, the CPT together with von Karman’s
strain–displacement assumptions has been employed to derive the nonlinear gov-
erning partial differential equations with geometric nonlinearity and complex
solution is analyzed.

2 Geometry

The thin plate is a planar structure having a transverse dimension much smaller as
compared to the length and width dimensions. Let us consider a stiff plate whose
transverse dimensions are small as compared to the other two dimensions and,
therefore, the plate is considered to be two-dimensional lamina. Assume a
mid-plane of the plate as a reference surface lie in the x-y plane and z-axis along the
transverse direction, with z, coordinate positive upward, by forming a right-handed
coordinate system. The reference surface is at the distance of � h=2 from both the
top and bottom surfaces of the plate as shown in Fig. 1.

2.1 Sign Convention

The positive moment will make the upper fiber in compression and lower fiber in
tension and the negative moment will make the upper fiber in tension and lower
fiber in compression. Since curvature is proportional to moment, therefore, the
positive moment will create positive curvature and the negative moment will create
negative curvature. As concave upward is created by a positive moment, therefore,
concave upward is considered to be positive and concave downward is considered
to be negative.

Fig. 1 Coordinate system
and reference surface

Static Analysis of Functionally Graded Plate Using Nonlinear … 3



3 Governing Equations and Boundary Conditions

Kinematics of plate theory deals with the displacement of the mid-surface without
considering the forces causing the displacements. The kinematic equation results in
developing the relationship between strain and displacement. The plate under
transverse loading, as shown in Fig. 2a, bends and slope of the mid-surfaces cause
displacement in x- and y-direction as a linear function of transverse dimension (z).
Let u, v, and, w are the real displacements of the body and �u, �v and �w are the
displacements of the mid-surface, where, �u and �v are in-plane displacements and �w
is the out of plane displacement of the mid-surface as shown in Fig. 2b.

From kinematics of plate, displacement can be written as

u ¼ �u� z
@ �w
@x

� �

v ¼ �v� z
@ �w
@y

� �
w ¼ �w

ð1Þ

The nonlinear strain tensor is given by Lagrangian is given as

Eij ¼ 1
2

@ui
@xj

þ @uj
@xi

þ @uk
@xi

@uk
@xj

� �
ð2Þ

On expanding and neglecting square of displacement gradient on the account of
small deformation but assuming the rotation of transverse normal to be moderate
(10°–15°), therefore, the following terms are not neglected,�
@w
@x

�2
;
�
@w
@y

�2
;
�
@w
@x

��
@w
@y

�
.

This will induce geometric nonlinearity and thus strain becomes nonlinear and
denoted by epsilon (e) and substituting Eq. (1) in Eq. (2), we get

Fig. 2 a Plate under transverse loading in direction of Z b Kinematics of plate
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exx ¼ @u
@x

þ 1
2

@w
@x

� �2

¼ @�u
@x

� z
@2 �w
@x2

þ 1
2

@ �w
@x

� �2

ð3aÞ

eyy ¼ @v
@y

þ 1
2

@w
@y

� �2

¼ @�v
@y

� z
@2 �w
@y2

þ 1
2

@ �w
@y

� �2

ð3bÞ

exy ¼ eyx ¼ 1
2

@u
@y

þ @v
@x

þ @w
@x

� �
@w
@y

� �� �

¼ 1
2

@�v
@x

þ @�u
@y

� 2z
@2 �w
@x@y

þ @ �w
@x

� �
@ �w
@y

� �� �
ð3cÞ

ezz ¼ exz ¼ eyz ¼ 0 (*, there is no transverse linear and shear strain)
In matrices form, Eq. (3c) can be written as

½e� ¼
exx
eyy
exy

2
4

3
5 ¼

@ �u
@x þ 1

2
@ �w
@x

� �2
@ �v
@y þ 1

2
@ �w
@y

� �2

1
2

@ �v
@x þ @ �u

@y þ @ �w
@x

� �
@ �w
@y

� �� �
2
6664

3
7775þ z

� @2 �w
@x2

� @2 �w
@y2

� @2 �w
@x@y

2
66666664

3
77777775

ð4Þ

Thus, e ¼ e0 þ ze1

where

e0½ � ¼
e0xx
e0yy
e0xy

2
4

3
5 ¼

@ �u
@x þ 1

2
@ �w
@x

� �2
@ �v
@y þ 1

2
@ �w
@y

� �2

1
2

@ �v
@x þ @ �u

@y þ @ �w
@x

� �
@ �w
@y

� �� �
2
6664

3
7775 and; e1½ � ¼

e1xx
e1yy
e1xy

2
4

3
5 ¼

� @2 �w
@x2

� @2 �w
@y2

� @2 �w
@x@y

2
66666664

3
77777775

The linear generalized Hooke’s law for an orthotropic functionally graded
material is given as

ri ¼ CijðzÞ ej; i; j ¼ 1 to 6

where ri = stress vector; CijðzÞ = Stiffness matrix; and ej = Engineering Strain
vector of the material. For Isotropic material, the Hooke’s law reduces to

rxx

ryy

sxy

2
4

3
5 ¼

C11 C12 0
C12 C22 0
0 0 C66

2
4

3
5 exx � axxTðx; y; zÞ

eyy � ayyTðx; y; zÞ
cxy

2
4

3
5 ð5Þ
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where C11 ¼ C22 ¼ Eðz;TÞ
1�m2 ; C12 ¼ mEðz;TÞ

1�m2 ¼ mEðz;TÞ
1�m2 , C66 ¼ Eðz;TÞ

2ð1þ mÞ
E(z, T) is the elastic modulus that is graded in the thickness direction and

Poison’s ratio m is constant, Cijs are reduced stiffnesses and rij is Piola–Kirchhoff
stress tensor.

4 Equilibrium Equation

The equilibrium equation can be derived using the principle of virtual displacement
given by the equation

dUþ dV ¼ 0 ð6Þ

where dU = virtual strain energy or variation of strain energy due to internal
stresses

dU = virtual potential energy or variation of potential energy due to external
forces

Now, virtual strain energy dU can be written as

dU ¼
ZZZ

r : de dv ¼
Z
V

rijdeijdzdxdy ð7Þ

where r ¼ Stress Tensor

e ¼ Green Lagrange Strain Tensor

: ¼ Operator called as double dot product

Therefore,

dU ¼
ZZZ

rxxdexx þryydeyy þrzzdezz þ 2ðrxydexy þryzdeyz þrzxdezxÞ
� 	

dv

ð8Þ

In stiff plate problem, dezz ¼ deyz ¼ dezx ¼ 0
Thus, substituting above in Eq. (8), we get

dU ¼
ZZZ

rxxdexx þryydeyy þ 2rxydexy
� 	

dv

Taking variation of it, we get
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dU ¼
Z
A

Rh=2
�h=2

rxx
@d�u
@x þ @ �w

@x
� �

@d �w
@x

� �� �
dz� Rh=2

�h=2
rxxz @2d �w

@x2 dzþ R�h=2

�h=2
ryy

@d�v
@y þ @ �w

@y

� �
@d �w
@y

� �� �
dz� R�h=2

�h=2
ryyz @2d �w

@y2 dz

þ Rh=2
�h=2

sxy @d�v
@x þ @d�u

@y þ @d �w
@x

@ �w
@y þ @d �w

@y
@ �w
@x

� �
dz� Rh=2

�h=2
2sxyz @2d �w

@x@y dz

2
666664

3
777775dxdy

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

dU ¼
Z
A

Nxxde
0
xx þNyyde

0
yy þNxyde

0
xy

� �
� Mxxde

1
xx þMyyde

1
yy þ 2Mxyde

1
xy

� �h i
dA

ð9Þ

The virtual work done by the external force is given as

dV ¼ �
ZZ

qzd�wdxdy ð10Þ

where, qz = distributed transverse load applied on the top of the surface

d�w ¼ Applied virtual displacement

Now, substituting Eqs. (9) and (10) into Eq. (6) and we get

dW ¼
Z
A

Nxxde
0
xx þNyyde

0
yy þNxyde

0
xy

� �
� Mxxde

1
xx þMyyde

1
yy þ 2Mxyde

1
xy

� �
� qzdw

h i
dA

ð11Þ

Now solving above equation term by term and on rearranging, we get

dW ¼
Z
A

� @Nxx

@x
� @Nxy

@y

� �
d�uþ � @Nyy

@y
� @Nxy

@x

� �
d�vþ

� @
@x Nxx

@ �w
@x þNxy

@ �w
@y

� �
� @

@y Nyy
@ �w
@y þNxy

@ �w
@x

� �
� @2Mxx

@x2 þ @2Myy

@y2 þ 2 @2Mxy

@x@y � qz
� �

0
B@

1
CAd�w

8><
>:

9>=
>;dA

þ
I
C

NxxnxþNxyny
� �

d�uþ Nyyny þNxynx
� �

d�uþ
Nxxnx þNxyny
� � @ �w

@x
þ Nyyny þNxynx
� � @ �w

@y

þ @Mxx

@x
þ @Myx

@y

� �
nx þ @Myy

@y
þ @Mxy

@x

� �
ny

2
6664

3
7775d�w

MxxnxþMyxny
� �

@d �w
@x � Myyny þMxynx

� �
@d �w
@y

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;
ds

ð12Þ

The Euler–Lagrange equation can be obtained by a fundamental lemma of
variational calculus as

d�u :
@Nxx

@x
þ @Nxy

@y
¼ 0 ð13aÞ

d�v :
@Nyy

@y
þ @Nxy

@x
¼ 0 ð13bÞ
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d�w :
@2Mxx

@x2
þ @2Myy

@y2
þ 2

@2Mxy

@x@y
þ qz

� �
þ @

@x
Nxx

@ �w
@x

þNxy
@ �w
@y

� �

þ @

@y
Nyy

@ �w
@y

þNxy
@ �w
@x

� �
¼ 0

ð13cÞ

The boundary conditions are given by equating the term equal to zero of domain
C, we get

d�u ¼ 0 or Nxxnx þNxyny ¼ 0
d�v ¼ 0 or Nyyny þNxynx ¼ 0

d�w ¼ 0 or
Nxxnx þNxyny
� �

@ �w
@x þ Nyyny þNxynx

� �
@ �w
@y

þ @Mxx
@x þ @Myx

@y

� �
nx þ @Myy

@y þ @Mxy

@x

� �
ny

2
4

3
5 ¼ 0

d @ �w
@x

� � ¼ 0 or � Mxxnx þMyxny
� � ¼ 0

d @ �w
@y

� �
¼ 0 or � Myyny þMxynx

� � ¼ 0

4.1 Relationship Between Stress Resultants and Middle
Surface Displacements

Plate theory reduces the 3D continuum problem to 2D Lamina problem by applying
certain assumptions on the plate is treated as a plane and therefore all the quantities
depends on upon x and y alone. This is done by integrating the quantities in
z-direction, i.e., through the plate thickness and thus the three-dimensional problem
reduces to two-dimensional. Thus, therefore, the three stress components on the
cross section are replaced by a set of resultant forces and moments and are known
as stress resultants. Mathematically, stress resultant is defined as the integrals of
stress over the thickness of the plate yielding following set of stress resultants:

Nxx

Nyy

Nxy

8<
:

9=
; ¼

Zh=2
�h=2

rxx

ryy

sxy

8<
:

9=
;dz and

Mxx

Myy

Mxy

8><
>:

9>=
>; ¼

Zh=2
�h=2

z

rxx

ryy

sxy

8><
>:

9>=
>;dz

Now, stress resultants and moment resultants gave in term of stiffness are
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Nxx

Nyy

Nxy

8><
>:

9>=
>; ¼

A11 A12 0

A12 A22 0

0 0 A66

2
64

3
75

e0xx
e0yy
c0xy

8><
>:

9>=
>;

þ
B11 B12 0

B12 B22 0

0 0 B66

2
64

3
75

e1xx
e1yy
c1xy

8><
>:

9>=
>;�

NT
xx

NT
yy

0

8><
>:

9>=
>;

ð14Þ

Mxx

Myy

Mxy

8>><
>>:

9>>=
>>; ¼

B11 B12 0

B12 B22 0

0 0 B66

2
64

3
75

e0xx

e0yy

c0xy

8>>><
>>>:

9>>>=
>>>;

þ
D11 D12 0

D12 D22 0

0 0 D66

2
64

3
75

e1xx

e1yy

c1xy

8>>><
>>>:

9>>>=
>>>;

�
MT

xx

MT
yy

0

8>><
>>:

9>>=
>>;

ð15Þ

and in a compact form,

N
M


 �
¼ A B

B D

� 
e0

e1


 �
� NT

MT


 �

where coefficients Aij’s, Bij’s, and Dij’s are defined as extensional,
extensional-bending, and bending stiffnesses, respectively. Mathematically,

Aij;Bij;Dij
� � ¼

Zh=2
�h=2

Cijðz;TÞ 1; z; z2
� �

dz

For Isotropic material; NT
xx ¼ NT

yy ¼ NT ¼ Rh=2
�h=2

Eðz;TÞ
1�m aðz; TÞTðx; y; zÞdz

and; MT
xx ¼ MT

yy ¼ MT ¼ Rh=2
�h=2

zEðz;TÞ
1�m aðz; TÞTðx; y; zÞdz

The expressions for the curvatures and slopes defined in Eq. (4) are now sub-
stituted in Eqs. (14) and (15) and finally substituted in Eqs. (13a), (13b), and (13c)
to obtain the equilibrium equations in terms of displacements.

Equilibrium equation in terms of displacement can be written as
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A11
@2�u
@x2

þ @ �w
@x

� �
@2 �w
@x2

� �� 
þA12

@2�v
@x@y

þ @ �w
@y

� �
@2 �w
@x@y

� �� 

þA66
@2�v
@x@y

þ @2�u
@y2

þ @2 �w
@y2

� �
@ �w
@x

� �
þ @2 �w

@x@y

� �
@ �w
@y

� �� �

� B11
@3 �w
@x3

� �
� B12 þ 2B66ð Þ @3 �w

@x@y2

� �
¼ @NT

xx

@x

ð16Þ

A12
@2�u
@x@y

þ @ �w
@x

� �
@2 �w
@x@y

� �� 
þA22

@2�v
@y2

þ @ �w
@y

� �
@2 �w
@y2

� �� 

þA66
@2�v
@x2

þ @2�u
@x@y

þ @2 �w
@x2

� �
@ �w
@y

� �
þ @2 �w

@x@y

� �
@ �w
@x

� �� 

� B22
@3 �w
@y3

� �
� B12 þ 2B66ð Þ @3 �w

@x2@y

� �
¼ @NT

yy

@y

ð17Þ

B11
@3�u
@x3

þ @2 �w
@x2

� �2

þ @ �w
@x

� �
@3 �w
@x3

� �" #
þB22

@3�v
@y3

þ @2 �w
@y2

� �2

þ @ �w
@y

� �
@3 �w
@y3

� �" #

þB12
@2 �w
@x@y

� �2

þ 2B66
@2 �w
@y2

� �
@2 �w
@x2

� �
� D11

@4 �w
@x4

� 2 D12 þ 2D66ð Þ @4 �w
@x2@y2

� �
� D22

@4 �w
@y4

þ B12 þ 2B66ð Þ @3�u
@x@y2

þ @2 �w
@x@y

� �2

þ @ �w
@x

� �
@3 �w
@x@y2

� �
þ @3�v

@x2@y
þ @ �w

@y

� �
@3 �w
@x2@y

� �" #

þ @

@x
Nxx

@ �w
@x

þNxy
@ �w
@y

� �
þ @

@y
Nyy

@ �w
@y

þNxy
@ �w
@x

� �
¼ �qz þ

@MT
xx

@x2
þ @MT

yy

@y2

ð18Þ

5 Analytical Solution

The Navier’s-type solution is used to obtain the deflections and stresses for the
functionally graded plate. The displacement fields that satisfy the boundary con-
ditions and the governing equilibrium equations can be written as follows:

�u ¼
X1
m¼1

X1
n¼1

Umn sin
mpx
a

� �
sin

npy
b

� �
ð19aÞ

�v ¼
X1
m¼1

X1
n¼1

Vmn sin
mpx
a

� �
sin

npy
b

� �
ð19bÞ
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w ¼
X1
m¼1

X1
n¼1

Wmn sin
mpx
a

� �
sin

npy
b

� �
ð19cÞ

The transverse load qz(x, y) using the double Fourier series is written as

qzðx; yÞ ¼
X1
m¼1

X1
n¼1

Qmn sin
mpx
a

� �
sin

npy
b

� �
ð20aÞ

Tðx; y; zÞ ¼ TBðx; yÞþ z
h
TTðx; yÞ ð20bÞ

where

Qmn ¼
4
ab

Za

0

Zb

0

qzðx; yÞ sin
mpx
a

� �
sin

npy
b

� �
dx dy

TB

TT


 �
¼ T0

B
T0
T


 �
sin

mpx
a

� �
sin

npy
b

� �

Assuming the solution for uniform loading of q0, that is, qzðx; yÞ ¼ q0
Therefore,

Qmn ¼
16q0
mnp2

Thus, transverse load qz(x, y) and T(x, y, z) is defined as

qzðx; yÞ ¼
16q0
p2

X1
m¼1

X1
n¼1

1
mn

sin
mpx
a

� �
sin

npy
b

� �

Tðx; y; zÞ ¼ T0
B þ

z
h
T0
T

� �
sin

mpx
a

� �
sin

npy
b

� �

6 Numerical Results and Discussions

Functionally graded isotropic plate with different span-to-thickness ratio (a/h) is
investigated to analyze the simply supported square plates (a = b) subjected to
uniform transverse load (qz) on the top surface z ¼ h=2ð Þ, q0 ¼ �1� 105 N=m2.
Six different span-to-thickness ratios are considered as 4, 10, 50, 70, 80, and 100 for
analyzing the maximum central deflections.

Static Analysis of Functionally Graded Plate Using Nonlinear … 11



The plate properties are graded from Aluminum (bottom) to Alumina (top) using
rules of the mixture. Keeping temperature and Poisson ratio constant, Young’s
modulus is graded in the thickness direction using the following functional
relationship:

EðzÞ ¼ Em þðEc � EmÞ 1
2
þ z

h

� �f

ð21Þ

where Em = 70 GPa and Ec = 380 GPa are Young’s modulus for the metal
(Aluminum) and ceramic (Alumina), respectively; f is the volume fraction expo-
nent; h is the thickness of the plate. Poisson ratio (t) considered for both metal and
ceramic is 0.3.

6.1 Analysis of FGM Plate Without Thermal Loading

In deflection analysis, six different volume fraction exponent are considered 0.5, 2,
4, 6, 8, 10 along with two metal and, ceramic. On applying the Navier’s solution,
the solution so obtained is complex and plotted on a complex plane as shown in
Fig. 3 and the absolute solution is shown in Fig. 4. It is observed that the solution
of deflections in the case of pure metal and ceramic is approximately real with

Fig. 3 Complex solution of deflection/thickness of the functionally graded plate for various
volume fraction exponent (C,0.5,2,4,6,8,10,M) and a/h (4,10,50,70,80,100) (C and M stands for
ceramic and metal, respectively)
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imaginary part approaches to zero, but for the functionally graded part solution is
complex. Also, as thickness goes on decreasing, in the case of a thin plate
(a/h = 80–100), the behavior reverses and deflection of the plate is due to the
presence of metal and little effect of functionally graded material according to
Nonlinear Classical Plate Theory.

The analysis has been done for the functionally graded and pure metal and, a
ceramic plate for the absolute solution of deflection based on Fig. 4. It is observed
that there is a sudden increase in the deflection of the plate for constant volume
fraction exponent (excluding metal) and in the case of metal, there is a gradual
increase in deflection for thick, moderately thick, and a flexible plate but the sudden
increase in deflection takes place for thin plates.

6.2 Analysis of FGM Plate with Thermal Loading

Young’s Modulus (according to ASME B31.1-1995) and coefficient of thermal
expansion [21] for aluminum at various temperatures is interpolated, whereas for
aluminum oxide it is taken from [22] and are given in Table 1.

Figure 5 depicts the effect of side-to-thickness ratios on the nondimensional
deflection ðŵÞ for the various material index ( f ). As expected, these results show
that the nondimensional center deflection increases with a decrease in the
side-to-thickness ratio for the flexible plate (a/h = 50–80) and membranes
(a/h = 80–100) and it increases for thick (a/h < 10) and stiff plate (a/h = 10–50)
due to thermal effect. The nondimensional deflection below the zero line indicates
the thermal expansion of the plate in the thickness direction, because the

Fig. 4 Absolute solution of deflection/thickness of the functionally graded plate for various
volume fraction exponent and the span-to-thickness ratio (C and M stands for ceramic and metal,
respectively)
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mechanical load is applied in negative direction and plate deflects in opposite
direction. Thus, as expected, with the rise in temperature, the plate is more likely to
lie below zero line, as shown in Fig. 5, where a plate with a/h = 20 is shifting
toward zero line with the rise in temperature. Also, thermal loads cause more
deflection for large values of volume fraction exponent (f). This shows clearly the
effect of inhomogeneity inhibited in functionally graded materials. Also, with an
increase in aspect ratio (a/h > 80, membranes) the results are almost the same for
the different material index.

Table 1 Temperature dependent and independent material properties for ceramic and metal

Materials Material
property

Temperature
independent (TID)*

Temperature dependent (TD)

Aluminum E (Pa) 70� 109 72833:59262þ 92:02816T

� 0:86681T2 þ 0:00245T3

� 1:92332� 10�6T4

� 3:04124� 10�9T5

þ 4:14613� 10�12T6

0
BBBBBB@

1
CCCCCCA

� 106

a (/K) 24� 10�6 � 0:04382þ 0:0305T

þ 7:78407� 10�4T2

� 3:58141� 10�6T3

þ 6:49285� 10�9T4

� 5:35578� 10�12T5

þ 1:67813� 10�15T6

0
BBBBBBBBB@

1
CCCCCCCCCA

� 10�6

Alumina E (Pa) 380� 109

349:55

1� 3:853� 10�4T

þ 4:027� 10�7T2

� 1:673� 10�10T3

0
B@

1
CA� 109

a (/K) 8:1� 10�6 6:8269 1þ 1:838� 10�4Tð Þ � 10�6

*Values for temperature-independent mechanical properties are taken at room temperature

Fig. 5 Nondimensional deflection ðŵÞ as a function of the side-to-thickness ratio (a/h) for various
values of volume fraction exponent (f) of an FG square plate subjected to sinusoidal load at
a DT = 200 b DT = 300 c DT = 500
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Figure 6 depicts the effect of side-to-thickness ratios on the nondimensional
in-plane longitudinal stress ðr̂xÞ computed at the center and the top surface of the
plate for the various material index (f). As expected, with the rise in temperature,
nondimensional stress for the material index (f = 1, 5) reduces. Stress below the zero
line indicates the nondimensional tensile stress. Thus, thick and stiff plates are sub-
jected to tensile stresses due to thermal effect and as temperature increases the plates
with a side-to-thickness ratio greater than 50, tensile stress will also induce in it.

Figure 7 depicts the effect of side-to-thickness ratios on the nondimensional
in-plane transverse stress ðŝxyÞ computed at the corner and at ðz ¼ �h=3Þ for
various material index (f). The figure shows that the results are almost same for the
entire a/h ratios for the material index (f = 1, 10) up to DT = 300, and for
DT > 300, the difference in results increases.

Nondimensional stresses and deflection for metal are suppressed with the rise in
temperature for various aspect ratios. Also, as expected, due to thermal loads, the
results for stresses and deflections are not intermediate [23] unlike, for only
mechanical loading, in which the response is intermediate.

Figures 8 and 9 depict the through-the-thickness variation of nondimensional
in-plane stresses. For smaller values of volume fraction exponent (f), there is a sharp
gradient in both the stresses near the bottom surface of the plate and as material

Fig. 6 Nondimensional in-plane longitudinal stress ðr̂xÞ as a function of the side-to-thickness
ratio (a/h) for various values of volume fraction exponent (f) of an FG square plate subjected to a
sinusoidal load at a DT = 200 b DT = 300 c DT = 500

Fig. 7 Non-dimensional In-Plane transverse stress ðŝxyÞ as a function of the side-to-thickness ratio
(a/h) for various values of volume fraction exponent (f) of an FG square plate subjected to a
sinusoidal load at a DT = 200 b DT = 300 c DT = 500

Static Analysis of Functionally Graded Plate Using Nonlinear … 15



index increases, there is a steep gradient in stresses near the top surface. This is
because of the sharp variation in the material properties near the top and bottom
surfaces of the plate. With the increase in the exponent (f) the stresses increases at
the top (maximum tensile (Fig. 8), maximum compressive (Fig. 9)) and a bottom
surface (maximum compressive (Fig. 8), maximum tensile (Fig. 9)) of the plate and
intermediate below the center of the plate. Also, with the rise in temperature figures
shows almost the same results up to DT = 300, and then the stress value reduces at
DT > 300 for a/h = 60.

Figure 10 depicts the through-the-thickness variation of nondimensional trans-
verse shear stresses computed at x = 0, y = b/2. It can be seen that from the figure
that the maximum value did not occur at the plate center as in the homogeneous
case. This is due to the fact that, as the strain gradient increases, the inhomogeneity
in the material property plays a vital role in stress distributions. The maximum
value of stresses occurs at z ffi 0.21 h for DT = 200, z ffi 0.24 h for DT = 300, z ffi
0.27 h for DT = 500. Thus, with the rise in temperature, the neutral plane on the
edges of the plate shifted away from the center of the plate due to the combined
effect of thermal loads and inhomogeneity.

Fig. 8 Variation of nondimensional in-plane longitudinal stress ðr̂xÞ through-the-thickness of an
FG square plate with a/h = 60 for different values of volume fraction exponent (f) at a DT = 200
b DT = 300 c DT = 500

Fig. 9 Variation of nondimensional in-plane transverse stress ðŝxyÞ through-the-thickness of an
FG square plate with a/h = 60 for different values of volume fraction exponent (f) at a DT = 200
b DT = 300 c DT = 500

16 S. J. Singh and S. P. Harsha



Figure 11 depicts through-the-thickness variation of nondimensional transverse
normal stresses computed at the center of the plate. The stresses are compressive
throughout the plate with zero at the bottom surface and maximum compressive at
the top surface of the plate. The stresses reduce with the increase in the exponent
(f) up to 5 and then increases. Also, as expected, with the rise in temperature, the
stress value reduces in the thickness direction.

Figure 12 shows the effect of the side-to-thickness ratio on the dimensionless
center deflection ŵ for three different volume fraction exponents (f = 1, 5, 10). The
effect of thermal, mechanical, and thermomechanical load is taken into consider-
ations. It is found that deflection is larger for the plates subjected to thermal load
only whereas it is smaller for plates subjected to mechanical load only but with
thermomechanical load, the deflection decreases with increase in the
side-to-thickness ratio. Also, for mechanical and thermomechanical load, deflection
increases with an increase in exponent whereas, for thermal load only, deflection
increases up to exponent 5 and then decreases as depicted in most of the literature.

Fig. 10 Variation of nondimensional transverse shear stress ðŝxzÞ through-the-thickness of an FG
square plate with a/h = 60 for different values of volume fraction exponent (f) at a DT = 200
b DT = 300 c DT = 500

Fig. 11 Variation of nondimensional transverse normal stress ðr̂zÞ through-the-thickness of an
FG square plate with a/h = 60 for different values of volume fraction exponent (f) at a DT = 200
b DT = 300 c DT = 500
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7 Conclusions

In this study, an analytical solution to functionally graded plate subjected to ther-
momechanical loading based on nonlinear classical plate theory is obtained. The
solution obtained using Navier’s method is complex, and hence complex analysis is
done in the present study which only occurs because of nonlinearity in the strains.
Nonlinear bending and stress under transverse uniform distributed load with dia-
phragm edge conditions are analyzed. It is found that the material property variation
across the thickness according to simple power law is more effective for moderately
thick (a/h = 5–10) and thick plates (a/h < 5), which are inferred by complex form
of the solution. From the above study, the following conclusions are drawn:

• It was found that the dependency of material property cannot be neglected for
the inhomogeneous functionally graded material at large values of temperature
difference.

• For a certain side-to-thickness ratio, the dependency of material property on
temperature becomes ineffective.

• The results show that the nondimensional center deflection increases with a
decrease in the side-to-thickness ratio for the flexible plate (a/h = 50–80) and
membranes (a/h = 80–100) and it increases for Thick (a/h < 10) and Stiff Plate
(a/h = 10–50) due to thermal loading. Due to thermal loads, the results for
stresses and deflections are not intermediate, unlike, for only mechanical
loading, the response is intermediate.

• A sharp variation in the material properties near the top and bottom surfaces of
the plate results in a sharp gradient near the bottom surface and steep gradient
near the top surface with an increase in volume fraction exponent.

Fig. 12 Effect of mechanical,
thermal, and
thermomechanical load on the
nondimensional center
deflection of FG square plate
for the different
side-to-thickness ratio
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• With the rise in temperature, the neutral plane on the edges of the plate shifted
away from the center of the plate due to the combined effect of thermal loads
and inhomogeneity.

• The effect of thermal, mechanical and thermomechanical load is taken into
considerations and it is found that deflection is larger for the plates subjected to
thermal load only whereas it is smaller for plates subjected to mechanical load
only but with thermomechanical load, the deflection decreases with increase in
the side-to-thickness ratio.
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Modelling, Fabrication
and Characterization of Kevlar
Reinforced Composite

Abhishek Rajpoot , Vinay Pratap Singh
and Samar Bahadur Yadaw

Abstract Kevlar fibre reinforced epoxy composites are extensively used for var-
ious applications. In this study, Kevlar fibres are used as reinforcement in the
modified epoxy resin matrix. Epoxy resin is modified using polyetherimide (PEI).
The content of polyetherimide in epoxy is derived up to 10 wt%. Mechanical
properties improvement is observed around 7.5 wt% and 5 wt% of polyetherimide
in blended epoxy as compare to pure epoxy. In the present work, Kevlar fibre in mat
form is first introduced with epoxy resin. Then other samples were made by
blending epoxy with different percentages of polyetherimide. Fabricated composites
are subjected to various mechanical properties evaluation tests. Results exhibit an
increase in strength values. Tensile, shear and impact strength is maximum for
composite samples having 7.5 wt% PEI. Flexural strength is maximum for samples
with 5 wt% PEI. DSC and TGA of samples are also done for material characteri-
zation of composites. During the TGA testing, the degradation of samples in the
Nitrogen gas atmosphere at two different stages, 250–350 °C and 450–600 °C, are
observed, where significant wt. loss has occurred. The DSC analysis of Epoxy resin
and PEI-blended resin shows two different glass transitions at 90°C and 220°C,
respectively.

Keywords Kevlar fiber � Composite � Polyetherimide

1 Introduction

For the past five decades, the utilization of fibre-reinforced components in engi-
neering structures has been increasingly diversified from sports equipment and
high-performance racing cars, to navy ships, helicopters and airplanes. There are
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several kinds of fibres being used in laminated composites, but Kevlar has been
used extensively due to its lightweight, tensile strength, toughness, and resistance to
impact damage [1].

Composite materials have been developed to achieve enhanced properties such
as strength, toughness, and improved performance at high temperature, etc.
Strengthening mechanism of composite strongly depends on the type of rein-
forcement [2]. Yue and Padmanabhan studied interfacial strength of Kevlar fibre
reinforced in epoxy matrix using fibre pull out test. It was observed that treatment
of fibres with organic solvents prior to composite fabrication results in enhanced
interfacial shear strength by about 60% compared to an untreated fibrous composite.
Kevlar fibres are crystalline polyamide fibres consisting of carbon, hydrogen,
oxygen and nitrogen elements. As compared to contemporary fibers, they have low
density and high tensile strength to weight ratio. The Kevlar fibres are preferred
over the carbon fibres as they do not fail by brittle cracking, but exhibit excellent
toughness [3, 4].

Generally, structures and laminates made of fibrous composites consist of dif-
ferent layers of unidirectional laminae. Each lamina is made of the same con-
stituents but, individual layers may differ by the relative volumes of reinforcements
and constituent materials in them. Use of continuous or discontinuous fibers, woven
or nonwoven reinforcement, and the orientation of fibres with respect to common
reference axis influence the properties of fibrous composites [3, 4].

Previous research has assessed the influence of fiber positioning on the tensile
strength by means of fracture testing. Parameters like fibre length, matrix pouring
and compaction methods, specimen size influence the properties of composites [5].

In a fiber-reinforced composite, the orientation of fibers with respect to sliding
surface is an important parameter required for the determination of wear rate and
friction coefficient [6]. Epoxy resins with shorter curing cycles are in high demand
for commercial applications as they provide economy in composite fabrication and
higher toughness for better damage tolerance [7].

Many researchers have investigated the influence of temperature and light
irradiation on the tensile fracture behaviour of fibres, exposure to thermal and light
irradiating environment degrades the tensile strength of fibers [8]. Jang, W. Lee,
Turmel and Partridge presented the work on polyetherimide modified
high-performance epoxy resin. Polyetherimide-modified epoxy resin system
resulted in an improved fracture toughness [9, 10].

In this paper, it is clearly observed that Kevlar fibre is introduced with epoxy and
modified epoxy with different percentage of PEI (5%, 7.5% and 10% by wt.).
Composites were prepared by the hand lay-up method. After fabrication, composite
materials were cut by composite cutting machine as per ASTM standard. To
identify the composite material strength, material undergoes mechanical charac-
terization such as tensile, flexural, ILSS and impact properties for the composite
material.
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2 Materials and Methods

2.1 Fabrication of Composites

Four different types of composite samples are prepared as shown in Figs. 1, 2, 3 and
4. One type of samples are fabricated using Kevlar fibre with the only epoxy and
other three are fabricated using Kevlar fibre with polyetherimide (PEI) modified
epoxy in varying percentages of PEI as 5%, 7.5%, and 10%. Composites are
prepared by hand layup technique involving alternate layers of Kevlar fibres in mat
form and layer of Epoxy (LY556) resin. Samples are subjected to hydraulic press.
A total thickness of 3 mm is maintained after layer by layer fabrication of com-
posite. Samples were cut by composite cutting machine.

Fig. 1 Samples of Tensile
Test by ASTMD 3039-76

Fig. 2 Samples of Flexural
Test by ASTMD 790-81
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2.2 Mechanical Tests

Tensile strength of composite samples (Fig. 1) was evaluated in accordance with
ASTM standard D 3039-76. The tensile test was performed at a recommended
crosshead speed of 0.2 cm/min. Flexural strength of composite samples (Fig. 2)
was determined by ASTM test method specified by D790-81. In this test, a com-
posite beam specimen of rectangular cross section is loaded in a three-point bending
mode. Interlaminar shear strength (ILSS) is defined as the strength preventing
delamination, i.e. strength parallel to the plane of the lamination. ILSS is measured
in a short beam shear test as per ASTM standard D 2344-84.

A flexural specimen (Fig. 3) with span (L)- depth (h) ratio of 5:1 is tested in
three-point bending mode to produce a horizontal shear failure between the lami-
nate piles.

The impact strength of the material is evaluated to find its toughness. In other
words, impact strength indicates the capacity of the material to absorb and dissipate
energies under shock or impact loading. ASTM standard D 256 is used to evaluate
the impact resistance of fiber reinforced composite materials (Fig. 4).

Fig. 3 Sample of ILSS test
ASTMD 2344-84

Fig. 4 Samples of impact
test by ASTMD 256
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2.3 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) of the pure epoxy sample and other samples
formed by blending PEI to epoxy have been performed. TGA provides information
on the thermal stability of polymer samples (Fig. 5). TG analysis is carried out in
the Nitrogen gas environment. Test chamber temperature was gradually increased at
a heating rate of 10 °C/min from 30 °C to 600 °C. Such type of thermal analysis is
carried out to understand the kinetics and thermodynamics of phase transformations
in a variety of crystalline and non-crystalline materials. The major advantage of
TGA is that it can be performed on non-crystalline, such as polymers and inorganic
materials as well.

2.4 Differential Scanning Calorimetry

All the measurements of heat change values of the test samples as compared to
standard reference were performed under nitrogen atmosphere. The masses of
samples were 10–15 mg. Variation of differential heat for samples as a function of
temperature can be plotted. Peaks in the plot indicate any phase transformation
occurring in samples. Attributes like activation energy, amount of heat, transfor-
mation starting temperatures, etc., can be obtained from these plots.

3 Results and Discussion

In the unmodified epoxy, tensile strength comes out as 335.81 MPa, in modified
epoxy with 5% PEI 344.23 MPa, with 7.5% PEI 427.39 MPa and with 10% PEI
313.81 MPa is found. Hence the tensile strength increases up to 7.5% then decreases

Fig. 5 Samples of TGA and
DSC
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(Fig. 6). In the unmodified epoxy, flexural strength (Fig. 7) comes out as
166.48 MPa, in modified epoxy with 5% PEI 197.24 MPa, with 7.5% PEI
157.97 MPa and with 10% PEI 313.81 MPa is found. Hence, the flexural strength
increases up to 5% then decreases. In the unmodified epoxy, shear strength comes
out as 113.43 MPa, in modified epoxy with 5% PEI 100.69 MPa, with 7.5% PEI
136.39 MPa and with 10% PEI 117.21 MPa is found.

The results of the tensile test are different from flexural stress test because in
tension only one type of stresses is predominantly observed in a specimen, how-
ever, under flexural load combination of tensile, bending and shear stresses are
observed. The occurrence of a combination of stresses during bending affects the

Fig. 6 Maximum tensile
strength of different samples

Fig. 7 Flexural strength of
different samples
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strength of the material component. Thus, in tension test strength of the composite
is maximum at 7.50 wt% of PEI and in flexural test strength is maximum at 5 wt%
of PEI [11].

Intelaminar shear strength (Fig. 8) first decreases at 5% then increases at 7.5%
then again decreases. In the unmodified epoxy, impact energy (Fig. 9) comes out as
174.44 kJ/m2, in modified epoxy with 5% PEI 201.22 kJ/m2, with 7.5% PEI
240.74 kJ/m2 and with 10% PEI 209.97 kJ/m2 is found. Hence, impact energy
increases up to 7.5% then decreases.

ILSS and impact strength of the composite is higher for 7.5% PEI blending of
epoxy as compares to any other percentage. It was observed earlier that the
toughening effect of PEI, when blended with epoxy resin, depends on the amount of
curing. Lack of curing is the major cause of variation of results [14].

Fig. 8 Shear strength of
different samples

Fig. 9 Impact strength of
different samples
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Thermal stability of polyetherimide-reinforced Epoxy blends was carried out in
Fig. 10. The degradation blend in the N2 atmosphere shows two different stages at
250–350 °C and 450–600 °C, where significant weight loss has occurred. In the
first stage a loss in the mass of epoxy resin is observed due to the decomposition of
the end group in the epoxy network. The loss in the second stage is primarily due to
the degradation of main chains of epoxy. The Thermal degradation temperature of
PEI percent resin is at 600 °C. The char yield in EP3 containing the highest per-
centage of PEI is less as most of the epoxy chains degrade at a lower temperature
and gives a higher percentage of residue content. It also seems that the degradation
profile does not change with respect to increase or decrease in wt% of PEI. It can be
attributed to the absence of a compatiblizing agent between the epoxide and imide
rings.

DSC utilized to measure the glass transition temperature (Tg) and enthalpy
change in samples when subjected to heating Fig. 11. The wetting/attractive and
repulsive/dewetting behaviour depends on the dispersion and homogeneity and
compatibility of blends. The DSC thermogram shows two different glass transitions
at 90 °C and 220 °C of Epoxy resins and PEI blend, respectively. DSC plots shows
the curing temperature of epoxy resin is in the range of 120–180 °C. Glass tran-
sition temperature of PEI is about 220 °C. Decomposition of samples is observed
around 350–400 °C. It further shows the degradation profile due to chain breaking
and chain disintegration within the molecules.

The cross-linking of polymeric modifiers with another polymer is the most
important and significant factor which affects the mechanical properties of unfilled
and filled polymer blend system. The curing process or the crosslinking prevents
slippage between chains when deformation causing stresses are applied to the
sample. The increase in the crosslinking behaviour of blended resin attributes the
change in the physical properties and adhesion characteristics of these resins lead to

Fig. 10 TGA analysis of
pure epoxy (EP), 5% PEI
(EP1), 7.5% PEI (EP2), 10%
PEI (EP3)
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enhanced bonding of the fibre with the matrix. It further influences the mechanical
behaviour of the polymeric blend/composite by restricting the slippage of layer to
layer as well as the matrix to fabric debonding [12]. Epoxy polymers have inher-
ently low toughness and impact resistance. To improve the toughness and
mechanical properties, PEI is blended with the epoxy resin system. On blending the
PEI in epoxy toughness level is increases as the impact strength is improved.
From DSC curve it is observed that there are two distinct slope changes indicating
glass transition temperatures for epoxy and for PEI. These slope changes are not
very predominant also. Hence it can be inferred that the cross-linking between PEI
and epoxy is not sufficient [13]. However, for 7.5% blending of PEI the
cross-linking is better as compared to other samples.

4 Conclusions

In this work, an effort was made to develop Kevlar fibre with epoxy and
PEI-blended epoxy-based composites to be used for defence purpose. Experimental
investigations were performed to know the effect of fibre reinforcement in matrix
material to achieve the desired outcome. Tensile strength is found to be maximum
at 7.5% of PEI with epoxy as matrix material. Flexural strength is found to be
maximum at 5% of PEI with epoxy as matrix material. Shear strength is found to be
maximum at 7.5% of PEI with epoxy as matrix material. Impact strength is found to
be maximum at 7.5% of PEI with epoxy as matrix material. DSC investigations
show two different glass transitions at 90 °C and 220 °C of Epoxy resins and PEI
blend, respectively.

Fig. 11 DSC analysis of
pure epoxy (EP), 5% PEI
(EP1), 7.5% PEI (EP2), 10%
PEI (EP3)
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In the present work, PEI is blended with epoxy and it has been observed that
there is a reduction in both tensile and flexural strength when the PEI percentage
was increased to 10% as compared to its lower percentages. DSC results exhibit that
there are two glass transition slope changes, so we can conclude that the excess
quantity of hardener, improper mixing or improper manufacturing sequence fol-
lowed influences the cross-linking between epoxy and PEI and thus the property of
the fabricated composite. It is, therefore, necessary to mix optimum percentage of
hardener while preparing the epoxy-PEI blend with the aim to modify epoxy by
PEI. The blending of PEI with epoxy also increases the brittleness.
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Effects of Post-weld Heat Treatment
on Microstructure and Mechanical
Behavior of Friction Stir Welded Thick
Section Al–Zn–Mg–Cu Alloy

T. Ramakrishna, S. Srinivasa Rao and G. Swami Naidu

Abstract Friction stir welding is considered to be a promising solution to suc-
cessfully join high strength 7000 series aluminum alloys. However, questions
related to a decrease in weld mechanical properties with an increase in plate
thickness still remain unanswered. In this study, 16 mm thick AA7075–T651
aluminum alloy plates were successfully joined by friction stir welding. The welds
were heat treated using a special solutionizing method called cyclic solution
treatment (CST). The effects of CST on mechanical behavior and microstructures of
the welds were studied using hardness, tensile, and impact tests and optical
microscopy. The post-weld heat treatment significantly improves the hardness of
the joint and homogenizes the hardness distribution across the welded joint.
However, the tensile properties and impact toughness of the welds were not found
to be beneficially affected. A significant grain growth in the weld nugget was
observed after CST.

Keywords Friction stir welding � Thick sectional Al alloy � Post-weld heat
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1 Introduction

Heat-treatable aluminum alloys such as alloy 7075 with favorable strength to
weight ratios are widely used in aerospace industries [1]. However, the structural
applications of these alloys inevitably include welding and it is considered difficult
using conventional fusion welding processes. Friction stir welding (FSW), a
solid-state process invented at The Welding Institute (TWI), is an alternate solution
for joining aluminum alloys [2] since it offers many benefits over conventional
joining methods. It is involved with lower heat during the process, no melting, low
defects, and low distortion [3–5]. Though there is a quite a bit of research already
reported on joining of AA7075 using friction stir welding in the literature [6–10],
many questions on the poor mechanical behavior of the welded joint still remain
unanswered [11, 12].

In the recent past, there have been some efforts made to improve the mechanical
properties of friction stir welded joints by changing tool geometry and welding
parameters [13, 14]. Among the various techniques, post-weld heat treatment
(PWHT) is found to be the most appropriate method for restoring degraded
mechanical properties of the welds [15, 16]. Feng et al. [15] investigated the effect
of solutionizing temperature on the tensile strength of the weld. Priya et al. [16]
reported that direct aging of friction stir welded 2219 and 6061-T6 alloys at 165 °C
for 18 h without solution treatment improves the hardness of weld nugget while it
does not cause hardness recovery in the other zones of weld region.

There are very few works reported on PWHT of friction stir welded AA7075
[17–21]. Barcelona et al. [17] reported that PWHT leads to a uniform distribution of
precipitate particles in various zones of the weld. The PWHT was also found to
cause a recovery in the strength of the joint and abnormal grain growth (AGG) in
the weld region [18]. However, Mahoney et al. [19] realized that direct post-weld
aging without solution treatment does not exhibit a useful effect on the yield
strength of 7075-T651 weld. The solution treatment followed by aging was found
to marginally improve the tensile properties of the welds [20]. Yeni et al. [21] also
concluded that the post-weld aging increases the hardness across the weld. More
recently, a new technique for heat treating high strength aluminum alloys has been
devised based on cyclic solution treatment (CST) followed by artificial aging [22].
The beneficial effect of CST on mechanical properties of 7075 aluminum alloys has
been earlier reported [23]. Furthermore, the effects of CST and artificial aging on
mechanical properties of friction stir welded joints have been studied by Bayazid
et al. [24].

Most of the above studies have been carried out on the plates with a thickness
ranging from 3 to 8 mm and in the majority of the cases positive effect of PWHT on
friction stir welded Al alloy plates is very well established. However, the same has
not been investigated on the welds with a plate thickness 10 mm and more. An
unpublished work carried out very recently by the present authors on 10 mm thick
friction stir welds revealed that the rightly selected post-weld heat treatments
improve mechanical properties of the friction stir weld. In fact, as the thickness of
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the plates to be welded increases, the reductions in mechanical properties increase.
Hence, it is of prime interest to investigate that the loss in mechanical properties of
friction stir welded thick section AA7075–T651 Al alloy can be recovered by
PWHT. In this study, the possibility of restoring mechanical properties of 16 mm
thick AA7075–T651 friction stir welds using cyclic solution treatment has been
investigated.

2 Experimental Procedure

Friction stir welding trials were carried out on 16 mm thick plates of AA7075–
T651 aluminum alloy. The chemical composition of the alloy is presented in
Table 1. The plates were cut and machined to 110 mm width and 250 mm length
coupons. The plates were longitudinally butt-welded using a friction stir welding
machine. In one of the previous studies carried out on friction stir welding of 10 and
16 mm thick AA7075 plates, the 16 mm thick friction stir welded joints were
developed using the process parameters given in Table 2 and they were found to be
defect free [10]. Thus, the same was used in this work to produce the welds.

The post-weld heat treatments were carried out using a special solutionizing
method called cyclic solution treatment (CST), a repeated heating between 400 and
480 °C for 1.5 h (0.25 h for each cycle) and water quenching (Fig. 1).

Microhardness surveys were conducted using a Vickers hardness testing
machine under a load of 200 g applied for 15 s. The hardness measurements were
made across the weld and at the mid-thickness of the weld cross-section with a
spacing of 1 mm between adjacent indentations. Tensile specimens transverse to
the welding direction were made according to ASTM B557 standard. Tensile tests
were performed at room temperature using a computer-controlled universal testing
machine. Weld microstructures were examined using stereo and optical micro-
scopy. The samples were carefully prepared to the required sizes from the weld and
then polished using emery papers of various grades. Final polishing was done using
diamond compound (1 Âµm particle size) in a disk polishing machine. The pol-
ished samples were etched using standard Keller’s reagent (5 ml HNO3, 2 ml HF,
3 ml HCL, and 190 ml distilled water) to understand the macro and microstructures
of the weld.

Table 1 Chemical composition of 7075–T651 in wt%

Zn Mg Cu Si Fe Cr Ti Mn Al

6.0 2.5 1.4 0.03 0.08 0.20 0.05 0.01 Bal
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3 Results and Discussion

3.1 Hardness Profiles

The hardness profiles of AA7075–T651 Al alloy friction stir welded joints in
as-welded and cyclic solution treated (CS-treated) conditions are presented in
Fig. 2. As it can be seen, the hardness of the weld region was found to be much
lower across the weld zones such as weld nugget (WN), thermo-mechanically
affected zone (TAMZ), and heat-affected zone (HAZ) than that of the base material.
Also, the hardness measurements across the weld were found to be not homoge-
nized exhibiting lower hardness values in the heat-affected zone and higher hard-
ness values in the weld nugget. This happens to be a much disturbing issue in the

Table 2 Friction stir welding process parameters

Nomenclature Process parameter

Tool
geometry

M2 tool steel
Taper threaded pin (left-hand metric threads, 1.5 mm pitch) Pin diameter:
10 mm (shoulder end) and 8 mm (tip end)
Pin length: 15.5 mm
Shoulder diameter: 30 mm
Flat shoulder

Tool
rotational
speed

500 rpm

Welding
speed

25 mm/min

Tool tilt 1.5°

Fig. 1 Schematic illustration of cyclic solution treatment
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thick section friction stir welded high strength aluminum alloys such as AA7075–
T651, as the same was also reported in previous studies [10].

The cyclic solution treatment carried out on friction stir welds was found to
significantly improve the hardness across the weld. Interestingly, the CST was also
found to enhance the homogeneity in hardness values across various zones of
friction stir welded joint.

3.2 Tensile Properties

The results of tensile tests performed on the base material and friction stir welds,
both in as-welded and cyclic solution treated condition, are presented in Table 3.
Friction stir welding was found to cause reductions in the strength and elongation of
the base material. Tensile fractures occurred in the heat-affected zone of the welded
joint and this could be due to marginal grain growth and formation of precipitated
free zones taking place in the HAZ during friction stir welding, as the same was
also reported by the previous researchers [10].

The post-weld heat treatment conducted, intending to recover strength values, on
the welds did not show beneficial effects on tensile properties of the joint.
Particularly, the percent of elongation was adversely affected. This low elongation
displayed by the welds after cyclic solution treatment can be attributed to the
hardness increase in various zones of combined weld region, which do not plas-
tically deform during the testing, thus reducing the overall elongation of the
specimens. Similar statements were also made for thin section 7075 Al alloy plates
in T6 condition [18]. The CS treated welds were found to fracture in WN–TMAZ
interface (Fig. 3).

Fig. 2 Microhardness
profiles of the welds in
as-welded and CS-treated
conditions
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3.3 Impact Toughness

The results of the impact tests conducted on base material and the welds before and
after post-weld heat treatment are presented in Table 3. The base material exhibited
better impact toughness compared to the welds. The cyclic solution treatment
caused a further decrease in the impact toughness of the welds. Failed impact test
specimens are shown in Fig. 4.

3.4 Microstructure

The results of optical microscopy are presented in Figs. 5 and 6. The base material
microstructure was characterized by pancake shaped large elongated grains, a type
of hot-rolled structure (Fig. 5a). The typical TMAZ and HAZ zones of friction stir
weld are shown in Fig. 5b and c. As can be observed, the transition zone between
the base material and weld nugget was characterized by a highly deformed structure

Table 3 Tensile properties of friction stir welds before and after post-weld heat treatment

Material Yield strength
(0.2% proof)
(MPa)

Tensile
strength
(MPa)

%
El

Joint
efficiency in
terms of YS

Fracture
location

Impact
toughness
(J)

Base
material

563 610 10 – – 6.67

As-Welded 192 330 8 35 HAZ 5.5

CS treated 178 253 4 32 WN-TMAZ 5.33

Fig. 3 Tensile-tested specimens showing fractures in WN-TMAZ interface (arrows show fracture
location)
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Fig. 4 Impact tested specimens of CS treated welds

Fig. 5 Microstructures of base material and typical TMAZ and HAZ: a base material, b TMAZ,
and c HAZ
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(Fig. 5b) and the HAZ retained the same grain structure as the parent material
excepting noticeable grain growth. The typical cross-sectional appearance of the
friction stir weld is shown in Fig. 6a. The weld nugget microstructure of the friction
stir welded joint exhibited very fine equiaxed grains (Fig. 6b) resulted from
dynamic recrystallization phenomenon, that usually takes place during friction stir
welding, due to severe plastic deformation and temperature rise of the welding area.
The post-weld cyclic solution treatment was found to cause noticeable grain grown
in the nugget zone of the weld region (Fig. 6c), usually known as (AGG) abnormal
grain growth. This is likely to occur during the conventional solution treatment and
the same has also been reported by several authors [21, 25].

4 Conclusions

• Friction stir welding can produce full penetration sound welds on 16 mm thick
AA7075–T651 plates. However, it causes reductions in strength and hardness
values.

• The post-weld cyclic solution treatment significantly improves the hardness of
the joint and homogenized the hardness distribution across the welded joint.

Fig. 6 Weld cross-section and weld nugget microstuctures: a typical macrostructure, b as-welded,
and c CS-treated weld
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• The cyclic solution treatment does not exhibit beneficial effects on tensile
properties and impact toughness of the welded joint.
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Temperature and Traverse Force
Analysis During Underwater Friction
Stir Welding

Mohd Atif Wahid, Nidhi Sharma, Pankul Goel, Zahid A. Khan
and Arshad N. Siddiquee

Abstract Friction stir welding (FSW) is an auspicious clean welding method to
join marine grade aluminum alloys (AAs). Underwater Friction Stir Welding
(UFSW), can extend the marine application of the FSW due to its superior
mechanical properties over its contemporary FSW. In FSW/UFSW the weld ther-
mal cycles and tool forces exhibit a noteworthy effect on the weld properties. Force
and temperature measurement during UFSW process play a pivotal role in under-
standing the process, prediction of tool life, microstructure and mechanical prop-
erties of the welded joints. As such an attempt has been made in this study to
investigate the effect of welding speed (50–80 mm/min) on temperature distribution
and traverse force during UFSW of AA 6082–T6. The results revealed that increase
in welding speed caused high traverse force and low peak temperature.
Furthermore, the increase in temperature was observed as the tool approaches the
thermocouple near the weld center. After that, the temperature reduces due to a
decrease in the thermal gradient. The maximum peak temperature of 137 °C was
observed at the retreating side (RS) in heat affected zone (HAZ) at a low welding
speed of 50 mm/min due to high heat input and slow cooling rate. Additionally, the
maximum traverse force of 103 kgf was attained at a high welding speed of 80 mm/
min due to high material flow stresses resulting from high strain rate and low
temperature.
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1 Introduction

A number of welding techniques have been developed in the past few years; still,
welding of AAs seems to be challenging due to its high thermal conductivity and
relatively low melting temperature [1, 2]. A recent joining technique, FSW has
extended the application of AAs in different sectors, i.e., aerospace, automobile,
and marine. FSW is a non-fusion joining technique developed by The Welding
Institute (TWI) in 1991 [3]. This process does not cause melting of the material.
Thus, undesirable fusion welding (FW) defects like solidification cracking,
hydrogen embrittlement, etc. occurring due to the microstructural changes do not
exist in FSW resulting in improved mechanical properties as compared to FW.
In FSW, a specifically profiled tool with a shoulder and pin are inserted into the
abutting faces of the base material (BM) and navigated along the joint line. The
frictional heat generated amid the tool and the BM causes material softening leading
to plastic deformation. Also, the material is transported from one side of the pin to
the other side due to rotational and traverse movement of the tool. Intrinsically due
to frictional heating and plastic deformation solid-state joining takes place [4–6] as
shown in Fig. 1.

The FSW process is affected to a great extent by the heat generation and flow.
Although the heat produced in FSW is less in comparison to FW, still it is sufficient
enough to reduce the mechanical efficiency of the joints due to the dissolution and
coarsening of the precipitates in heat treatable AAs. FSW regions most affected by
this phenomenon are the HAZ and thermo–mechanically affected zone (TMAZ).
So, the control of thermal cycles during FSW becomes necessary and this high heat
generated can be overcome using different coolant, for instance, water, liquid
nitrogen, etc. [7, 8]. In UFSW, water as a coolant is used to stabilize the temper-
ature existing in the joints (see Fig. 2). Due to excellent absorption and transmis-
sion characteristic of water the heat is transferred readily from the HAZ and TMAZ

Fig. 1 Schematic
representation of FSW
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leading to lowering in the level of precipitate deterioration and improving the
mechanical performance of the joints [8]. UFSW can be applicable in marine,
shipbuilding, and several offshore construction and repair.

In recent years, UFSW has been adopted and investigated by some of the
researchers due to its good joints efficiency as compared to FSW. Wahid et al. [9]
recently FSWed AA–6082 using three cooling media (air, water, and water with
crushed ice) and concluded that the controlled temperature distribution during water
cooling ensured the maximum tensile strength of the joint. Fratini et al. [10] have
also shown the potential use of water during UFSW of AA 7075 for improving joint
strength and hardness due to low peak temperature. The effect of welding speed on
temperature was investigated by Buchibabu et al. [11]. They stated a reduction in
peak temperature as the welding speed was increased. The different forces
encountered during FSW/UFSW are also influenced by the temperature generated
and distribution [12, 13]. The traverse and axial forces were found to be signifi-
cantly increased in water as compared to air during FSW of AA 7075 due to the
lowering of peak temperature [12]. Leitão et al. [13] noted a substantial increase in
tool torque with an increase in both plate thickness and welding speed. From the
reported literature it is observed that both cooling media and the welding parameters
offer substantial effect on the temperature generation and force measurement in
FSW [9–14]. The available literature reveals very few studies on the UFSW process
and also information about broad range of AAs are not available. Most of the
studies target the role of thermal profiles on the properties of the joint and negligible
information is reported on the measurement of forces.

During FSW/UFSW the temperature generated significantly affects the welded
joint mechanical properties, and its measurement can provide the foundation for
process improvement. The measurement of forces acting on the tool is also a prime
requirement during FSW process as it may be used to design the optimum tool,
predict tool life, understand the material flow, etc. Hence, considering the advan-
tages of UFSW over FSW and importance of temperature and force measurement
during FSW/UFSW, the present work aims at analyzing the influence of welding

Fig. 2 The setup of UFSW
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speed on temperature and traverse force acting on the tool during UFSW of AA
6082–T6.

2 Experimental Procedure

The BM selected for the research work was AA6082–T6 of the dimension
180 � 50 � 3 mm and the butt joint configuration was considered for UFSW.
AA6082–T6 is a marine grade AA having high corrosion resistance and good
strength to weight ratio. The BM alloy composition and the other important
properties are specified in Table 1 and Table 2 respectively. A tri-flute tool of
17 mm shoulder and 6 mm pin diameter was used to conduct welding on a robust
vertical milling machine retrofitted to perform UFSW (see Fig. 3). The tests were
performed at a fixed rotation speed of 1120 rpm, plunge depth of 0.25 mm, tilt
angle of 2° and varying welding speed (50, 63 and 80 mm/min) after careful
assessment of the trial runs.

Table 1 The alloy composition of the BM (wt%)

Mg Mn Cr Si Fe Zn Ti Cu Al

0.75 0.58 0.021 1.10 0.29 0.042 <0.005 0.051 Balance

Table 2 The important properties of the BM

UTS (MPa) Microhardness (HV) % Elongation Melting point (°C)

305 105 13 550 approx

Fig. 3 FSW arrangement
with temperature and load cell
measuring unit
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The temperature measurement was carried out using K type thermocouples (0 to
1200 °C, Mod: TDI-96) which were fixed on advancing side (AS) and RS during
the welding. The thermocouple locations are demonstrated in Fig. 4. The traverse
force experienced by the tool was measured as a function of distance during each
experiment using a calibrated static load cell (10 kN, U9B) attached to the fixture
(see Fig. 3).

3 Results and Discussion

Measurement of temperature and traverse force was successfully carried out, and
the results were analyzed for investigating the influence of welding speed on the
response variables. The results obtained are presented in Table 3 below.

3.1 Temperature Distribution

The degree of alteration in microstructure and mechanical properties during UFSW
is reliant on the thermal history, which is influenced by welding parameters and

Fig. 4 The location of
different thermocouples

Table 3 Measured values of temperature and traverse force

Experiment
no.

Welding
speed
(rpm)

Peak temperature
(°C)

Peak temperature
location

Maximum traverse
force (kgf)

01 50 137 RS 72.33

02 63 123 AS 85.66

03 80 112 RS 103.00
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cooling media involved during the welding [8, 10, 12, 14]. The temperature profiles
generated at different parametric combinations are shown below in Fig. 5. During
the initial tool plunging and dwelling the material below the surface of the tool gets
properly stirred and the material undergoes extensive preheating and as the tool
traverses the trailing portion of the tool is subjected to cooling. At the start the tool
tries to push the cold material ahead of the stirred softens material resulting in initial
peak values. As the preheating effect starts diminishing, further movement of the
tool lowers the temperature and finally, temperature stabilizes. As such peak values
are obtained initially and these values stabilize as the welding progresses.

(a) The distribution of temperature along 
the direction of weld for Experiment 1

(b) Peak temperature along the transverse
direction for Experiment 1

(c) The distribution of temperature along the 
direction of weld for Experiment 2

(d) Peak temperature along the transverse
direction for Experiment 2

(e) The distribution of temperature along the 
direction of weld for Experiment 3

(f) Peak temperature along the transverse
direction for Experiment 3

Fig. 5 The thermal cycle curves at a different welding speed
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The increase in temperature is observed in all the welds when the tool approa-
ches the thermocouples (T1–T6) [15]. A sudden decrease in temperature is
observed as the tool moves away from the thermocouples (see Fig. 5a, c, e) because
the cooling rate exceeds the rate of heat input rate just after the tool passes the
thermocouples [15]. The rate of heat input decreases due to the increase in distance
for heat conduction after the tool passes the thermocouples leading to a decrease in
thermal gradient. The peak temperature was observed closest to the weld center in
all the welds corresponding to the AS (T1) or RS (T4) during the UFSW (see
Fig. 5b, d, f) [14, 15]. The peak temperature reduces due to heat dissipation as the
distance from the weld center increases [14]. The peak temperature on AS was
found to be higher than the RS in experiment no.2. This may be due to greater
plastic deformation owing to the higher relative velocity of the tool at the AS in
comparison to RS. In experiments, no.1 and 3 peaks temperature of RS were
observed to be higher. In UFSW, the boiled water near the weld at AS is driven to
move ahead opposing the cold water neighboring the weld and cools down rapidly
and mandatorily while RS receives the warm water coming from AS, thus UFSWed
joint show high temperature on RS. From the Fig. 5, it is also observed that with
increasing welding speed the peak temperature decreases. The welding speed in
UFSW governs the heat generation and material movement among which heat
generation is significantly influenced by the welding speed. At higher welding
speed less time is available for softening of the BM leading to a reduction in the
heat input per unit length. Further, the cooling rate increases which causes lowering
of the temperature. With the upsurge in welding speed, the strain rate also increases
which lowers the temperature. As reported in the literature, a significantly low peak
temperature and a thermal gradient is observed in UFSW as compared to FSW
limiting coarsening of precipitates and causing enhancement in strength and
hardness [8, 12, 14].

3.2 Traverse Force Generation

The synchronize traverse and rotational movement of the tool through the
deforming material in UFSW process imposes a force and couple on the tool
respectively. Material flow around the pin exerts traverse force during tool traverse
in UFSW. The traverse force depends on the material flow stress which is linked to
the temperature produced during the welding. Traverse force increases with a
decrease in temperature due to increase in flow stress of the material [12].

The variation in traverse force for different welding speed is depicted in Fig. 6
and the corresponding peak values are given in Table 3. It is observed that the
traverse force rises with the rise in welding speed [16]. The higher welding speed
causes a rise in strain rate and a decrease in temperature. Both these situations
augment the flow stress and lead to increase in traverse force [12, 17].

Initial peak and low values are observed as the tool traverse movement starts (see
Fig. 6). At the starting, the tool tries to push the cold material ahead of the stirred
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material resulting in initial peak values. The continuous deformation of the material
ahead induces additional heat which leads to a drop in flow stress of the material
causing a decrease in traverse force up to some limit. The force then stabilizes up to
some distance due to preheating effect of the tool dwell. As the preheating effect
starts diminishing, the further movement of the tool causes an increase in traverse
force due to the adequate stirring of the cold material [12].

4 Conclusion

UFSW of AA 6082–T6 was successfully performed on 3 mm thick plates at dif-
ferent welding speed. Following are some of the noticeable conclusions drawn from
the study:

• A higher welding speed resulted in lower heat generation leading to low peak
temperature.

• The distribution of temperature during UFSW showed an identical trend as one
moves away from the weld center at different welding speed.

• The increase in temperature was observed as the tool approaches the thermo-
couple near to the weld center. After that, reduction in temperature is observed
due to a decrease in thermal gradient.

• The variation in temperature and the thermal gradient is observed on AS and RS.
• An increase in traverse force was experienced with a rise in welding speed.
• A higher welding speed resulted in maximum traverse force caused by higher

flow stresses due to high strain rate and lower temperature.
• The maximum peak temperature (137 °C) was observed at the RS in HAZ at a

low welding speed of 50 mm/min and maximum traverse force of 103 kgf was
attained at a high welding speed of 80 mm/min.

Fig. 6 Traverse Force plots
at the different welding speed
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Design and Analysis of a Novel
Cloverleaf Combustor for Scramjet
Engine

K. Naveen, Mukesh Kapoor, M. S. Prasad and S. Arunvinthan

Abstract In recent years, there has been an increased interest in the field of
scramjet engine and its combustor design studies. Researchers started adopting
several new technologies in fulfilling the design requirements of the combustor like
mixing characteristics, shock elimination, low total pressure losses, high fuel
penetration, and cooling. Among them, the shock eliminating capability and the
total pressure losses are some of the key challenges. In this study, a novel idea of
the cloverleaf-shaped combustor is proposed to eliminate both the shock and total
pressure losses encountered in a scramjet combustor. A baseline circular combustor
and the modified cloverleaf combustor have been numerically investigated at Mach
3 using density based K-x SST (Shear Stress Transport) equations in CFD. The
results show that the cloverleaf structure has the tendency to eliminate the shock
formation in the combustor thereby helps reducing the total pressure losses incurred
in the combustor. Moreover, the reason to use cloverleaf-structured combustor is
twofold, one it reduces the shock formation and the other one it provides a 16.58%
increase in the flow velocity at which the continuous stabilized combustion can be
achieved. Additionally, attempts were made to identify the optimized number of
cloverleaf structure by testing three cloverleaf structures to eight cloverleaf struc-
tures as briefly discussed.
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1 Introduction

Over the past few years, scramjet engines have become the major consideration in
the field of the propulsion System. A scramjet engine is an enhancement of the
ramjet engine, which in turn allows supersonic combustion over hypersonic speeds
[1]. Unlike the other jet engines, ramjet and scramjet engines require high speeds to
operate. The high-speed forward motion can be achieved with the help of missiles
and rockets. Despite the hurdles faced, most of the developed countries are looking
forward to design and develop their own Scramjet engines. Focusing on the per-
formance of the scramjet engine, some of the factors taken into consideration are
shock elimination, total pressure loss, and its corresponding increase in velocity. The
scramjet engine consists of inlet section, isolator, combustor, and nozzle section.

One of the key challenges in designing the combustor is to provide effective
fuel–air mixing characteristics. Several injector configurations like wall jets, struts
and swept ramps have been developed and tested by various researchers during the
past two decades. Still, there are many types of injector configurations which have
been studied to produce enhanced fuel–air mixing characteristics. Figure 1a shows
various types of fuel injectors [2]. The basic fuel injectors represents the wall jets,
which are replaced by in-stream fuel injectors to provide adequate distribution of
fuel to be mixed in the combustor. Hyper mixing injectors are used under
high-speed combustors, which in turn also produce shocks in the combustor. Doster
et al. [3] studied the fuel mixing characteristics on conventional circular combustor
by means of various injection section pylon concepts. Even though the pylon
concepts provide significant enhancement in the mixing characteristics, it is also
accompanied by a large increase in total pressure loss, which lead to the drop in the
overall engine efficiency.

(a) (b)

Fig. 1 a Various types of fuel injectors [2] b Typical cloverleaf shape
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Recent studies by Rock et al. [4], presented the increase in fuel–air ratio with a
large total pressure loss with four struts attached in a circular scramjet combustor.
Hence, placing struts and pylons on the combustor causes large total pressure loss
on fuel injection, which can overcome by proposing the shape transition.

Researchers came up with an idea of lobbed combustors to inject the fuel along
the airflow. Such lobbed design gives an advantage of fuel injection as well as for
improving the performance of the combustor on other parameters. Zheng et al. [5]
analyzed comparison between different shape transitions like elliptical, rectangle
and quasi-rectangle, of entry and exit of nozzle design which revealed to be more
efficient than the conventional design. Among the various shapes of transition
combustors developed, clover shape was also developed in the study. Samitha et al.
[6] studied the performance of clover nozzle inspired from the cloverleaf shape as
depicted in Fig. 1b. The results implied that the clover nozzle performs compara-
tively better than the conventional nozzle in terms of velocity distribution,
momentum distribution, Mach number distribution, and stagnation pressure
drop. Samitha et al. [7], also revealed that clover nozzle configuration can eliminate
the use of pylon injectors for fuel injection, which in turn helps in eliminating the
formation shocks. Similarly [8], they also have reported that the clover nozzle
contributes effective fuel–air mixing characteristics without an excessive increase in
pressure loss and the performance is enhanced over the conventional nozzle.

Ming-bo Sun et al. [9], studied a circular-to-clover shape transitioned combustor
design. They numerically investigated that no shock pressure loss is formed in the
clover combustor as the clover walls can initiate fuel injection in the supersonic
combustor. Hence, the circular-to-clover shape transition enhances the combustor
without a high supply of pressure along increasing Mach numbers.

The main objective of this work is to design and analyze a novel clover leaf
combustor of a scramjet engine which increases velocity and reduces total pressure
loss. Additionally, the cloverleaf combustor also reduces the formation of shock.
The circular-to-clover transitioned combustor is tested at an initial condition of
Mach 3. The novelty part of work is the design of transitioned shape of the
cloverleaf combustor that is various configurations, from 3-cloverleaf to
8-cloverleaf, at the exit section of injection section was designed and tested at
similar initial conditions. The tested cloverleaf shapes are compared in order to
provide the optimum shape of cloverleaf combustor of a scramjet engine.

2 Computational Methodology

The general schematic representation of the circular combustor consisting of
injection section, flame holding section, and expansion section is shown in Fig. 2.
The baseline of the circular combustor injection section is presented in Fig. 3 and
the 4-clover leaf combustor injection section is presented in Fig. 4.

As shown in Fig. 6, the cloverleaf combustor injection section is designed with
an inlet section of 254 mm in diameter D1ð Þ and an outlet section of 350 mm in
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diameter D2ð Þ alongside a length of 1064 mm. The specification of clover shape is
designed at the outlet section and it is inscribed within a circle (bigger dotted circle)
of diameter D2 350 mm. The internal circular space limit (smaller dotted circle) D3,
which is tangential to the clover troughs is 157.8 mm. Each clover troughs and
clover crests are equally spaced over 360 degrees. Likewise, each clover trough and
clover crest are designed at equal angles with respect to the number of cloverleaf
structure to be designed in it. The angles for all the clover leaf shapes are shown in
Table 1.

Fig. 2 A schematic diagram of the circular combustor [9]

Fig. 3 Baseline circular and
clover combustor injection
section

Fig. 4 Four cloverleaf
combustor injection section
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Fig. 5 Geometric sketch of
4-clover shape structure

Fig. 6 Front view of
cloverleaf configuration

Table 1 Angle between clover crest and clover trough and the number of curvature points on
various clover configurations

Model Curvature points on
each cloverleaf

Angle between clover
crest and clover trough

Total curvature points on a
clover shape design

3-clover 6 60� 18

4-clover 6 45� 24

5-clover 6 36� 30

6-clover 6 30� 36

7-clover 6 25:71� 42

8-clover 6 22:5� 48
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Shape transition design from a circular inlet to a cloverleaf-shaped outlet has
been made using the number of curvature points on the circular and clover sketches.
As shown in Fig. 5, there are 6 curvature points on each of the cloverleaf. Hence,
the shape transition is carried out on 24 curvature points from the circular inlet to
4-cloverleaf-shaped outlet. Similarly, the same methodology has been implied to
design 3–8 clover-shaped combustors using the number of curvature points on the
cloverleaf sketch. Table 1 illustrates the number of curvature points on 3–8
cloverleaf-shaped sketch designs. In Fig. 7, 3–8 cloverleaf shape structure has been
shown with their respective curvature points as mentioned in Table 2.

From Fig. 7, it can be seen that the increase in the number of cloverleaves in the
combustor reduces the cost of manufacturing. As the number of cloverleaves
increases, the thickness between each clover leaf decreases. Hence, the 8-cloverleaf
combustor requires a lesser quantity of material than the other clover shape com-
bustors. The advantage of inscribing the clover shape inside a circle is that it can be
easily implemented/installed over conventional circular existing scramjet engines.
This gives us the benefit in the modification of an existing aircraft. The preliminary
design of complete circular combustor and circular-to-clover transition combustor
of a scramjet engine is shown in Figs. 8 and 9. From the geometric methodology,
various configurations of cloverleaf combustors that are from 3 to 8 clover-shaped
combustor injection sections were designed.

(a) 3-Clover leaf structure (b) 4-Clover leaf structure (c) 5-Clover leaf structure

(d) 6-Clover leaf structure (e) 7-Clover leaf structure (f) 8-Clover leaf structure

Fig. 7 Sketch of 3–8 cloverleaf combustors
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The respective cloverleaf combustor injection section models have been finely
meshed. For the CFD simulations, k-x SST model has been used. It is a 2-equation
turbulence model which is used for simulating flow in the viscous sublayers.

In this work, it was assumed that the flow through the injection sections are
compressible flows and the flow is also assumed to be viscous. The flow simulation
for the clover combustor injection section has been performed using k-x SST model
because it is more suited for shape transition flows as the k-x SST model is used on
low Reynolds flow applications. Hence, for solution initialization, Reynolds
Averaged Navier Stokes (RANS) equation using k-x SST model for turbulent flow
have been used on the cloverleaf combustor. For the RANS equation, the k-x SST
model has been used for viscous calculation. k-x SST model is used to calculate the
flow in near-wall conditions as the flow is calculated along the transitioned shape
from circular to desired clover shape of the combustor. CFD simulations were
performed on a steady state, double precision solver. For validation and verification,
a comparison is performed between the novel clover combustor and the clover

Table 2 Initial conditions
for the CFD simulations

Parameters Initial conditions

Mach number Ma = 3

Stagnation temperature To = 1650 K

Stagnation pressure Po = 2000 kPa

Fig. 8 3D model of circular
combustor scramjet engine

Fig. 9 3D model of circular
—to—clover combustor
scramjet engine
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combustor investigated by Ming-bo Sun et al. [9]. By verifying the increase in
velocity on the cloverleaf combustors, the novel cloverleaf combustor obtained a
deviation of 1.612% from the cloverleaf combustor of Ming-bo Sun et al. Table 3
represents the validation and verification of the novel clover leaf combustor. The
initial conditions in Table 2 based on Ming-bo Sun et al. [9] have been utilized in
this study.

To rely on the simulation results aiming at identifying the grid independence
various mesh dimensions of 0.4, 0.55, 0.7, 0.9, and 1 million elements were tested
and their corresponding results are depicted in Fig. 10. The mesh used for this
entire simulation is chosen as 0.7 million elements as the Mach number results
generated from these were found to be more accurate against the results produced
by Ming-bo Sun et al. [9]. The CFD simulations were performed on the validated
clover leaf combustor and the results were obtained on maximum velocity and total
pressure loss. A similar analytic process has been performed on various configu-
rations of cloverleaf combustor. The results were obtained for maximum velocity
and total pressure loss. The test results were investigated and compared.

Table 3 Validation and verification of cloverleaf combustor

Attributes Reference value (Ming-bo Sun et al. [9]) Numerical value

Mach No. 3.1 3.0559

Velocity 1063.61 1048.506

Deviation 1.612%
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Fig. 10 Mesh independence study of Mach number and Mesh sizing (in millions)
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3 Results and Discussions

3.1 Maximum Velocity

The results obtained from the above computational analysis, in the case of velocity,
increases along the flow through the combustor. As shown in Table 4, the velocity
at the outlet of the injection section is the maximum velocity of the combustor.
Figure 12 represents the velocity contours from 3–8 clover leaf combustors. From
Fig. 12, it is observed that the velocity increases from right to left side of each of
the contour from 3–8 clover leaf combustors. Hence, there is an increase in max-
imum velocity from 3–8 clover combustors as mentioned in Table 4. Figure 11
represents the variation of maximum velocity (%) under various clover leaf con-
figurations. It is because of the mass flow rate increases along the shape transition
from circular to clover shape. Hence, the velocity increases greatly when it flows
through asymmetric shapes. By increasing the cloverleaf from 3–8 clover in the
combustor the asymmetric flow increases the maximum velocity along 3–8 clover
leaf combustors. Therefore, an increase in velocity of the cloverleaf-structured
scramjet engines is due to asymmetric flow along each cloverleaf structure.

From various shapes of clover combustors, the velocity contours for 3–8
cloverleaf combustors as shown in Fig. 12, the clover combustor with the
8-Cloverleaf structure has achieved an increase in velocity of 0.5 Mach that is
16.58% increase in velocity, as shown in Graph 1. It is also observed that the

1.63 1.86 
3.78 

8.41 

15.32 
16.58 

0

5

10

15

20

(a) (b) (c) (d) (e) (f)

M
ax

im
um

 V
el

oc
ity

 (%
)

Fig. 11 Evaluation of Maximum velocity (%) under various clover configurations

Table 4 Overall Comparison of 3–8 clover combustor configurations

Models Maximum total pressure
(KPa)

Total pressure loss
(KPa)

Maximum velocity
(m/s)

3-Clover 733 1267 1046.15

4-Clover 667 1333 1048.506

5-Clover 753 1247 1068.21

6-Clover 790 1210 1115.89

7-Clover 801 1199 1187

8-Clover 838 1162 1200
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(a) Velocity contour of 3-Clover leaf (b) Velocity contour of 4-Clover leaf

(c) Velocity contour of 5-Clover leaf (d) Velocity contour of 6-Clover leaf

(e) Velocity contour of 7-Clover leaf (f) Velocity contour of 8-Clover leaf

Fig. 12 Velocity contours of 3–8 cloverleaf combustors
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Fig. 13 Evaluation of Total Pressure Loss (%) under various clover configurations

60 K. Naveen et al.



velocity increases gradually from Mach 3 to 3.49 (3.5 approx.) with the increasing
number of cloverleaf structures. From the above results, it is concluded that
cloverleaf combustor injection section produces greater velocity along the super-
sonic flow of the scramjet engine.

3.2 Total Pressure Loss

The results obtained from the above computational analysis, in the case of total
pressure, decreases along the flow through the combustor. As shown in Table 4, the
total pressure at the outlet of the injection section is the maximum total pressure of
the combustor. Figure 14 represents the total pressure contours from 3–8 clover leaf
combustors. From Fig. 14, it is observed that the total pressure decreases from right
to left side of each of the contour from 3–8 clover leaf combustors (total pressure
drop from inlet to outlet of the combustor). Hence, there is an increase in maximum
total pressure at the outlet of the 3–8 clover combustors as mentioned in Table 4.
The total pressure loss is calculated as the difference between the pressure at initial
condition and maximum total pressure obtained. Figure 13 represents the variation
of total pressure loss (%) under various clover leaf configurations. It is observed
that there is a gradual decrease in total pressure loss from 1333 kPa to 1162 kPa, as
shown in Table 4, with an increase in the number of cloverleaf structures. Hence,
8-cloverleaf combustors produce a lesser total pressure loss of 58.1%, as shown in
Fig. 13. The results imply that significantly the total pressure loss is less in
8-cloverleaf combustor as compared to the other clover leaf combustors. On such a
combustor the reduction in shock formation also occurs since the shock down-
stream is less than the shock upstream. From the above results, it is concluded that
cloverleaf combustor injection sections can reduce the loss in total pressure and
additionally reduce shock formation along the supersonic flow of the scramjet
engine.

3.3 Optimum Shape

From the results obtained, it is concluded that the clover shape combustor has
achieved the objective that is, attaining greater velocity and reduced total pressure
loss, as observed from Table 4. Cloverleaf combustor also demonstrates that it
reduces shock since it produces a reduced total pressure loss than the conventional
circular combustor. It is due to the asymmetric flow through the cloverleaf com-
bustor which increases the velocity along the shape transition from circle to clover
shape of the combustor. Due to increased velocity, the mass flow rate through the
cloverleaf combustor is also increased. Hence at the edges of each cloverleaf shape
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increases the velocity, thereby producing a greater increase in velocity than the
conventional circular combustor. More the number of edges in the cloverleaf
combustor more the increment in velocity.

Over the various configurations of cloverleaf combustor designed, 8-cloverleaf
combustor has achieved: (i) maximum velocity (Fig. 12f), (ii) shock reduction and
(iii) minimum total pressure loss (Fig. 14f) than the other clover leaf combustors.
Hence, in this study, the 8-cloverleaf combustor has been identified as the optimum
clover leaf combustor for a scramjet engine.

(a) Total pressure contour of 3-Clover leaf (b) Total pressure contour of 4-Clover leaf 

(c) Total pressure contour of 5-Clover leaf (d) Total pressure contour of 6-Clover leaf 

(e) Total pressure contour of 7-Clover leaf (f) Total pressure contour of 8-Clover leaf

Fig. 14 Total pressure contours of 3–8 cloverleaf combustors
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4 Conclusion

In this work, a novel clover leaf combustor for a scramjet engine has been designed.
The circular-to-clover combustor has been analyzed for supersonic flow conditions
at Mach 3. From the analysis, the cloverleaf combustor achieved greater velocity
and reduced loss in total pressure. Additionally, the reduction in shock formation
was investigated. Various shapes of clover combustors were designed, analyzed and
compared under similar initial conditions. A circular combustor was tested for
comparison. The results obtained from the comparison implied that 8-cloverleaf
combustor is the most optimum clover leaf combustor, which produced 16.58%
increase in velocity and 58.1% reduced total pressure loss. Additionally, it reduced
the formation of shock in the cloverleaf combustor. Therefore, the results illustrate
that the cloverleaf combustor will enhance the performance of the scramjet engine
on velocity and total pressure loss. Therefore, the use of cloverleaf (8 cloverleaves)
combustor provides a better efficiency on velocity and total pressure loss.

Further, the experimental and practical investigation is required on the novel
clover leaf combustor to provide greater velocity and reduction in total pressure
loss. The flame holding section of the combustor can further be designed and
analyzed for producing enhanced Fuel–Air mixing characteristics. The expansion
section of the combustor needs to be experimentally investigated with various
clover leaf configurations in order to provide greater velocities after combustion and
reduction in shock formation.
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Continuum Damage Mechanics Based
Simulation of Ductile Fracture
of Cylindrical Tubes

Dipankar Bora, Manoj Kumar and Sachin S. Gautam

Abstract The importance of impact problems has led to extensive research work
over the years. In an impact phenomenon, the material is subjected to very short
duration high force levels resulting in large plastic deformations and significant
temperature rise. One of the most common phenomena of the impact problem is the
occurrence of fracture. Fracture occurs when the velocity of impact is very high. In
metal, it will lead to ductile fracture. Ductile fracture generally takes place due to
void nucleation, then the growth of the nucleated voids and at last voids coales-
cence to form a micro-crack. A number of studies on ductile fracture and damage
simulation in static condition have been carried out using this approach. But, there
is a limited study on the prediction of fracture in impact problems. In impact
problems, the effects of strain rate, stress triaxiality, and temperature on material
behavior become significant. In the present work, damage growth, and effect of
high strain rate are studied for ductile fracture during the high-velocity impact of
cylindrical tubes using commercial finite element (FE) software ABAQUS/Explicit
using continuum damage mechanics (CDM). It is shown that CDM-based modeling
is able to capture the failure of the tubes.

Keywords Ductile fracture � High strain rate � Stress triaxiality

1 Introduction

Study of impact problems has important applications in various engineering fields
such as automotive, aircraft, defence industry, etc. Impact problems always involve
ductile fracture, which is very challenging to study. Some characteristic features of
the impact problems are quick dissipation of energy, high plastic deformation, high
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strain rates, thermal softening and negative triaxiality. If the strain rate regime
exceeds the limit of 103 s−1, it is then considered as the high strain rate range. At
high strain rate regime, thermal effects and strain sate effects become important and
need to be considered. Mechanical response of a material varies under different
loading rates including that of metals [1]. Clifton [1] has discussed a number of
issues related to the dynamic response of materials and has suggested various
potential research directions. Crack formation and sometimes complete fracture and
fragmentation is also observed at high strain rates.

The structure of the remaining parts of the paper is as follows. Section 2
describes the plasticity model and the damage growth law. After that, the results
and the necessary discussion are provided in Sect. 3. Finally, Sect. 4 concludes the
paper.

2 Plasticity Model and Damage Growth Law

In the present work, AISI1045 steel [2] is used. Table 1 presents the material
properties for this steel. In the present paper, the Johnson–Cook plasticity model [3]
is utilized to model the plastic-hardening phenomenon. The current value of yield
stress (tYr) depends on the equivalent plastic strain (ePeq), the rate of equivalent

plastic strain (_ePeq) and the current value of temperature (T) as the following Johnson
and Cook equation [3].

t
Yr ¼ 0

YrþK ePeq

� �n� �
1� T � Tref

Tm � Tref

� �m� �
1þCln

_ePeq
_ePref

 ! !
ð1Þ

Here, 0
Yr denotes the initial yield stress, K is the hardening coefficient, and n is

hardening exponent. Tref is the reference temperature, Tm represents the melting
point temperature and _ePref denotes the reference strain rate. In the present work
discontinuities in the form of micro-cracks or micro-voids are represented by the
internal damage variable. If the voids are assumed to be distributed isotopically,
then this internal damage variable can be assumed as a scalar quantity denoted by
D. The damage variable is mathematically given by the area void fraction at a point
in a plane as [4]

Table 1 Material properties of AISI1045 steel

E (GPa) m (kg/m3) 0
Yr MPað Þ K (MPa) n m C

210 0.30 7800 302 796 0.59 1.0 0.0134

_ePref Tm (oC) k c (W/m °C) a (J/kg °C) Tref (
oC) b (oC) ϛ

1.0 1460 52 432.60 1.10 � 105 25 0.90 0.10
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D ¼ lim
dA!0

dAv

dA
ð2Þ

where dA and dAv represent the infinitesimal area around that point and voids area
covered in the plane contained by dA, respectively. Since the damage variable is
introduced, it results in the concept of effective stress also. The effective stress is
defined over the effective area (dA−dAv) that physically resists the applied forces.
The effective Cauchy stress can be expressed as [4]

r
0
ij ¼ rij

1� Dð Þ ð3Þ

Damage growth law used in the present work is one proposed by Dhar et al. [5]
for AISI-1090 spherodized steel. Damage growth law is given by

_D ¼ cd _e
P
eq þ a1 þ a2Dð Þ �Yð Þ_ePeq: ð4Þ

Here, cd , a1; and a2 represent the material constants and Y denotes the conservative
part of the thermodynamic force. The nonlinearity is introduced by utilizing the
damage variable in explicit form. Dhar et al. [5] observed that the critical damage
value can also be considered as material property for crack formation. Table 2
shows the value of the material constant used in the damage growth law.

3 Results and Discussion

This section presents the simulation of dynamic damage growth and various frac-
ture patterns in thin-walled cylindrical tubes impacting against a rigid wall.
A similar study has been carried out by Gautam and Dixit [2]. However, they did
not show the whole fracture patterns. In this paper, a commercial FE software
ABAQUS/Explicit is used to determine the stress, strain, and strain rate as well as
temperature fields required for the evaluation of the damage. The damage growth
law, along with the element deletion technique, is implemented in ABAQUS/
Explicit via user-defined VUMAT subroutine.

The friction coefficient (lf ) is taken as 0.05. The range of impact velocity is
200–400 m/s. Figure 1 represents the initial geometry of the tube. The outer
diameter (D0) is 12.55 mm, length (L0) is 62.75 mm and thickness of the tube (t0) is
0.78 mm respectively.

Table 2 Various damage
constants of AISI1045 steel

Material cd a1 (MPa−1) a2
(MPa−1)

Dcr

AISI1045 5.83 � 10−03 4.04 � 10−04 2.60 0.50
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The simulated fracture patterns are not axisymmetric, therefore a solid 3-D finite
element (FE) model is created for the study. Eight-noded brick element (C3D8RT)
with a linear approximation for the displacement and temperature is employed
along with the reduced integration and hourglass control. The finite element mesh
consists of 56100 nodes and 50000 elements. The rigid wall is made as a discrete
rigid shell. The time step is chosen automatically within the solution algorithm by
ABAQUS considering the stability of the simulation. It is observed that the time
step is generally less than 0.01 µs.

3.1 Deformation of Tube Impacted at 250 m/s

In this section, the growth of equivalent plastic strain, equivalent stress and damage
is studied at the impacted end for impact velocity of V = 250 m/s. Deformed
configurations of the tube at different time steps is shown in Fig. 2. For a better
view, only zoomed view of the impact end is shown here.

From deformed configuration, it can be seen that deformation occurs only by
increasing the thickness of the tube at the impacting end. The material near the
impact face stops moving after the impact but the material in the upper part of the
tube is still moving with very high velocity in Z-direction, due to which bulging
occurs just above the impacted surface. Additionally, the initiation of local buckling
is also observed. As the deformation progresses, more and more buckling is
observed (t = 20 µs). Damage with time is plotted in Fig. 3a. From the figure, it can
be observed that damage increases more rapidly in the middle part of the impact

Fig. 1 Initial geometry of the
tube impact problem
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surface. The equivalent plastic strain at three different points is shown in Fig. 3d.
Damage at any part of the tube does not reach the critical value, therefore no
fracture initiation takes place in the tube body.

(a) t = 5. (b) t = 10. (c) t = 15. (d) t = 20.

Fig. 2 The configurations of the tube at different times (in l sec) for impact velocity V = 250 m/s.
The colored contours show the von Mises stress distribution

(a) Damage with time (b) Triaxiality with time

(c) Equivalent stress with time (d) Equivalent plastic strain with time

Fig. 3 Analysis of various characteristics of cylindrical tube impact at three different points on the
impact surface at different time steps for V = 250 m/s
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(a) t = 5. (b) t = 10. (c) t = 15. (d) t = 20.

Fig. 4 The deformed configurations of the tube at different times (in l sec) for impact velocity
V = 350 m/s. The colored contours show the von Mises stress distribution

(a) Damage with time (b) Triaxiality with time

(c) Equivalent stress with time (d) Equivalent plastic strain with time

Fig. 5 Analysis of various characteristics of cylindrical tube impact at three different locations on
the impact face with time for V = 350 m/s
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3.2 Ductile Fracture of Tube Impacted at 350 m/s

The thickening of the tube wall just above the impact face takes place in the same
manner as in the case of V = 250 m/s. The thickness of the tube wall increases, with
the progress of deformation and grows along the length of the tube (see Fig. 4 b, d).

As the damage at the impact surface reaches the critical value, a crack initiates
and grows as seen in Fig. 4b, d. Damage plot is shown in Fig. 5a. It is clear from
the graph that at first damage occurs at point B followed by outer point A and inner
point C. This is due to the movement of the material on either side in opposite
directions. It is observed that both the plastic strain and the triaxiality plots (Fig. 5b,
d) show that the failure occurs first at the middle point followed by the outer and
then the inner point of the impacting surface. A similar observation has been
reported by Gautam and Dixit [2].

4 Conclusion

Based on the present study it is observed that fracture has not occurred if the tube
impacts the wall with V = 250 m/s velocity. Moreover, it is found that mush-
rooming and bulging takes place at the impacted end. On the other hand, fracture
takes places in the middle part of the tube followed by outer part, and finally in the
inner part of the tube on the impact surface for V = 350 m/s impact velocity. At this
velocity, fracture starts at the midpoint of the tube spreads to the outer edge fol-
lowed by the inner edge. The fracture pattern is quite similar to that of the
experimental results on steel tubes presented by Wang and Lu [6].
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Modelling and Analysis
of Magneto-Rheological Damper
for Maximizing the Damping Force

Ashwani Kumar and Rajat Joshi

Abstract In this article, modelling of the magnetorheological (MR) damper and its
finite element analysis (FEA) is presented. The axisymmetric FEM (finite element
method) model of the MR damper was built using ANSYS Maxwell software.
The MR damper was modelled using the geometrical parameters which were
selected using the literature survey and then magnetic flux density was calculated
and studied at the clearance space of the MR damper. The developed FEM model
was used for determining the damping force of an MR damper with selected
geometrical parameters. This article demonstrates that the developed FEM model
for the MR damper can be used for predicting its damping force. The data gathered
from this article will help the future researchers to know in depth the FEM mod-
elling of MR damper and also provides a procedure to estimate the damping force.

Keywords Magnetorheological damper � Finite element analysis � Finite element
method

1 Introduction

The behaviour of a magnetorheological damper is relatively the same when com-
pared with the conventional fluid damper. However, MR damper behaviour
changes in the presence of the magnetic field. The MR fluid is entirely different as
compared with conventional fluid. MR fluid contains special elements such as
polarized particles (carbonyl iron), stabilizers or a supplement, surfactants, etc. The
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credit of developing the MR fluids was given to Jacob Rabinow when he was
working at the US National Bureau of Standard [1]. The density of the MR fluid is
very high in comparison with the density of the water and MR fluid appearance is
like grease. When the flow of electric current is zero in the electromagnetic circuit
of the MR damper, the MR damper behaves like a standard damper. However, as
soon the electric current is increased from the zero value, the polarized particles in
the MR fluid start to align in a particular fashion and formation of chain-like
structure starts to begin, thereby increasing the viscosity of the MR fluid. All the
polarized particles get aligned in a particular fashion at a distinct value of electric
current. The MR fluid at that point has the maximum value of fluid viscosity [2, 3].
This full transformation of MR fluid from a fluid to a semi-solid is shown in Fig. 1.

The main elements of the MR damper are cylinder/housing, the piston which
forms the electromagnet, piston rod and the MR fluid. The schematic diagram of the
MR damper along with the MR device controller is shown in Fig. 2.

Fig. 1 Illustration of activation of the MR fluid

Fig. 2 Main elements of the MR Damper
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The main objective of this article is to present an FEA model of MR damper
which can be used to predict the damping force while considering the magnetic and
MR effect resulting from the variation in the current provided to the electromagnetic
coil. The finite element analysis (FEA) for the damper is essential for determining
the maximum force which a magnetorheological damper can develop and for
finding out its magnetic saturation [4, 5]. The advantage of having MR damper
when compared with the conventional damper is that the desired and the preferred
value of damping force can be obtained easily by just selecting the proper value of
electric current for the MR damper. This feature of desired damping force makes
the MR damper most interesting and exciting in the fields such as automotive,
structural, seismic, etc. The only factor which limits or puts a brake on the value of
increasing damping force is the saturation phenomenon which prevails after a
particular value of the current.

2 Result and Discussion

The focus lies mainly on the range of damping force, while designing and mod-
elling of the MR damper. The material selection plays a crucial role in the magnetic
field induction and thereby on the total damping force, so the materials for the
various components of the MR damper are to be selected judiciously. After the
literature survey, the dimensions of MR prototype damper are selected and depicted
in Fig. 3a, b.

Fig. 3 a Various dimensions of MR fluid damper b Piston cross section with dimensions
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During this study, the fluid gap or the clearance space or the distance between
piston and cylinder was varied and during each such variation, the current through
the coil was also varied. These details and variations performed on the MR damper
are tabulated in Table 1. The aim of this analysis was to find the effect of changing
the MR fluid gap on the overall damping force of the MR damper. During this
analysis, the cross-sectional area of the coil of the MR fluid damper was kept
constant.

In the analysis, a 2-D axis-symmetric model of the damper was created in
ANSYS Maxwell software [6–10]. The magnetostatic analysis details for the MR
fluid damper during the analysis were entered in the software and were shown in
Table 2. Then, the software calculates the magnetic flux density in the various area
of the MR fluid damper 2D model. Then the images of flux lines were taken out
from the ANSYS software and the data values showing magnetic flux density in the
desired region or the MR fluid gap region were also taken out so as to calculate the
damping force produced by the damper.

Using the graphs between magnetic flux density (B) and shear stress (H) and
Shear stress (H) and yield shear stress (sy) obtained from Lord Corp. Inc. USA [11]
for MRF-132 DG, the data was gathered and processed using MATLAB software.
Then, the value of shear stress was obtained using the code generated from
MATLAB with respect to the magnetic flux density obtained at the various fluid
gap at different levels of current ranging from 0.05 A to 0.7 A. The average value of
the magnetic flux density and the shear stress over the fluid gap for various levels of
current is shown qualitatively in Figs. 4 and 5. According to Bingham plastic model
[12, 13], based on the plate modelling, the total damping force, FD, is the sum of an
induced yield stress component, Fs, and viscous components, Fη, is given as

Table 1 Design details of MR fluid damper

Sr. no. Design details

1 Area of cross section of coil = 21 mm � 9 mm = 189 mm2

2 Gauge of wire used = 24

3 Diameter of coil wire = 0.5054 mm

4 Total number of turns possible = 844 turns

5 Current through coil wire = 0.05A to 0.7 A in steps of 0.05A
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Table 2 Magneto static analysis details

1 Software used Ansoft Maxwell

2 Study type Magnetostatics

3 Model type 2D Axisymmetric about Z axis

4 Material assigned

Part Material Material property Value

Piston, cylinder Iron Relative permeability 4000

Coil area Copper Relative permeability 0.999991

Air gap Air Relative permeability 1

MR fluid gap MRF-132DG B-H Curve Using Lord Corp. data

Surrounding region Air Relative permeability 1

5 Excitation Total current through the coil area was defined

6 Analysis setup

Max no. of passes 18

Percent error 0.01%

Percent refine per Pass 40

Min. number of Passes 16

Min. converged Passes 1

7 Optimization

Current variation Current through coil wire = 0.05A to 0.7 A in steps of 0.05A

MR fluid gap Variation The fluid gap varies from 0.5 mm to 1.5 mm in steps of
0.25 mm

8 Result Data table created for every parametric study and processed

Fig. 4 Magnetic flux density at different levels of current
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FD ¼ Fs þFg

¼ 2:07þ 12Qg
12Qgþ 0:4wh2sy

� �
syLAp

h
sgnðvÞþ 1þ whv

2Q

� �
12gQLtAp

wh3

where

Q ¼ Ap � v andAp ¼ p
4

D2 � d2o
� �

The abbreviations used in the study are, Q is the volumetric flow rate, Ap is the
effective cross-sectional area of piston, D is the diameter of the piston, d0 is the
diameter of the piston rod, t is the piston velocity, sy is the yield shear strength of
the MR fluid, η is the off-state (no magnetic field) viscosity of the MR fluid, L is the
effective axial pole length, h is the gap between piston and cylinder, Lt is the total
axial pole length, w is the mean circumference of the damper’s annular flow path,

Fig. 5 Shear stress at different levels of current
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and sgn(t) is used to consider the reciprocating motion of the piston. Total damping
force of the FEM model is thus calculated using the data which is shown in Figs. 4
and 5. The 2- D flux lines for fluid gap ranging from 0.50 mm to 1.50 mm is shown
in Fig. 6a–e. The magnitude of magnetic flux density for fluid gap ranging from
0.50 mm to 1.50 mm is shown in Fig. 7a–e. The damping force is calculated using
the damping force equation and is tabulated in Table 3 and shown qualitatively in
Fig. 8.

Fig. 6 a 2-D Flux Lines for fluid gap 0.50 mm b 2-D Flux Lines for fluid gap 0.75 mm c 2-D
Flux Lines for fluid gap 1.00 mm d 2-D Flux Lines for fluid gap 1.25 mm e 2-D Flux Lines for
fluid gap 1.50 mm
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Fig. 7 a Magnetic flux density for fluid gap 0.50 mm b Magnetic flux density for fluid gap
0.75 mm c Magnetic flux density for fluid gap 1.00 mm d Magnetic flux density for fluid gap
1.25 mm e Magnetic flux density for fluid gap 1.50 mm

Table 3 Damping Force at different levels of current

Current in ampere (A) Damping force (N) at various fluid gaps

0.50 mm 0.75 mm 1.00 mm 1.25 mm 1.50 mm

0.05 1006.84 474.36 272.29 173.81 118.42

0.1 1904.88 927.21 546.88 358.92 251.90

0.15 2722.98 1339.92 799.95 528.47 373.66

0.2 3460.09 1726.33 1033.09 687.73 489.22

0.25 4128.97 2080.71 1256.05 837.37 597.12

0.3 4735.83 2407.32 1463.58 981.50 700.96

0.35 5273.33 2713.11 1657.02 1117.12 801.22

0.4 5751.10 2995.45 1839.27 1244.51 896.35

0.45 6163.39 3256.89 2012.81 1365.84 986.44

0.5 6516.70 3494.24 2174.63 1481.44 1072.57

0.55 6803.37 3712.41 2328.57 1592.44 1155.06

0.6 7037.90 3907.05 2469.91 1696.96 1234.59

0.65 7223.89 4082.93 2602.16 1797.31 1311.26

0.7 7365.21 4237.93 2725.46 1891.37 1384.06
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3 Conclusion

In this paper, the FEM model of the magnetorheological damper and its FEA (finite
element analysis) analysis was presented. The plots of 2-D flux lines and magnetic
flux lines for the fluid gap which range from 0.5 mm to 1.5 mm were presented in
the form of figures. It is a well-known fact that the fabrication cost of the mag-
netorheological damper is very high so the FEM modelling can be the best alter-
native to do the simulation and to find out the damping force range for the MR
damper. In this study only one particular type of MR fluid, MRF-132DG
Magnetorheological Fluid was used. However, there are other MR fluids available
and the performance of MR damper can be checked using other available MR
fluids.
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Multiscale Analysis of Bulk Metallic
Glasses for Cardiovascular Applications

Vachhani Savan, Mehta Vatsal, Motru Suneel
and M. H. Sachidananda

Abstract Bulk Metallic Glasses, an important class of amorphous metals with no
long-range structural disorder, appear to have a futuristic potential for a wide range
of applications. Some of the significant properties which bulk metallic glasses
possess include optimistic Young’s modulus, good fatigue endurance, higher
strength, non-toxicity, improved wear resistance, and excellent corrosion resistance.
Most vital property of Bulk Metallic Glasses is that it eliminates surface defects like
cracks and crystalline defects like dislocations. These reasons have led to extensive
research interest on bulk metallic glasses for biomedical applications such as implant
materials. Research till date has a minimal contribution towards the development of
Bulk Metallic Glasses as characteristic materials for biomedical applications. In this
work, Cu-based bulk metallic glass with a compositional variation of Zr, Al and Ag
alloying system is modelled using multiscale methods for cardiovascular stents.
Analysis of the simulation results obtained using LAMMPS software, for various
compositions of Bulk Metallic Glasses indicates an incremental change in Young’s
modulus, ultimate tensile strength, and fracture mechanism is by void formation.
The variable strain rates have a considerable effect on the mechanical properties as
well as failure mechanics. It is evident that the soft spots due to local structural
variations tend to act as initiating points for fracture. The mechanical properties of
Bulk Metallic Glasses obtained by Multiscale Modelling are in conformance with
the requirements of cardiovascular stents, sufficing that the present compositions of
Cu–Zr/Ag/Al can be considered as apt materials.
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1 Introduction

In 1960, an Au–Si system amorphous alloy was successfully fabricated by Klement
et al. using fast cooling rates, but there were size limitations in their model [1]. In
1990, Inoue [2] suggested that the formation of an amorphous alloy is dependent
upon its composition, cooling rates, and conditions namely large negative heat,
three or more elements like palladium, zirconium, iron, titanium, and copper with
12% difference in atomic size. Inoue also discovered the glass-forming ability of
amorphous alloys by measuring their thermal properties such as crystallization
temperature (Tx), glass transition temperature (Tg) and a supercooled liquid region
ðDTxÞ. The present-day diameters of BMG have been reported up to 2–30 mm [3,
4]. Since BMGs have superior properties such as high yielding strength which can
range up to value of 6 GPa [5, 6], higher toughness, good ductility and excellent
corrosion resistance, high viscosity in molten state, resistance to plastic deforma-
tion, lower thermal resistance, they have become a potential material with many
applications like nuclear reactors, computer memories, coils, mobile phone cases
and tennis racket. BMGs have recently attracted the attention of biomedical
industry for applications like dental implants, cardiovascular stents (Co–Cr–Mo),
while traditional alloys are still used in Bone-fixations (Ti-6Al-4 V), Artificial
eardrum (SS316L), Screw-in bones (Mg60Zn35Ca) [7]. Stent, a metal or plastic tube
in tubular or coil form is temporarily placed inside a duct, canal, blood vessel, open
bile ducts, bronchi, or ureters, aids in healing or relieve an obstruction [8].
Cardiovascular stents are expandable metal mesh coils (see Fig. 1) used to improve
blood flow immediately following a heart attack [9].

Stents can be manufactured using different materials like titanium–zirconium
(Ti-Zr) alloys which are used in endosseous dental implants [10], biodegradable
CaMgZn BMGs for skeletal applications [11], 316L stainless steel or Co–Cr alloy
used for cardiovascular stents [12]. In the United States, the number of cardiac
stents per 10,000 persons reported by AHRQ gradually increased from 1999 to
2006 which decreased thereafter [13].

H.M. Hsiao et al. reported that 18 mm stent is not at risk of bending or fatigue
failure during respiratory motion by analysing micro-level FEA at various stresses
and strains [14]. Review of stents fracture by Nair et al. [15] emphasized that
fracture occurs at struts based on geometry and dimensions. The common stent

Fig. 1 Structural configuration of Cardiovascular stents
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failure mechanism is due to compression, torsion, kinking and shear from repetitive
cardiac contractions. According to Gaku Nakazawa et al. [16], there are different
grades of fracture in a stent (See Fig. 2). In the above figure, we have grade I
fracture of Taxus stent, grade II fracture of Cypher stent, grade III fracture of
Cypher stent, grade IV fracture of Cypher stent and grade V fracture of Cypher
stent and arrows are used to indicate the fracture in stents.

2 Research Insight

The failure of stents mainly depends on fatigue related to tension and compression.
Metallic glasses undergo high cooling rates making it practically difficult to
understand dynamic processes such as plastic deformation, recovery, recrystal-
lization, and fracture, which can be studied in detail by the use of modelling and
simulation [17]. Currently, the research work carried out on BMGs for biomedical
applications is limited to components other than cardiovascular stents. In this
research, multiscale analysis of BMGs for stents is done by LAMMPS, a parallel
particle simulator at the atomic scale for the estimation of tensile properties.
LAMMPS is a classical molecular dynamics code and runs on a single processor or
in parallel using message-passing techniques [18].

3 Modelling Method: Molecular Dynamics Simulations

MD simulation facilitates the study on the dynamics of large macromolecules along
with the optimization of resulting structures. Using the algorithm provided, MD
gives a set of conformations of molecules. Atoms move under the action of
instantaneous forces. There is a change in relative position and forces as the atoms
moves. Initially, a set of atomic coordinates and potentials are created for the atoms
in the system. Many-body potentials are used to include the effects of three or more
particles interactions with each other. Embedded-Atom Method (EAM) has been

Fig. 2 Different types of fracture in a cardiovascular stent (Grade I–V) [16]
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used to include the potential energies of three or more atom types. Input file consists
of various parameters such as initialization, atom definition, force fields, settings,
equilibration, and deformation. Under initialization, the cluster is considered to be
metallic with periodic boundaries. An alloy cluster of Zr40Cu40Al20 containing
32,000 atoms in a box of 66.20 Å and a system of Zr40Cu40Ag20 containing 16,000
atoms in a box of 84.96 Å has been considered. The centrosymmetry parameter of
each atom is calculated under the given parameters. The simulation is run using
three basic files, an input file containing atomic models, a potential file containing
interatomic bond energies between atoms and an executable file to run commands
in the input file. Deformation of the structure is attained by applying tensile forces
on the atomic cluster and can be studied by the use of an output data file, which
contains the deformed atomic coordinates of the system. Thermodynamic param-
eters of the system like temperature, total energy, pressure and volume change as
the simulation progresses, giving the desired result.

4 Result and Discussions

The molecular dynamics simulations performed using LAMMPS provide a
deformed BMG under variable strain from 1012 to 1025 s−1. A low strain rate
revealed the effect of chosen potentials on deformation rate changing with a low
deformation rate to high deformation rate with soft potentials. The quenching of
BMG converts it to a rigid cluster where soft potentials do tend to require high
strain rate accompanied by longer simulation times. The dependence of simulations
on time steps varying from 0.002 to 0.1 made a significant improvement in reliable
deformations acquired within the optimal simulation time frame. Energy mini-
mization allowed the cluster to relax and restructure within periodic boundaries.
The results obtained for multiple iterations under given parameters like quenching
temperature, time step, strain rate and composition reflect upon the atom–atom
interaction between different atom types (Cu–Zr–Al/Ag), interatomic separation,
pair distribution function g(r), vacancy initiation followed by void formation
leading to ultimate fracture. The tensile properties namely Young’s modulus and
ultimate tensile strength have been determined under varying strain rates for a given
composition of the bulk metallic glass.

4.1 Mechanical Behavior of BMGs Stents

Under normal simulations, deformations of BMG stents take place under uniaxial
tensile loading by stretching it from both ends at constant velocity and variable
strain rate ranging from 1012 s−1 to 1025 s−1 as observed in Fig. 3. From the graph,
it can be concluded that there is a sharp increase in the value of engineering stress
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when strain value is increased and thereafter fracture occurs suddenly without
entering the plastic region due to the void formation as seen in Figs. 7 and 10. From
the graph (Fig. 6), it can also be concluded that stress value decreases to a low
value and it is analysed that Zr40Cu40Al20 and Zr40Cu40Ag20 BMGs are brittle in
nature.

The pair distribution function of deformed clusters is calculated as shown in
Fig. 4.

4.2 Young’s Modulus Determination

For calculating Young’s Modulus, a graph of Stress vs. Strain is plotted. The slope
in the linear region gives the Young’s Modulus for that composition. From the

Fig. 3 Simulated modes of Cu40Zr40Al20 BMG under uniaxial tensile loading at high strain rates
of 1015 s−1

Fig. 4 Radial distribution function (RDF) showing the pair coefficient for Cu40Zr40Al20 BMG.
Cutoff radius is 10 Å. The figure on the left indicates RDF for non-deformed BMG and the figure
on the right indicate the RDF for fractured BMG due to tensile deformation in the x-direction
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Stress vs. Strain graph of Zr40Cu40Al20, Young’s Modulus is found to be 95.5 GPa
and from the Stress vs. Strain graph, (see Fig. 9) of Zr40Cu40Ag20, Young’s
Modulus is found to be 108 GPa.

4.3 Effect on Properties by Changing the Composition

It is observed that properties like Young’s Modulus and fracture are dependent on
the composition of the bulk metallic glass. The iterations are performed by varying
content of Al and Ag with the equal compositions of Cu (40%) and Zr (40%); the
simulation of mechanical properties indicated an incremental change in Young’s
modulus. The elastic modulus increased from 72 GPa to 96 GPa for 8% to 20% Al
composition, while it increased from 84 GPa to 108 GPa for the same percentage
increase in Ag composition.

Fig. 5 Stress–Strain curves for Cu40Zr40Al20 BMG for variable strains from a tensile test

Fig. 6 Stress–Strain curve
for Cu40Zr40Al20 BMG for the
maximum strain. The slope of
the stress–strain yields
Young’s modulus of
95.5 GPa for this composition
of BMG, while the ultimate
tensile strength is determined
as 109 GPa
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4.4 Effect of Varying Strain Rate on the Mechanical
Properties

It can be observed from Fig. 5, that there is a significant change in the mechanical
response of Zr40Cu40Al20 for different strain rates and also from Fig. 8, for
Zr40Cu40Ag20 by varying strain rate, it is observed that the yield strength of the
BMG is directly proportional to the strain rate, i.e. it increases with increasing strain

Fig. 7 Simulated modes of failure of Cu40Zr40Al20 BMG by void formation during uniaxial
tensile loading at high strain rates of 1025 s−1

Fig. 8 Stress–Strain curves for Cu40Zr40Ag20 BMG for variable strains

Fig. 9 Stress–Strain curve
for Cu40Zr40Ag20 BMG for
the maximum strain. The
slope of the stress–strain
yields Young’s modulus of
108 GPa for this composition
of BMG, while the ultimate
tensile strength is determined
as 169 GPa
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rate and vice versa. It is also observed that it takes longer for a BMG to fracture at a
lower strain rate which indicates that the BMG is more brittle at higher strain rates
and vice versa. The mechanical properties are determined from the respective
stress–strain curve of Zr–Cu–Al/Ag compositions.

5 Conclusion

In this work, from the experimental results, it can be concluded that the fracture
mechanism takes place without considerable plastic deformation when
Zr40Cu40Al20BMGs stent is subjected to uniaxial tensile deformation. From the
tensile test result, it can be confirmed that Zr40Cu40Al20 BMGs stents tend to act as
brittle materials due to their characteristic failure by void formation. From the Stress
vs. Strain graph of Zr40Cu40Al20, Young’s Modulus is found to be 95.5 GPa and
from the Stress vs. Strain graph of Zr40Cu40Ag20, Young’s Modulus is found to be
108 GPa. From the results, we can analyse that yield stress of Zr40Cu40Al20BMGs
stent increases with increase in the strain rate, but fracture occurs in an early stage
in case of higher strain rate and vice versa. However, it is stronger when compared
to those with a lower strain rate. From observations, it can be noticed that there is a
decrease in flow stress when there is in cross-section size of the sample deformed at
a strain rate of 1�1015 s−1. We can also notice that there is no significant change in
the nature of stress–strain curves when the number of atoms is increased in the
cluster. When strain rate increases, time to fracture reduces. Failure analysis indi-
cates that the stress distribution was not uniform throughout the sample as the voids
tend to occur near the soft spots created during the tensile deformation. Owing to
their superior mechanical properties, bulk metallic glasses may become commonly
used biomaterials for cardiovascular stent applications in the future.

Fig. 10 Simulated modes of failure of Cu40Zr40Ag20 BMG by void formation and subsequent
neck formation during uniaxial tensile loading at high strain rates of 1025 s−1
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Experimental Study on the Steady-State
Performance of Closed-Circuit
Hydrostatic Transmission Drives
for the Rotary Head of Blast Hole Drill
Machine Using Different Capacities Bent
Axis Hydro-Motor

Alok Vardhan, K. Dasgupta and Mohit Bhola

Abstract Blast hole drill machines are used for drilling in rocks, which are of soft
and medium-hard nature. In such machines, the drilling is accomplished via a
hydrostatic transmission (HST) drive. This article presents the steady-state beha-
viours of two different HST drives for the rotary head of drill machine. In the first
drive two high-speed low-torque (HSLT) hydro-motors, having an individual
capacity of 10 cc/rev with the gear reducer having 15:1 gear ratio; whereas in the
second drive identical numbers of hydro-motors, having an individual capacity of
16 cc/rev with the gear reducer having 10:1 gear ratio is employed. Bond graph
technique has been used for modelling the drives. Based on the model, the ana-
lytical relations associating the torque loss, slip, and the overall efficiency linked
with the drives are derived. By utilizing them, the performance corresponding to the
HST drives is obtained in terms of the normal operating speed range linked with the
drill machine utilized in mining applications. From the study it is observed that, for
the constant load torque and the drill speed, the second drive (combination of two
identical higher size hydro-motors along with a lower size gear reducer unit) shows
better performance than the first drive (combination of two identical lower size
hydro-motors along with a higher size gear reducer unit).

Keywords Blast hole drill machines � Hydrostatic transmission (HST) drive �
Bond graph modelling � High-speed low-torque (HSLT) hydro-motor

Nomenclature

Dp Volume displacement rate of the pump (m3/rad)
Dpmax Maximum volume displacement rate of the pump (m3/rad)
Dm Volume displacement rate of the hydro-motor (m3/rad)
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Gr Gear ratio of the gear reducer unit
Jld Load inertia of the driving shaft (kg m2)
Kcp Bulk stiffness of the fluid at pump plenum (N/m5)
Kcm Bulk stiffness of the fluid at hydro-motor plenum (N/m5)
Mi Angular momentum due to inertia load (kg m2/s2)
xp Rotational frequency of the pump (rad/s)
Qmlkg Leakage flow of the hydro-motor (m3/s)
Qplkg Leakage flow of the pump (m3/s)
Rld Viscous load resistance (Nm-s)
Rpl Leakage resistance coefficient of the pump (N-s/m5)
apd Displacement ratio of the pump
ηg Efficiency of the gear reducer unit

1 Introduction

Hydrostatic transmission (HST) drive is the mainstay of the equipment used in the
field of construction, mining, port handling sectors. The HST drive is utilized for
transmitting power from one point to other in the absence of gears. The HST drive
can provide the infinite combination of speed and torque, unlike gear-based system,
which has a limited range depending upon the number of gear teeth. It plays a
critical and important role in mobile drilling machine used in the mining operation.
Considering the movement linked with the machine, rotations corresponding to the
drill bit or drill penetration rate, almost all functions associated with the drill
machine rely upon the functioning of its hydraulic systems.

Significant work has been carried out of late for enhancing the energy efficiency
related to the HST drive. Ho et al. [1] have proposed a novel closed-loop energy
saving HST system. The devised system consisted of an accumulator and flywheel
in addition to pump and motor. Hui et al. [2] have contributed toward series HST
system based hybrid vehicle in order to boost the fuel efficiency of the vehicle. Axin
et al. [3] have analyzed the aspect of efficiency considering two systems, i.e., flow
control and load sensitive intended toward multiple actuator drives. The results
inferred the flow control system to be superior in energy saving and have the
simpler structure and provide better stability. The efficiency features corresponding
to the continuously variable transmissions, which comprise of pressure compen-
sated pump and variable displacement motor is put forward through Vermillion [4].

Usually, in a blast hole drill machine, a primary controlled open-circuit other-
wise closed-circuit low-speed high-torque (LSHT) hydrostatic transmission
(HST) drive is used for rotating the drill bit. In order to accomplish that two
alternative HST drive arrangements are furnished. Using two HSLT hydro-motors,
having individual capacity of 10 cc/rev with the gear reducer having 15:1 gear
ratio; alternatively identical numbers of hydro-motors, having individual capacity of
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16 cc/rev with the gear reducer having 10:1 gear ratio are employed for driving the
drill bit. A symbolic representation of the drives is depicted in Fig. 1 [5] and for
controlling the speed linked with the hydro-motors, the inclination corresponding to
the swash plate associated with the variable displacement pump is adjusted.

The motive of the present work is to examine the steady-state characteristics of
two different primary controlled closed-circuit HST drives used in case of the rotary
head of the blast hole drill machine through experimental investigations. In order to
model the system, bond graph simulation technique [6] has been employed. The
resistance linked with the model encompasses the losses associated with system
components. Their dependence toward the system state variables is found out
through experiments. By means of the type of losses, the performances of the drives
are also estimated.

2 Hydrostatic Transmission Drive

Figure 1a represents the generalized figure of a closed-circuit HST drive intended
during study, which basically represents two individual HST drives. The first drive
comprises dual similar fixed displacement HSLT 10 cc/rev bent axis motors which
successively drives the load via gear reduction unit having gear ratio 15:1, whereas
the second drive consists of dual similar fixed displacement HSLT 16 cc/rev bent
axis motors with gear reduction unit possessing gear ratio 10:1 driving the identical
load. In case of both drives, a variable displacement axial piston pump which is
being turned via a constant speed electric motor has been considered. Figure 1b
indicates the loading system provided in the test setup for both the drives. The
pump used in the loading system is same as that of the main pump of the hydraulic

Fig. 1 Closed-circuit HST drive for the rotary head of blast hole drill machine
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power unit. By adjusting the pump flow or cracking pressure corresponding to the
proportional pressure relief valve (PPRV) utilized in the loading unit, the load
torque experienced by the hydro-motors is varied.

The flow, speed, pressure and torque values are determined with the help of
individual sensors and finally stored and recorded in the PC through DAQ. The
performance of the drives was checked within the speed ranging from 20 rpm to
120 rpm and alongside the variation in torque ranging from 340 Nm to 540 Nm.
While performing experiments, the temperature of oil was supposed to be kept
constant at 50 ± 2 ºC by deploying cooler for keeping and maintaining the vis-
cosity associated with the fluid approximately constant. The specification of the
components employed in the test setup is given in Table 1.

3 Modelling of the HST Drive

Figure 2 depicts the bond graph representation corresponding to the model of the
closed-circuit HST drive debated in Fig. 1. The subsequent system equations are
deduced based on the model:

The torque due to inertia load:

Mi

� ¼ 2Pm DmGrgg � xd Rld ð1Þ

where the second quantity represents the torque developed by the hydro-motors and
the third one represents torque as a result of viscous load.

Table 1 List of the items

Sl. no. Description Item no. Specifications

1 Electric motor 1 3-phase, 15 kW, 1460 rpm,
415 V

2 Axial piston pump 2.1, 2.2 28 cc/rev

3 Boost pump 3 Gear pump, 6.1 cc/rev

4 Pressure relief valve 4 DBDS10, 0 bar, 330 lpm

5 Bent axis hydro-motor 5.1, 5.2 10 cc/rev and 16 cc/rev

6 Speed and torque sensor 6.1, 6.2 0–2500 rpm and 0–1000 Nm

7 Check valve 7.1, 7.2 S10, 60 lpm, 315 bar

8 Flow metre 8.1, 8.2, 8.3,
8.4

Turbine flow sensor, 0–60 lpm

9 Pressure gauge 9.1, 9.2, 9.3,
9.4

S-10, 0–500 bar

10 Gear reducer unit 10 10:1 and 15:1

11 Proportional pressure relief
valve

11 Pilot operated, Size 10,
0–200 bar
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The volumetric loss due to compression at the pump plenum:

Qcp ¼ a pdxpD pmax � Pp

Rpl
� 2

Pp � Pm

Rvim

� �
ð2Þ

Based on the prior equation, the second, third, and the fourth quantities corre-
spond to the theoretical flow provided through pump, pump leakage flow, and the
motors inlet flow, respectively.

The volumetric loss due to compression at the hydro-motor plenum:

Qcm ¼ Pp � Pm

Rvim

� �
� Pm

Rml
� xmDm ð3Þ

The third and the fourth quantities of Eq. (3) indicate the motor leakage flow and
the outlet flow pertaining to the hydro-motor, respectively.

The plenum pressures associated with the pump alongside hydro-motor are
given by

Pp ¼ Kcp

Z
Qcpdt ð4Þ

Pm ¼ Kcm

Z
Qcmdt ð5Þ

Fig. 2 Bond graph model pertaining to the considered system
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The rotational speed corresponding to the HST drive is

xd ¼ Mi=Jld ð6Þ

And the rotational frequency of the hydro-motor is

xm ¼ xdGr ð7Þ

Neglecting the torque because of inertia load, from Eq. (1) during steady state,
the load torque is stated as

2PmDmGrgg ¼ xdRld ð8Þ

) Tld ¼ 2PmDmGrgg ð9Þ

where load torque, Tld ¼ xdRld .
Neglecting the volumetric loss due to compression of fluid in Eqs. (2) and (3),

under steady-state condition the valve-port resistance (Rvim) linked with the
hydro-motor is expressed as

Rvim ¼ 2
Pp � Tld

2DmGrgg

apd xpDpmax � Qplkg

 !
ð10Þ

where; apd ¼ Dp=Dpmax andQplkg ¼ Pp=Rpl ð11Þ

and the leakage resistance (Rml) corresponding to the hydro-motor is stated as

Rlm ¼ Pm

Qmlkg
¼ Tld

2DmGrggQmlkg

 !
ð12Þ

During the condition of steady-state, the pump torque is provided through

Tip ¼ xpRpd þ apdD pmaxPp ð13Þ

From Eq. (13), the drag resistance (Rpd) of the pump is

Rpd ¼ Tip � apdDpmaxPp

xp
ð14Þ

The slip, torque loss, and the overall efficiency of the HST drives are expressed by

S ¼ xmi � xm

xmi
ð15Þ
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where xmi ¼ apdxpDpmax

2Dm

DTl ¼ Tip � Tld
Tip

ð16Þ

g ¼ xd Tld
xp Tip

ð17Þ

4 Estimation of Resistances Pertaining to the Pump
and the Hydro-Motors

The resistances Rpl and Rml add up to the slip, on the other hand the resistances Rpd

and Rvim add up to the torque loss associated with the drive. Using Eqs. (10), (11),
(12), and (14) given in Sect. 3, the leakage resistances corresponding to the pump
along with the hydro-motor, drag resistance of the pump and the valve-port resis-
tance of the hydro-motor are estimated experimentally. The features linked with the
resistances are plotted at various torque level by means of best-fit lines fitting the
data points and they are shown in Figs. 3, 4 and 5, respectively.

With the decrement in the leakage resistances related to the pump alongside the
hydro-motors (Rpl and Rml), the flow losses associated with the drives increases and
increase in the drag resistance (Rpd) pertaining to the pump and the valve-port
resistance (Rvim) linked with the hydro-motor, results in the increment of the torque
losses of the drives.

Fig. 3 Leakage resistance (Rpl) and the drag resistance (Rpd) features linked with the pump
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5 Results and Discussion

The speed of the drill bit utilized through drilling machine intended for its use in
mining application changes from 20 to 120 rpm. By employing dual HSLT
hydro-motors, capacity 10 cc/rev of each unit with reduction gear of 15:1 gear ratio;
alternatively identical numbers of hydro-motors of 16 cc/rev with reduction gear of
10:1 gear ratio drives the drill bit. Both the gear unit has the same efficiency of
98%. Therefore, the performance of HST drives are examined where the lower
capacity hydro-motors speed and torque changes under the boundary limit of 300 to
1800 rpm and 11 to 18 Nm; whereas, in case of higher capacity hydro-motors, these
speed–torque range changes from 200 to 1200 rpm and 17 Nm to 27 Nm. Using the
test data in Eqs. (15), (16) and (17), the performance parameters like slip, torque
loss and the overall efficiency linked with the drives are found out.

Slip associated with the HST drives is basically a result of leakage resistances
related to the pump (Rpl) along with the hydro-motors (Rml). Utilizing Eq. (15)
given in Sect. 3, the slip corresponding to the HST drives are obtained and it is
shown in Fig. 6. The observations made from Fig. 6 are

Fig. 4 Valve-port resistance (Rvim) features associated with the hydro-motors

Fig. 5 Leakage resistance (Rml) features corresponding to the hydro-motors
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• At a given speed, the increment corresponding to the torque level results in the
enhancement in the slip.

• At a given torque level, the increment pertaining to the speed results in the
decrement in the slip.

Torque loss associated with the HST drives is basically as a result of the drag
resistance pertaining to the pump (Rpd) and the valve-port resistance linked with the
hydro-motors (Rvim). Using Eq. (16) given in Sect. 3, the torque loss of the HST
drives are obtained and it is shown in Fig. 7. The observations made from the Fig. 7
are

• At a given speed, percentage of torque loss depreciates as the torque level
increases.

• At a given torque level, percentage of torque loss appreciates as the speed
increases.

The slip and the torque loss decide the overall efficiency of the drives. Using
Eq. (17) given in Sect. 3, the overall efficiency of the HST drives are obtained and
it is shown in Fig. 8. The observations made from the Fig. 8 are

Fig. 6 Slip characteristics linked with the HST drives

Fig. 7 Torque loss features linked with the HST drives
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• For a certain torque level, during the increment in the speed till 10.5 rad/sec
(100 rpm), the overall efficiency linked with the drives enhances and further-
more, the efficiency almost remains constant.

• Under a given speed, the enhancement in the torque level results in the
enhancement in the overall efficiency pertaining to the drives.

• For a particular speed and torque level, the HST drive having 16 cc
hydro-motors and 10:1 gear reducer unit (Fig. 8b) has higher efficiency com-
pared to the HST drive having 10 cc hydro-motors and 15:1 gear reducer unit
(Fig. 8a).

• The maximum efficiency of the HST drive having 16 cc hydro-motors and 10:1
gear reducer unit (Fig. 8b) is 82% at 12.6 rad/sec (120 rpm) speed and 540 Nm
torque level, whereas the maximum efficiency of the HST drive having 10 cc
hydro-motors and 15:1 gear reducer unit (Fig. 8a) is 80% at 12.6 rad/sec
(120 rpm) speed and 540 Nm torque level.

6 Conclusions

The present work describes the steady-state behaviors of two different closed-circuit
HST drives for the rotary head of blast hole drill machine employed for mining
applications. Bond graph technique has been employed for modelling the drives.
Using them, the slip and torque loss along with the overall efficiency of the drives
have been characterized. From the study, it is observed that at constant drill speed
and the load torque, the HST drive having the higher size hydro-motors along with
the smaller size gear reducer unit gives better performance compared to the HST
drive having the smaller size hydro-motors along with the higher size gear reducer
unit. The study also concluded that two-motor HST drive is apt for drilling softer
rocks because softer rocks require higher drilling speed, however, this drive shows
better performances at higher operating speed range.

Fig. 8 Efficiency characteristics of the HST drives

102 A. Vardhan et al.



References

1. Ho TH, Ahn KK (2010) Modeling and simulation of hydrostatic transmission system with
energy regeneration using hydraulic accumulator. J Mech Sci Technol 24(5):1163–1175

2. Hui S, Ji-hai J, Xin W (2008) Factors influencing the system efficiency of hydrostatic
transmission hybrid vehicles. In: Vehicle Power and Propulsion Conference 2008, pp 1–6.
IEEE

3. Axin M, Eriksson B, Krus P (2014) Flow versus pressure control of pumps in mobile hydraulic
systems. Proc Inst Mech Eng Part I: J Syst Control Eng 228(4):245–256

4. Vermillion SD (2011) Modeling a hydraulic hybrid drive train: efficiency considerations. PhD
Thesis, University of Missouri, Columbia

5. Operation and maintenance manual of C-650 Drill, Revathi Equipment Limited Coimbatore,
India

6. Borutzky W (2011) Bond graph modelling of engineering systems. Springer, New York

Experimental Study on the Steady-State Performance … 103



Design and Analysis of Solar Cabinet
Dryer for Drying of Potatoes

Trinakshee Sarmah and S. K. Dhiman

Abstract A series of experiments were conducted on drying the potatoes via
forced convection of heated air in an indirect-type solar cabinet dryer. Variation of
the chamber temperature, the thickness of the potato slices and optimization of the
water flow rate to the radiator was done. No pre-treatment of potatoes was carried
out before commencing the experiments. The data, viz., the relative humidity inside
the dryer, solar irradiation over the collector, temperature rise across the drying
chamber and the weight lost by the specimen during the process of drying were
collected. Analysis of data showed the increased drying rate with chamber tem-
perature at a given air flow rate. For the slice thickness of 0.25 cm, the rectangular
slices retained a faster drying rate compared to the square slices, while the circular
slices showed the least drying rate. However, for the slice thickness of 0.5 cm, the
rectangular slices still retained a faster drying rate, while square slices showed the
least drying rate. The energy, exergy and cost analysis (simple payback period) of
the setup was carried out.

Keywords Solar drying of potatoes � Open sun drying � Cabinet solar dryer �
Cabinet dryer efficiency � Solar dryer cost analysis
Nomenclature

_ma Mass flow rate of air inside drying chamber (kg/s),
Cp Specific heat of air (kJ/kg K)
Tco Collector outlet temperature (K)
Tci Collector inlet temperature (K)
Ta Ambient temperature (K)
Q Heat energy used for drying process (kW)
ɳ System efficiency
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ɳex System exergy efficiency
Exi Collector inlet exergy
Exo Collector outlet exergy

1 Introduction

Food processing is the transformation of any raw product such as vegetables, fruits,
meat, fish, etc., through a process to make it consumable and increase its commercial
value. The primary aim of the food processing industry is to extend the period for which
a food product remains nutritious which is done by employing various methods that
balance the organic or chemical changes in the raw food product and allows enough
time for distribution, sale and storage. Drying, a method of food preservation, removes
the moisture from the food and helps to extend the shelf life of food. The solar dryer is
used extensively in the agricultural sector for drying of perishable food in a hygienic
manner and at a lower operating andmaintenance cost as compared to the conventional
dryers. Several authors have carried out theoretical and experimental work in the solar
drying of potatoes. Jabeen et al. [1] have constructed a forced convection solar cabinet
dryer for studying the effect of temperature (60, 70 °C) and thickness (2.3, 3 mm) on
the drying of potatoes. Patil et al. [2] have studied the drying of tomatoes in two solar
cabinet dryers, which were ran simultaneously in natural (55 °C) and forced convec-
tionmode (46 °C). Chinenye et al. [3] have dried cocoa beans in a batch dryer at 55, 70
and 81 °C with air velocities of 1.3, 2.51 and 3.7 m/s for 4–6 h continuously in a day
and reduced the moisture content from 79.6 to 6% (wet basis). Naderinezhad et al. [4]
have designed a tunnel dryer and studied the effects of temperature (45–70 °C) and
velocity (1.6–1.81 m/s) on the circle and square shapes of potatoes. Chouicha et al. [5]
carried out experimental work to study an indirect type of solar dryer for drying of
potato slices for velocities of (0.31, 0.4, 0.51 m/s) in the drying chamber.

In the present work, the forced convection solar cabinet dryer has been designed.
The objectives of the research are to study the drying of different thickness of potato
slices by varying the temperature inside the drying chamber, to reduce the time
required for drying of the potatoes as compared for open sun drying method and to
bring the quality of the final product at par with the conventional electric dryers.
Also, the cost of the dryer is low as the components of the model have been
obtained from scrap yards and locally available materials have also been used.

2 Experimental Setup

As shown in Fig. 1, a box is constructed of 2 mm thick plywood board to house the
radiator and the fan. It also serves as the duct for passing the hot air from the radiator
to the drying chamber with the help of the fan. The SMPS (switched mode power
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supply) is fitted at the top of the box and the required connections are made.
The SMPS is used because supply is of 230 V and the setup has to be run on 12 V.
The experimental setup is to be connected to a solar panel. A Maruti 800 radiator of
the downward flow type has been used. There are 37 copper plates and the diameter
of the tubes is of 10 mm. The capacity of the radiator is 3 L. The cooling fan used in
the experimental setup has a speed of 1200–2400 rpm. It runs on 220/240 V single
phase AC supply. A 0.5HP pump is used to pump the water from the evacuated type
solar collector to the radiator. The pump runs on single-phase AC supply of
220/240 V, 2.5 A and 50 Hz. The speed of the pump is 2800 rpm. An evacuated
tube solar collector is used as a supply of hot water to the radiator. The maximum
temperature attained by the water inside the collector is about (80–90) °C. The
dimensions of the drying chamber are 92 cm � 61 cm � 65 cm. The body of the
drying chamber is made of glass fitted on a wooden frame. The thickness of the glass
pane used is 3 mm. There are two trays inside the drying chamber. These trays are
perforated wire- mesh in nature to obtain a uniform drying of the food products
throughout. The dimensions of the tray are 81 cm � 54 cm � 3.5 cm. These trays
are lightweight, free from corrosion and cheap. These factors are favourable for
medium temperature drying. There are holes drilled at the top of the drying chamber
to allow the warm air to escape from the chamber after absorbing the moisture from
the food products.

3 Methodology

3.1 Sample Preparation

The potatoes were bought from the local market. They were washed, peeled and
sliced. An industrial vegetable cutter was used to slice the potatoes. The sliced
potatoes were then placed in a die to get the required shape. As shown in Fig. 2 three
shapes were used for the experiment: rectangle, square and circle. Two thicknesses of
potato slices were considered: 0.25 cm and 0.5 cm. All the samples of a particular
shape were identical in dimensions. Five samples of a particular shape were con-
sidered for one set of experiments. No pretreatment of the potatoes was carried out.

3.2 Experimental Procedure

As shown in Fig. 4, the samples prepared were placed on the tray evenly. The
temperature of the water inside the solar collector varied from (60–70) °C. To
increase the temperature of the water entering the radiator an external electric
heating rod was also used. So the final temperature of the water entering the radiator
was in the range of (60–80) °C. The rotameter was used to measure the flow rate of
water entering the radiator. The flow rate of water entering the radiator was
approximately 2.5–3 litres per minute. The air inside the enclosed and insulated
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chamber was blown forcefully with the help of a fan. This air absorbed the heat
from the water flowing inside the radiator. The hot air then entered the drying
chamber through an inlet hole at the bottom. The hot air absorbed the moisture from
the samples kept on top of the wire-mesh trays. The warm air was then expelled
from the outlet holes neat the roof of the drying chamber. The warm water from the
radiator was made to return back to the hot water tank through a pipe. Thus, the
temperature of water in the hot water tank was kept constant and did not fall.
The velocity of air inside the drying chamber was 2 m/s. The experiments were
conducted for three temperatures of air inside the chamber 45, 55 and 65 °C. The
ambient temperature was 34 °C. The direct solar radiation was 750 W/m2. The
experiments were conducted between 11 a.m. to 4 p.m. The samples were weighed
after every 15 min. They were removed carefully from the trays as shown in Fig. 3
and enclosed in airtight bags so as to prevent any moisture from entering or
escaping them. They were then carefully weighed in the electronic balance. The
loss in weight of the samples was noted. The samples were dried until the three
consecutive weights after drying were similar. This meant that the moisture was
completely removed from the samples and they were dry. The dry bulb temperature
and the wet bulb temperature were noted with the help of the psychrometer kept
inside the drying chamber. These values gave the relative humidity inside the
chamber from the psychometric chart. These values were also noted at regular
intervals of time. The temperature inside the drying chamber and that at the outlet
was measured by the digital thermometer (Table 1).

Table 1 Complete list of sample shapes, dimensions, weight loss and change in moisture content
of all the experiments conducted

Sample shape and
dimensions (in cm)

Temperature
(celsius)

Time
required for
complete
drying of the
samples
(minutes)

Initial
weight
of the
sample
(grams)

Final weight
of the sample
after drying is
completed
(grams)

Initial
moisture
content
(% w.b.)

Final
moisture
content after
drying is
completed
(% w.b.)

Initial
kg of
water/
kg of
dry
matter

Final
kg of
water/
kg of
dry
matter

Square
(3 � 3 � 0.25)

45 150 9.64 1.051 89.1 32.8 8.172 0.487

55 135 9.76 1.059 59.1 30 8.216 0.3

65 120 9.62 1.058 89 29.1 8.093 0.411

Square
(3 � 3 � 0.5)

45 250 25.51 10.156 60.2 14.3 1.512 0.719

55 235 25.53 10.153 60.6 19.4 1.514 0.237

65 225 25.54 10.154 60.2 9.6 1.515 0.106

Rectangle
(3.5 � 4.5 � 0.25)

45 175 11.55 2.208 79.8 20.1 4.231 0.317

55 165 11.56 1.531 86.8 28.1 6.551 0.472

65 150 11.54 1.582 99.58 20.3 6.295 0.351

Rectangle
(3.5 � 4.5 � 0.5)

45 295 36.06 10.075 72.1 17.6 2.579 0.213

55 280 36.05 10.074 72.1 7.9 2.579 0.086

65 270 36.03 10.073 72 10.1 2.577 0.113

Circle
(3 cm dia, 0.25 cm
thick)

45 190 11.44 1.15 89.9 12.8 8.948 0.748

55 170 11.43 1.12 89 10.1 9.205 0.596

65 160 11.42 1.15 89.2 10.4 8.93 0.4

Circle
(3 cm dia, 0.5 cm
thick)

45 265 22.95 7.01 69.5 13.6 2.274 0.064

55 240 22.93 7.03 69.3 10.6 2.262 0.118

65 230 22.91 7.03 69.3 14.4 2.259 0.24
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4 Results and Discussion

Three shapes of potato samples were taken (square, rectangle, and circle) and two
thicknesses of samples were considered (0.25 and 0.5 cm). As observed from
Figs. 5, 7 and 8, when the temperature inside the drying chamber was 45 °C and the
0.25 cm thick samples were being dried, the square samples took the least time to
get dried completely as shown in Fig. 7 and the circular samples took the highest
amount of time to dry as shown in Fig. 8. This trend was repeated when the
temperature was 55 °C inside the drying chamber. However, for the temperature of
65 °C inside the drying chamber the time taken for the rectangular samples to dry
was higher than the other shapes, which may be observed from Figs. 5, 7 and 8.
Similarly, when the 0.5 cm thickness samples were being dried, the square-shaped
samples dried the fastest as observed from Fig. 6 comparing with Figs. 9 and 10.

When the temperature inside the chamber was increased from 45 to 65 °C, the
time required to dry the samples also decreased as the rate of removal of water from
the samples was carried out at a faster pace. The flow rate of air inside the chamber
was kept constant at 2 m/s throughout the entire time of the experiment.

Fig. 1 Experimental setup
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5 Energy, Exergy and Cost Analysis

5.1 Energy and Exergy Analysis

The equation for the amount of heat used for the drying process is given below [6]:-

Q ¼ _maCp Tco � Tcið Þ. . . ð1Þ

The equation for the system efficiency is given below [1]:

g ¼ WL
IAþPf

. . . ð2Þ

The equation for exergy at the inlet to the dryer is given below [6]:

Exi ¼ maCp½ Tci � Tað Þ � Ta ln
Tci
Ta

� �� �
. . . ð3Þ

Fig. 2 Potato samples before drying
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Fig. 3 Potato samples after drying

Fig. 4 Schematic diagram
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The equation for exergy at the outlet to the dryer is given below [6]:

Exo ¼ maCp½ Tco � Tað Þ � Ta ln
Tco
Ta

� �� �
. . . ð4Þ
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The equation for exergy efficiency is given below [6]:

gex ¼
Exo

Exi
. . . ð5Þ

After the required calculations, it was found that the amount of heat energy used
for the drying process is 5.2304 kW. The system efficiency for the forced con-
vection solar dryer is 13.089%. The exergy efficiency of the solar dryer is 61.953%.

5.2 Cost Analysis

The total cost of the plywood box, heat exchanger fan, pipes etc. is Rs. 12100. The
dryer capacity is 5 kg per batch and if it runs for 200 days a year, then the total cost
of conventional energy used for one year is Rs. 4890.56. The expected lifetime of
the dryer is 20 years. If the salvage value is taken as 10% of the total initial cost and
the maintenance cost taken as 1% of the salvage value then the annual cash benefit
comes out to be Rs. 4769.56. Hence, the simple payback period for the experi-
mental setup is 1.328 years.

6 Conclusion

In the present work, the solar drying of potatoes in a forced convection solar dryer
has been studied. The main results showed that when the temperature inside the
chamber was 45, 55 and 65 °C, the moisture content of the potatoes reduced from
89.1% to 33% in an average time of 160 min for 0.25 cm thick slices and 260 min
for 0.5 cm thick slices. For both thicknesses, the square samples took the least
amount of time to dry. For 0.25 cm thick slices, the circular samples took the
highest amount of time to dry and for 0.5 cm thick slices the rectangular samples
took the maximum drying time. The average heat energy used for drying inside the
chamber is 1.584 kW. The system energy efficiency was 13.089% and the exergy
efficiency was 61.953%.

Certain improvements can be made to the existing setup. The wood used in the
model may be replaced by Teflon which is a better insulator. Again an axial flow
fan may be used instead of the exhaust fan. A biomass burner may be used to
supplement the solar energy and increase the time of operation of the dryer.
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Graphene/MoS2-Based Fix–Fix-Type
RF-NEMS Switches––A Simulation
Study

Aakif Anjum, Vishram B. Sawant and Suhas S. Mohite

Abstract In this work, modelling, simulation and analysis of a fix–fix-type RF-
nanoelectromechanical switches (RF-NEMS) with very low actuation voltage and
enhanced RF-Performance is presented. The switches are modelled using previ-
ously known theory from the literature. The various performance parameters are
computed like modal frequencies, Casimir force, electrostatic force, capacitance,
release time, actuation voltage and S-parameters are computed using ANSYS
structural and HFSS software. The switch exhibits low actuation voltage <1 V for
different thicknesses of graphene/MoS2 as a beam material. Resonant frequency of
graphene based beam for first, second and third mode are found to be 72.5 kHz,
86 kHz and 416 kHz, respectively, while for MoS2-based beam 27 kHz, 34 kHz
and 94 kHz, respectively. It is concluded that low actuation voltage NEMS
switches can be realised using single-layer 2D material giving low insertion loss.

Keywords Graphene � MoS2 � RF-NEMS � Actuation voltage � Insertion loss �
Isolation

1 Introduction

Nanoelectromechanical system (NEMS) is an emerging field for future technology
development. Radio frequency based NEMS switches in future will be widely used
over MEMS switches to further reduce voltage, power consumption, and to
enhance RF-performance [1]. The main reason is that RF-NEMS switches have low
resistive losses, high isolation, low noise, and low actuation voltage. RF-NEMS
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switches work over a wide range of frequencies for various applications such as
wireless communications, satellite system, cell phones, highly sensitive sensors,
military applications, nano-tweezers, etc., [1–3].

There are various 2D materials, which are used in nanofabrication of devices to
name a few are graphene, MoS2, borophene, germanene, silicene, stanene, phos-
phorene [1–3]. These materials can be used as bridge materials in RF-NEMS
switches [3–5]. RF-NEMS switches with two layers of graphene as a bridge
material are presented by Milaninia et al. [3]. The dimensions used for beam are
20 � 3 µm (l � w) and g = 500 nm. The pull-in voltage is 4.5 V is obtained. The
drawback of this switch is the limitation of contact resistance (200 kX). This is
because of nonuniform surface of graphene due to chemical vapour deposition
process. Fixed–fixed-type RF-NEMS switch consisting of graphene beam is
modelled and simulated by Dragoman et al. [4]. CPW transmission line is formed
using 20 nm gold, which is patterned on silicon. The voltage obtained by this
switch is 2 V. Graphene-based RF-NEMS switches are modelled and analyzed for
fixed–fixed beam by Pankaj et al. in 2014 [5]. The main disadvantage of all above
switches is the actuation voltage are >1 V. Proper selection of 2D beam material so
as to give minimum voltage is still challenging task and switch design has to be
optimised at initial stage of design before fabrication. This motivates us to design
RF-NEMS switch in order to get the minimum actuation voltage with low insertion
loss and high isolation at various operating frequencies. In the following section
schematic of RF-NEMS switch is presented.

2 Switch Description

The graphene-based RF-NEMS switch is shown in Fig. 1. The graphene membrane
is attached between ground conductors. Ground conductors are attached to low loss
substrate material. In this study, we have used silicon which is highly resistive.
There is a central conductor which is in contact with thin dielectric layer, the
dielectric layer is of Si3N4, and we have used Si3N4 due to its high K value. This
dielectric layer is used to avoid the short-circuit between graphene membrane and
bottom electrode. Mostly the dielectric layer is made very thin, in some switches it
is reported from 1500 A to 2000 A [5–10]. Both the ground electrode and central
electrode are made up of Au due to its high conductivity. DC voltage which is
applied across graphene membrane and central electrode causes the generation of
electrostatic force this electrostatic force causes the membrane to change its position
from up-state to down-state. Detailed modelling is presented in the next section.
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3 Modelling

3.1 Mechanical Modelling

The mechanical modelling of RF-NEMS switch is involved by the three types of
forces. The electrostatic force which acts due to the electrostatic charges induced
between ground conductor and graphene beam. The second is elastic force, spring
is modelled with the help of elastic force. This electrostatic force depends on size,
shape, and material of beam. The third is intermolecular forces. These forces
include Van der Waals and Casimir forces. The consideration of Van der Waals
force is only when gap height (g) is less than 20 nm. Practically, fabrication of
switch with gap height less than 20 nm faces difficulties. Packaging and population
becomes difficult to control. Due to this reason, we have considered the Casimir
force and designed the model with gap height greater than 20 nm. The consider-
ation of Casimir force is only when gap height (g) is greater than 20 nm [6]. The
governing equation of fixed–fixed-type switch is given as [6]

Elð Þeff
d4y
dx4

¼ Felec þFc þFs ð1Þ

Here, EI represents effective bonding rigidity of the beam. Deflection of beam is
denoted by y. Felec, Fc represents the electrostatic and Casimir force per unit length.
While Fs represent elastic force.

According to fringe field of first order, Felec per unit length of fixed–fixed beam
is [6]

Fig. 1 Graphene-based RF-NEMS switch (not to scale)
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Felec ¼ 1
2
e0V2w

g� y�½ 2 1þ 0:65
g� y
b

ih
ð2Þ

Where w represents width of beam, g is the distance between fixed–fixed beam
and central conductor, e0 = Permittivity of free space and V is the applied voltage.

The force which is due to attraction between atoms is known as Casimir force.
The Casimir force per unit length of the fixed–fixed beam is [6]

Fc ¼ 1
240

p2hcw

g� y�½ 4 ð3Þ

Here, c is the speed of light that is 2.998 � 108 m s−1, h is planks constant/2p.
Material property does not affect the Casimir force.

Perpendicular load which acts due to small amount of deformation in a beam is
elastic or transverse force. This force is computed as [6]

Fs ¼ 2s0w
d2y
dx2

ð4Þ

This force may soften the fixed–fixed type of switch. By combining Eqs. 2, 3, 4
the governing equation will be [6].

The actuation voltage for fixed–fixed-type RF-NEMS switch when Casimir force
is neglected given as [7].

Vpull�in ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8k
27e0Wx

g30

s
ð5Þ

The actuation voltage for fixed–fixed-type RF-NEMS switch when Casimir force
is considered given as [14].

Vpull�in ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k g� g0ð Þ � p2hcwL g� g0ð Þ

240g40

� �
2g20
e0wL

s
ð6Þ

where g0 ¼ Pull-in gap, w = Fixed–fixed width,W = Length of CPW, k = Stiffness
of spring.

The actuation voltage is dependent on stiffness and is given as [7].

k ¼ 32Ew t=Lð Þ3 þ 17T=L ð7Þ

where
w, t, L is width, thickness and length of beam, E is Young’s modulus of the

beam.
Thus, from above equation, it is clear that release time is inversely proportional

to frequency.
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3.2 Electrical Modelling

RF-capacitive switch circuit diagram as shown in Fig. 2, modelled by a transmis-
sion line having a characteristic impedance, and concentrated series resistance of
the bridge—inductor—capacitor model, in Fig. 2, graphene/MoS2 bridge switches
are mainly represented by the bridge inductance L, bridge resistor R and the
variable C. Depending on the operating state of the variable bridge capacitance
change switch. Impedance of the bridge, Z, is given by

Z ¼ Rþ jxLþ 1
jxC

ð8Þ

where C = Cu or Cd depends on the operating state of the RF capacitive switch.
The up-state position, the reflection coefficient is

S11 ¼ �jxCuZ0

2þ jxCuZ0
ð9Þ

S21 ¼ 2Rs

Z0 þRs
ð10Þ

Fig. 2 Circuit diagram for switch
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The S11 and S21 S parameter have been estimated in the up position of the bridge
of NEMS, that represents the insertion loss and return loss. In position of downstate
S21 represents the isolation of RF MEMS switch. Here, the return S11 losses have
been estimated at both upward and downward positions. The total capacitance of
RF MEMS switches in actuated state and un-actuated state to determine the
insertion and isolation in the frequency range.

3.3 Material Properties of Graphene and MoS2

Graphene, which is a typical flat monolayer of carbon atoms arranged in a hon-
eycomb lattice and has great interest in electronic devices [1]. It was first
mechanically exfoliated from graphite in 2004 [1].

Molybdenum disulphide is silvery black two-dimensional material can also be
used for switching of RF-NEMS switches (Table 1).

4 Results and Discussion

4.1 Modal Analysis

The simulations were carried out to determine resonant frequency and deflection of
fixed–fixed beam. Figure 3 shows the modal patterns of fixed–fixed-type graphene/
MoS2-based RF-NEMS switch. Resonant frequency of the switch is obtained with
the help of modal analysis. Resonant frequency of graphene-based beam for first,
second and third mode are 72.5 kHz, 86 kHz, and 416 kHz, respectively, while for
MoS2-based beam 27 kHz, 34 kHz, and 94 kHz respectively.

Table 1 Material properties of graphene and MoS2

Graphene MoS2 References

Doping p-doped p-doped [5]

Single-layer thickness (SL) nm 0.34 0.3 [5, 11, 13]

Bilayer thickness (BL) nm 0.64 0.6 [5, 11, 13]

Multilayer thickness (ML) nm 2 1.7 to 1.8 [5]

Young’s modulus TPa 0.8 to 1 0.3 [5, 10]

Density kg/m3 2200 5060 [5, 10]

Poisson’s ratio 0.4 0.125 [5, 10]
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4.2 Pull-in Voltage with and Without Effect of Casimir
Force

Analytical and simulation results are performed to study the mechanical and
electrical parameters.

We considered the fixed–fixed beam with different thickness, that is 0.34 nm,
0.64 nm, and 2 nm for graphene beam, 0.301 nm, 0.602 nm and 2 nm for MoS2
beam, we compute variation of the pull-in voltage with length shown in Figs. 4, 5, 6
and 7. From above figs, we notice that the effect of Casimir force on the pull-in
voltage with the growth of thickness is more for the same length. This means,
increase in thickness of the membrane causes the increase in the detachment length.
The pull-in voltage with consideration of Casimir force is more than that of without
consideration of Casimir force. At length of 10 µm, pull-in voltages are 1.16 and
1.15 with the effect of Casimir force while pull-in voltage of 0.44 is noted for
graphene and MoS2.

Fig. 3 Modal patterns of the beam structure for graphene/MoS2
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4.3 Insertion Loss, Isolation of RF-NEMS Switches

The S-parameters in the up- and down-state positions are shown in Figs. 8, 9, 10
and 11. The isolation and insertion loss values are obtained by simulations using
ANSYS HFSS (High-Frequency Structural Simulator) for fixed–fixed-type
RF-NEMS switches. The isolation and insertion loss values obtained are in the
range of 10–12 dB and 0.054 dB for graphene and MoS2 switches.
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Table 2 Comparisons of graphene and MoS2 based RF-NEMS switch

References Material Pull-in voltage,
Vpi(V)

Isolation Insertion loss

Milaninia et al. [3] Graphene 4.5 V −30 dB at
60 GHz

–

Dragoman et al. [4] Graphene 2 V −40 dB at
60 GHz

–

Pankaj et al. [5] SLG 0.3 V >10 dB @
1–60 GHz

0.01–0.3 dB

MLG 1.4 V >20 dB @
1–60 GHz

0.01–0.2 dB

Simulated result
for
proposed
graphene
RF-NEMS switch

SLG, Vpi without
Fc

0.44 V � −10 dB at
1 GHz

−0.054 dB at
60 GHz

SLG, Vpi with Fc 1.150 V

BLG, Vpi without
Fc

0.44 V � −5 dB at
1 GHz

−0.054 dB at
60 GHz

BLG, Vpi with Fc 1.151 V

MLG, Vpull-in
without Fc

0.45 V � −10 dB at
1 GHz

−0.054 dB at
60 GHz

MLG, Vpi with Fc 1.166 V

Simulated result
for the
proposed MoS2
RF-NEMS switch

SLG, Vpi without
Fc

0.44 V � −8.78 dB at
1 GHz

−0.054 dB at
60 GHz

SLG, Vpi with Fc 1.150 V

BLG, Vpi without
Fc

0.44 V � −9 dB at
1 GHz

−0.054 dB at
60 GHz

BLG, Vpi with Fc 1.150 V

MLG, Vpi without
Fc

0.44 V � −11 dB at
1 GHz

−0.054 dB at
60 GHz

MLG, Vpi with Fc 1.156 V
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5 Comparison

We have further studied the MoS2-based RF-NEMS switch and compared with the
graphene-based RF-NEMS switch. These graphene/MoS2-based switches are
compared with the work done by various researchers previously. From Table 2, it is
noted that graphene/MoS2-based switches show low actuation voltage, low inser-
tion loss and high isolation than that of work done by other researchers. The fixed–
fixed-type RF-NEMS switches show good performance in terms of electrical and
RF characteristics (Table 3).

6 Conclusions

Performance of fixed–fixed-type RF-NEMS switch based on graphene and MoS2 is
presented in terms of the performance parameters, viz., actuation voltage, insertion
loss and isolation. It is further compared with the performance of RF-NEMS
switches in the published literature. Resonant frequencies of graphene based beam
for first, second and third mode are 72.5 kHz, 86 kHz and 416 kHz, respectively,
while for MoS2-based beam 27 kHz, 34 kHz and 94 kHz, respectively. The mul-
tilayer of graphene and MoS2 switch offers superior isolation as compared to the
monolayer and bilayer because of the lower surface resistance. The isolation 10 dB
for multilayer graphene and 11 dB for multilayer MoS2 are obtained. The switches
exhibit low actuation voltage <1 V for different thickness of graphene/MoS2 as a
beam material without Casimir force and <1.5 V under the effect of Casimir force.
The actuation voltage of MoS2 switch is 0.86% less than that of graphene switch
with the Casimir effect. However, MoS2 switches have more return losses than
graphene switch. In the down-state position, MoS2 switch exhibits 1.75 times more
return loss than that of graphene switch. It is concluded that graphene is the best
material than MoS2 for RF-NEMS switch when return loss is dominant while MoS2
is more prominent in terms of actuation voltage and isolation.

Acknowledgements We acknowledge the support and financial assistance received through
TEQIP program at CIM Laboratory of Mechanical Engineering Department, Government College
of Engineering Karad.

Table 3 Comparisons of graphene and MoS2 based RF-NEMS switch @ 1 GHz

Design Return loss
(up) (dB) for
graphene

Return loss
(down) (dB) for
graphene

Return loss
(up) (dB) for
MoS2

Return loss
(down) (dB) for
MoS2

For thickness 1 6.44 6.44 0.84 6.55

For thickness 2 0.81 6.0 0.84 6.57

For thickness 3 5.43 5.32 4.57 80
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Appendix

See Table 4.
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Optimization of Process Parameters
for Erosion Wear in Slurry Pipeline

Kaushal Kumar, Ajay Kumar and Vinay Singh

Abstract In this paper, erosion wear behaviour of slurry flow has been investigated
using a slurry erosion pot tester. Bottom ash is taken as the erodent material with
varying concentrations. To assess test data, Taguchi’s design of experimentation is
used. The influence of test parameters on erosion wear could be estimated by
computing signal-to-noise ratio and analysis of variance. L9 (3

2) orthogonal array is
used for the investigation. From analysis of test results, it is determined that speed
has found as the most influencing parameter on erosion wear of base material.
Based on experimental data, it is clearly revealed that erosion wear has strong
dependence on rotational speed (N) as well as solid concentration (CW) and testing
time (T) also.

Keywords Slurry � Erosion � Bottom ash � Signal-to-noise ratio � ANOVA

1 Introduction

Basically, pipelines are used for transportation of slurry for short or long distances
due to its little maintenance, throughout the year availability and being environ-
mental friendly [1]. Brass is considered as appropriate pipe material having good
mechanical properties and resistance to wear [2, 3]. As slurry contains some solid
particles, which tend to impinge the base material, resulting various parts of the
system, such as slurry pumps, pipelines and valves are prone to erosive wear. When
two solid surfaces are in contact with each other, wear take place due to the
mechanical deeds between them. Hard materials deform the softer material through
mechanical action termed as erosion. This process can be a severe life-limiting
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constraint in slurry pipeline by concerning unsettled flow of fluids, contains
scratchy solid particles. Also, this damage can cause leakage and sudden failure of
equipment without prior warning which can results in expensive repairs as well as
loss of production time. Loss of material due to erosion is mainly subjected to
different properties of particle such as shape, size, velocity, hardness, density,
impact angle as well as slurry concentration, slurry viscosity, etc. [1, 4, 5] The
erosion wear in wetted parts (pipes or pumps) affects overall life with their
hydraulic efficiency [5]. A lot of factors are responsible for erosion wear and is
more effective then corrosion, so its detailed analysis is done for the design of slurry
transportation system [5–7]. However, the design and operation of such pipelines is
still partially completed, thus extensive experimentation has been required to collect
experimental data, and this is due to the fact that enormous parameters are involved
in the design. The accurate prediction of wear rate with suitable DOE (Design of
experimentation) is considered as the most influencing parameter that will also help
in scheduling of maintenance work.

During last decade, various laboratory-scale test/setups have been developed to
study erosion mechanism [8, 9]. Investigators documented that erosion wear
depends on different operational conditions and parameters like velocity, solid
concentration, erodent size, hardness of materials, etc. [10–12]. Researcher reported
that erosion rate increases with concentration of solid in the slurry [13–17].
Although, a number of researchers significantly explored erosion wear behaviour of
different slurry pipeline materials still there is no well-established study available
for the material brass as a pipeline material.

The main objective of this paper is to provide a detailed data concerning with
erosion wear behavior of material brass for multi-sized bottom ash slurry
suspension.

2 Material and Method

2.1 Erodent Material Base Material

The erodent material is taken as bottom ash, collected from Rajiv Gandhi thermal
power plant Hisar (Haryana). Bottom ash is collected from the bottom of com-
bustion chamber. Energy-dispersive X-ray spectroscope (Model: JEOL, 6510LV) is
used to measure Scanning electron microscopy (SEM) of bottom ash. The SEM
image of bottom ash sample is shown in Fig. 1a. Particles of bottom ash are coarser,
asymmetrical, darker grey in colour due to the existence of unburned carbon and
having uneven surface texture. The particle size distribution (PSD) of bottom ash
particle has been conducted with the help of sieve shaker having standardized
sieves. About 62.50% particles of bottom are coarser than 150 µm, only 7.40%
particles are finer than 53 µm as shown in Fig. 1b. The mixture of water and bottom
ash has been used in the form of slurry.
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2.2 Base Material

The base material is cut into flat pieces of 75.10 mm � 25.10 mm � 5.02 mm
with a central hole drilled (Ø = 5.20) to be held in rotating spindle of the tester.
Erosion wear testing has been conducted on the brass substrates with geometry
(shown in Fig. 2a). The chemical composition of brass substrates is shown in
Fig. 2b, is measured by using Foundry Master spectrometer. The Vicker’s hardness
of base material is 228Hv, measured with the help of micro-Vickers hardness tester
(Model MVH1, India). The micro hardness tests are conducted about three times
and average value is taken as the hardness of base material. The surfaces of brass
substrates are roughened prior the testing by grinding with 100-grade emery papers.

2.3 Experimental Method

In order to study the erosion wear, experimentation has been conducted at three
different rotational speeds (N = 60, 800, 1000 rpm) at solid concentration (Cw)
range of 30–50% (by weight) for time duration (T) of 90,120 and 150 min.

Fig. 1 a SEM b PSD of bottom ash sample

Fig. 2 a Geometry b Chemical composition of base material
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The experiments are conducted on a bench scale apparatus, i.e. erosion wear pot
tester (1.8 L, Ducom, India), as similar [18]. The tester contains a synchronized
motor, spindle, specimen holder, jack and a pot. The specimen is fixed in holder
attached to spindle. Screw jack is used to adjusting the position of pot. Tester’s pot
contains a cylindrical small cup inside over the larger cup in which slurry is poured.
Erosion wear rate is determined in terms of mass loss (g/m2). An electronic weighting
machine of least count 1 � 104 g is used for the measurement of mass loss.

3 Result and Discussion

Design of Experiment (DOE) is one of the important and dominant statistical
technique to study the effect of multiple variables simultaneously to yield an
improved understanding of process performance. Taguchi technique is a powerful
tool for the design of high quality systems [19, 20]. In the present work, Taguchi’s
design approach is used to study the effect of operating parameters on erosion wear
of brass material with the help of MINITAB 16 software. In Taguchi’s experimental
design, the variables are expressed in two main categories, i.e. dependent variables
and independent variables. There are three categories of quality characteristics, i.e.
the-smaller-the-better, the-nominal-the-better, and the-bigger-the-better. In this
study, the factors that are selected as independent variables are rotational speed,
solid concentration and time duration. Erosion wear is considered as a response
parameter or variable parameter. The experimental parameters (independent vari-
ables) have three levels. The level and factor are shown in Table 1.

Among the standard orthogonal arrays [21], the L9 (32) orthogonal array is
selected due to enabling the experimental design for the three factor with three
levels.

3.1 Signal-to-Noise (S/N) Ratio

The S/N ratios for different parameters are determined by using L9 (32) orthogonal
array as shown in Table 2. Difference between S/N ratios is also used to find the
most influencing parameter. The S/N ratios are determined by applying
smaller-is-better quality characteristic which is as follows:

Table 1 General
presentation of factors with
their levels

Parameters Unit Level
1

Level
2

Level
3

N rpm 600 800 1000

Cw % by weight 30 40 50

T min. 90 120 150
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S=N ¼ �10 log M:S:D:ð Þ ð1Þ

where M.S.D is the mean square derivation.
Table 2 shows the experimental results for S/N ratio using Eq. (1). Nevertheless

the quality characteristic, S/N ratio with larger value resembles to better quality
characteristics. Therefore, the level with minimum S/N ratio is considered as perfect
level of the process parameters. In this experiment, the minimum S/N ratio is
determined as −21.6772 and its trial number is 9. Thus, the optimum condition is
observed as the 9th trial of the experiments. The effect of S/N ratios on erosion wear
is shown in Fig. 3. Minimum value of erosion wear is found as 6.23 g/m2 at
N = 600 rpm with Cw = 30% for T = 90 min. While maximum value of erosion
wear is found as 12.13 g/m2 at N = 1000 rpm with Cw = 50% for T = 120 min.

Table 2 Experimental
results based on L9 (3

3)
orthogonal array for the Ew

and S/N ratios

Sr. No. N Cw T Ew S/N ratios

1 600 30 90 6.23 −15.8898

2 600 40 120 7.88 −17.9305

3 600 50 150 9.00 −19.0849

4 800 30 120 8.60 −18.6900

5 800 40 150 9.43 −19.4902

6 800 50 90 9.01 −19.0945

7 1000 30 150 11.28 −21.0462

8 1000 40 90 10.98 −20.8120

9 1000 50 120 12.13 −21.6772

Fig. 3 The effect of S/N ratios on erosion wear
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The minimum and maximum values of S/N ratio are observed as -21.6772 and
−15.88 dB, respectively. It is observed that rotational speed have higher value of
delta, which indicates that its rank is at most among other parameters. Similar trend
was also observed by researcher [12]. With increase in relative motion between
base material and erodent particles, the material removal rate increases. Table 3
represents the response table of S/N ratios for erosion wear. The value of delta
provides the information about the most influencing parameters, i.e. highest
influencing parameter have maximum value of delta. From Table 3, the value of
delta is found as 3.54, 1.41 and 1.27 for N, Cw and T respectively.

3.2 Analysis of Variance (ANOVA)

Another approach to evaluate the results of erosion wear is ANOVA. The ANOVA
is the statistical tool which is utmost applied to check the role of each factor in the
form of percentage. A brief and detail analysis of ANOVA table provides the
clarification about responsible factors, which need to be control for better outcomes.
The results are shown in Table 4.

The DOF is equivalent of two, less than the factor’s level. A sum of squares is a
value that is used in calculating a variance and standard deviation for a set of scores.
The F refers to variance and is equivalent to the value of the Mean square divided
by the value of error. According to Table 4, the significant factors could be
determined as to their individual contributions on results. So, the main factors
which have significant effects on the quality criteria are determined as the N
(83.15%). Also, it can be inferred that Cw (10.11%) and T (07.91%) are also
important factor because of its small effect as compared to N.

Table 3 Response table for
S/N ratios

Level N Cw T

1 −17.64 −18.54 −18.60

2 −19.09 −19.41 −19.43

3 −21.18 −19.95 −19.87

Delta 3.54 1.41 1.27

Rank 1 2 3

Table 4 Results of ANOVA for Ew

Source DF Seq. SS Adj. MS F P C

N 2 21.86 10.93 210.02 0.00 83.15

Cw 2 2.71 1.36 26.07 0.03 10.11

T 2 2.12 1.06 20.40 0.04 7.91

Error 2 0.10 0.05

Total 8 26.79
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Moreover, N is considered as the most dominating factor because it has maxi-
mum P-value and minimum F-value among all the parameters. It should be focused
on the parameter values of main factors having highest effects on the quality criteria
to estimate the optimum condition. The probability plot of erosion wear is evaluated
by using Taguchi’s DOE as shown in Fig. 4.

It has been detected that the normal distribution of residuals (errors) lies near
about straight line accepting 5% level of confidence. It is also observed that the
P-value is found as 0.72, which indicates the non-linearity in augmentation of
erosion wear. Standard deviation was observed as 1.83. In order to found the
interaction between different parameters, the interaction plots have been prepared as
shown in Fig. 5. Maximum erosion wear is observed at maximum value of N, while
it is not found in case of Cw and T.

3.3 Visual Analysis of Eroded Specimen

Surface morphology of eroded brass specimen was analysed with the help of
Scanning electron microscopy (SEM). The eroded image of brass specimen (at
N = 1000 rpm, Cw = 50% and T = 150 s.) is shown in Fig. 6. The dark phase of
the topography represents the removal of softer elements of the composition. The
presence of wear marks are detected on the worn surface due to pores, deep craters
and lip formation. It is found that surface wear formed through deep-cratering is
more responsible for loss of material. Researchers reported that cutting and fracture
are the major modes of erosion wear mechanisms in the pipelines [19–21].

Fig. 4 Probability plot of erosion wear
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Fig. 5 Parametric interaction between different parameters

Fig. 6 Scanning electron microscopy (SEM) of eroded brass specimen
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4 Conclusions

Experiments have been conducted to establish the effect of N, Cw and T on erosion
wear of material brass. The existing study concludes that Ew rate increases with
increase in rotational speed, solid concentration and time period. However, N is
considered as the most pronouncing factor as compared to Cw and T. It is also
observed that N has maximum values of delta and top rank among other parameters.
Minimum F-value and maximum P-value also indicating towards the most domi-
nating factor among all the parameters. Maximum erosion wear is observed at
maximum value of N, while it is not found in case of Cw and T. Standard deviation
was observed as 1.83.
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Vibration Response of Human Subject
Using FEM

Rajender Kumar, Sahil Savara, Sachin Kalsi and Ishbir Singh

Abstract Human body suffers when exposed to different vibration conditions that
generated by traveling, working with machines etc. in sitting and standing posture
both. In this study, modal analysis has been performed on 54 kg Indian human
subject to find out the natural frequency and deformations for both sitting and
standing posture under un-damped vibration conditions. An ellipsoidal approach
has been used to model human subject as 3-D CAD model using physical
dimensions and anthropometric data available in existing literature. Human subject
is divided into different segments to convert complex human body into simple
model using ellipsoidal shape of each segment. The results obtained in this study,
will be helpful in designing components for human use like automobile seats, lifts,
escalators, machine parts, etc. Also, in this study a comparison has been done in the
results obtained in sitting and standing posture analysis. Further, it was found that
with the increase in natural frequency, deformation increases in both the cases.

Keywords Modal analysis � Human body � Natural frequency � FEM �
Standing posture � Sitting posture

1 Introduction

Human body experiences vibration whenever it comes in contact with vibrating
surface and the possibilities are sitting on vibration seat (sitting posture), standing
on a vibration floor (standing posture) or lying on a vibrating bed (recumbent
posture). Vibration affects the comfort, performance, and efficiency of a person
while travelling in vehicle, working on machines, daily life activities, etc. With
increase in number of commentators during last few years in buses, cars, metro,
aeroplanes, etc., human body in sitting and standing postures suffers from dis-
comfort and injury due to different vibration conditions transferred from roads,
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humps, seat interface, body parts of vehicle, etc. Taking this problem into con-
sideration regarding a human body, study has been performed in this research work
with sitting posture without backrest and standing posture without any support. In
this work, natural frequencies and effect of vibration at different segments of human
body in sitting posture and standing posture has been studied. The results obtained
will be helpful in designing of seats and products for human use which will reduce
the effect of vibration. Several researchers have considered different biodynamic
models of human body using mass, density, stiffness, etc., similar to human body.
In this research paper, finite element method (FEM) has been used to perform
modal analysis when Indian male subject of 54 kg is exposed to free vibration
conditions both in standing and sitting posture.

Several researchers have contributed their work in the field of WBV under
different vibration conditions on different human subjects using different ranges of
frequencies and accelerations using different postures. Singh et al. [1] generated a
lumped parameter model (LPM) of 54 kg Indian male subject using 50th percentile
anthropometric data. Liu et al. [2] developed a FEM of seated human subject
supported by tri-axial apparent mass subjected to vertical vibration. Kitazaki and
Griffin [3] used FEM to generate a 2-D human model. Nigam and Malik [4]
developed a LPM model of U.S. male human subject 50th percentile anthropo-
metric data. Blood et al. [5] conducted an experiment on 12 male subjects.
Matsumoto and Griffin [6] evaluated the difference in biodynamic response in
sitting and standing posture. Kitazaki and Griffin [7] used FEM to develop 2-D
model of human. Ciloglu et al. [8] conducted an experiment to analyze whole body
vibration (WBV). Griffin [9] used different methods to measure the WBV.
Matsumoto and Griffin [10] analyzed the influence of standing human body on
vibration. Shibata [11] find out the multiple scale factor for the discomfort of
vertically standing persons. Rakheja et al. [12] studied the biodynamic response of
standing human subjected to WBV. Singh et al. [13] performed modal analysis
using ellipsoidal Indian subject of mass 54 kg in sitting posture.

From the literature review, it has been observed that lot of researchers have
worked in the field of WBV under different dynamic conditions to increase the
comfort level of human body and reduce the tendency of getting resonance with
designed product for human use. Also, it is also observed that analytically,
experimentally work has been performed on WBV than approach FEM. Taking this
point into consideration, this study has been performed on Indian male human
subject in standing and sitting posture under free un-damped conditions using FEM.

2 Methodology

In this study, 50th percentile Indian anthropometric data corresponding to 54 kg
human subject in sitting posture without backrest and standing posture has been
considered to perform modal analysis under un-damped free vibrations. The
physical dimensions of human subject have been calculated using anthropometric
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data of Indian male population [14] and formulae [1] to make a 3-D CAD model in
SolidWorks 2016 software. FEM tool, i.e., ANSYS 16.0 software has been used to
perform modal analysis using FEM under un-damped free vibration conditions.

Some assumptions have been considered during this study that is given below.

• Free un-damped vibratory model of human body has been considered.
• Subject is sitting without the support of any backrest.
• Subject in standing posture without any support is perpendicular to floor.
• Ellipsoidal shape has been considered to model different segments of a human

body.

2.1 CAD Model of Human Subject

A physical model of human Indian male subject with mass of 54 kg, i.e., 50th
anthropometric data of India population has been converted into CAD model using
all segments of human body considered as in ellipsoidal shape [1]. A CAD model
of human subject has been modeled in Solidworks 2016 software and is shown in
Fig. 1. The dimensions to generate CAD model of human body using ellipsoidal
shape has been taken from anthropometric data as given by Chakrabarti [14] and
Singh et al. [1].

2.2 Modal Analysis of Human Subject

A 3-D CAD model of 54 kg Indian male subject has been generated using
designing software i.e. Solidworks 2016 as shown in Fig. 1. FEM analysis has been

Fig. 1 CAD model of male subject in a standing and b sitting Posture
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performed using CAE (Computer Aided Engineering) ANSYS 16.0. To import 3-D
model of human subject in ANSYS software to perform modal analysis, part file
generated in Solidworks software was converted in Parasolid file. The physical
properties of human subject have been considered as E (Modulus of elasticity) = 13
MN/m2 [4] and human subject density = 1.062 � 103 kg/m3 [1]. The material of
human subject 3-D model has been assumed to be homogenous and isotropic in
nature, i.e., the properties of the material are same in all the directions. The tetra-
hedral mesh elements have been considered for meshing of human segments in
ANSYS software as tetrahedral mesh element is solid element and also, stiffer than
other elements type which results in more accurate results. These elements result in
smoother meshing for complex structures. The meshed model of human subject
generated in ANSYS 16.0 is shown in Fig. 2.

2.3 Boundary Conditions

A human subject as shown in Fig. 3a has been assumed to be in standing posture
with backbone in erect position, i.e., straight perpendicular to a floor. Both hands
and arms have been considered to be straight and perpendicular to the floor without
touching any part of human body. Also, feet have been considered to be straight
parallel to floor and both legs to be straight with no bend. In this posture, only feet
are assumed to be fixed to floor.

Fig. 2 Meshed model of human subject in a standing and b sitting Posture
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Similarly, for human subject in sitting posture as shown in Fig. 3b, hip joint is in
touch with a seat and is assumed to be fixed support in ANSYS 16.0 software. In
both the postures, it has been assumed that no external load or force is applied on
human subject.

3 Results and Discussions

3.1 Modal Analysis of Human Subject in Sitting Posture

The results that have been obtained after performing modal analysis by using FEM
on ANSYS 16.0 for Indian male human subject having mass 54 kg in sitting
posture is shown in Table 1. It has been observed from Table 1 that with increase in
natural frequencies, maximum deformation transmits from head (at initial modes) to
lower arms (in final modes).

Fig. 3 Boundary condition of human subject in a standing and b sitting Posture

Table 1 Natural Frequency and maximum deformation in human segments for 54 kg human
subject

Mode Natural frequency (Hz) Human segment (maximum deformation)

1 2.8 Head and lower arms

2 3.2 Head and lower arms

3 4.9 Lower arms

4 10.7 Lower arms

5 16.3 Lower arms

6 18.7 Lower arms
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At different value of natural frequencies, mode shapes as shown in Fig. 4 have
been generated to observe the pattern of vibration transmission for 54 kg human
body under free un-damped vibration conditions. The results obtained after per-
forming modal analysis in sitting posture without backrest have been shown in
Table 1.

• In first mode shape as shown in Fig. 4a, at natural frequency of 2.8 Hz the
vibration effect has not been observed at upper body segments such as lower
torso, upper legs, lower legs and feet, and maximum deformation is observed at
head and lower arms. It might be due to a reason that lower torso and feet are in
contact with seat and ground respectively. Also, human subject behaves like a
first mode shape of a cantilever beam.
In second mode at natural frequency of 3.2 Hz as shown in Fig. 4b, observed
that to-and-fro motion of upper body segments is in lateral direction with

Fig. 4 a Mode shape at natural frequency 2.88 Hz; b Mode shape at natural frequency 3.20 Hz;
c Mode shape at natural frequency 4.90 Hz; d Mode shape at natural frequency 10.77 Hz; e Mode
shape at natural frequency 16.324 Hz; f Mode shape at natural frequency 18.75 Hz
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maximum deformation observed at head and lower arms about connecting point
between central and lower torso. Also, no deformation has been observed at
lower body segments. Also, no other motion of human subject in other direc-
tions has been noticed in this mode.

• As shown in Fig. 4c, at natural frequency of 4.9 Hz, i.e., at third mode shape of
human subject, upper portion of body segments rotates along a vertical direction
about a point that lies in central and lower torso. At lower arms, maximum effect
of vibration has been observed. And effect of vibration has been transmitted
from head segment to lower arms segments.

• In fourth mode, as shown in Fig. 4d at natural frequency of 10.7 Hz in upper
body segments a fore-and-aft motion has been observed with slight bend at point
which lies in between upper and central torso. And maximum deformation has
occurred at lower arms and hands.

• At natural frequency of 16.3 Hz, as shown in Fig. 4e, i.e., at fifth mode, less
deformation has been observed in body segments except at upper and lower
arms. The maximum value of deformation is observed at lower arms and hands.
In this mode, human body behaves like a rigid body.

• In the sixth mode, at natural frequency of 18.7 Hz as shown in Fig. 4f, except
upper arms and lower arms no deformation has been observed at any other
segment. At this mode, human body behaves like a rigid body.

3.2 Modal Analysis of Human Subject in Standing Posture

The results obtained after performing modal analysis, i.e., natural frequencies of
54 kg Indian male human subject in standing posture obtained under un-damped
free vibration conditions is shown in Table 2.

The mode shapes obtained after modal analysis on the human subject at different
natural frequencies are shown in Fig. 5a, b, c, d, e, f.

• It has been observed from Fig. 5a that at the natural frequency of 2.47 Hz,
maximum effect of vibration is obtained at head with a deformation of
24.83 mm. At natural frequency of 5.16 Hz as shown in Fig. 5b, a maximum

Table 2 Natural Frequency and maximum deformation in standing posture

Mode Natural frequency (Hz) Human segment (with maximum deformation)

1 2.47 Head

2 5.16 Head

3 9.84 Head

4 12.21 Head

5 14.66 Lower arms and Hands

6 19.49 Lower arm and Hands
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deformation, i.e., 22.02 mm is obtained at head and also, therefore the upper
torso is slight bend towards the left side. At natural frequency of 9.84 Hz and
12.21 Hz as shown in Fig. 5c, central torso is at balanced position because feet
is fixed and at this mode body acts like as a cantilever beam. At natural fre-
quency of 12.21 Hz as shown in Fig. 5d, in fourth mode maximum deformation,
i.e., 44.41 mm has been observed at head and upper portion of body moves
toward right side.

• In fifth mode shape, upper torso of human subject has been rotated about hip
joint towards the left side, as shown in Fig. 5e, at natural frequency of 14.66 Hz.
At sixth mode as shown in Fig. 5f at natural frequency of 7.55 Hz; it has been
observed that left lower arm and a motion of both arms in fore-and-aft direction
is observed. With maximum deformation i.e. 49.34 mm at arms and hands.

• In standing and seated portion same trend of mode shape has been observed.
The value of natural frequency can vary as obtained by for both cases. As in this
study, 54 kg has been considered and also, FEM model has been used which is

Fig. 5 a Mode shape at natural frequency 2.47 Hz; b Deformation at natural frequency 5.16 Hz;
c Deformation at natural frequency 9.84 Hz; d Deformation at natural frequency 12.21 Hz;
e Deformation at natural frequency 14.66 Hz; f Deformation at natural frequency 19.49 Hz
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an approximate method to find out results. The results in this study show that
shoes might have more cushions to minimize the effect of vibration, and railing,
supports should have a proper material for hands (so that resonance should not
occur with the human subject).

4 Conclusions

In current study, modal analysis has been performed on 54 kg Indian human male
subject using FEM approach. A human subject has been segmented into different
segments in ellipsoidal shape and then, a 3-D CAD model generated in both pos-
tures, i.e., standing and sitting. In sitting posture, it has been found that with the
increase in natural frequencies, a maximum effect of vibrations transmits from head
at 2.8 Hz to lower arms at 18.75 Hz. In standing posture, a maximum effect of
vibrations transmits from head (2.47 Hz) to lower arms (19.49 Hz) with an increase
in natural frequency of human subject. In both the postures, human subject behaves
as a cantilever. The results of this study can be used to design components for
human use, i.e., automobile seats, railings, lifts, etc., to avoid resonance with a
designed component. Further, the current study can be extended for different
postures of human subject under damping conditions.
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Experimental Investigations of Multiple
Faults in Ball Bearing

S. P. Mogal and S. N. Palhe

Abstract Ball bearings are extensively used in many rotating machinery applica-
tions. Ball bearing failure is the main cause of breakdown of the rotating
machineries. Local defects in ball bearing produced due to fatigue consist of cracks,
pits and spalls on the rolling surfaces. Several researchers have studied the single
fault in ball bearing, but in practice two or more faults (combined fault) are usually
present. Fault diagnosis of a single row ball bearing has been extensively studied,
however literature specific to double row ball bearings are sparse. This paper
presents such cases, where single and multiple bearing faults of double row ball
bearing are considered together. The objective is to experimentally investigate the
single and multiple bearing faults of the inner race, outer race, cage and ball fault
using envelope analysis. Envelope spectrum analysis is the best tool for bearing
fault diagnosis like cracks and spalls in ball bearings. Bearing frequencies are
excellently identified in the envelope spectrum.

Keywords Ball bearing � Multi-fault diagnosis � Envelope analysis

1 Introduction

In many rotating machinery applications rolling element bearings are widely used.
Ball bearing failure is main cause of breakdown of the rotating machineries. To
avoid failure of bearing various condition monitoring techniques like acoustic
emission, current and temperature monitoring, wear debris detection and vibration
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analysis are used. Among these monitoring methods, vibration analysis is exten-
sively used for identifying bearing faults. Vibration analysis is an important method
for indicating bearing faults because it is an efficient and a non-disturbing method.
For reducing downtime and improving the maintenance efficiency of ball bearing,
vibration analysis is been commonly used. In this paper, envelope analysis tech-
nique for multi-fault diagnosis is proposed.

Cracks, pits, and spalls on the rolling surfaces are major local defects in ball
bearing. Patel et al. [1] reported that local defects, such as spalls, pits and cracks on
mating components of bearings are generated due to fatigue. Karacay and Akturk
[2] reported that several researchers studied ball bearing defects by theoretically and
experimentally and its effects on vibration level using scalar parameters such as
peak-to-peak value, root mean square (RMS), crest factor and kurtosis. To predict
fault locations an experimental investigation of a single row ball bearing faults by
FFT spectrum analysis is presented. Rafsanjani et al. [3] proposed the analytical
model for single row ball bearing with local defects on the inner race, outer race,
and ball. They suggested that the analytical model can be used for design, predictive
maintenance, and also condition monitoring of machines. Kiral and Karagülle [4]
proposed in finite element method of dynamic loading models to investigate the
effect of rotational speed on diagnostic of rolling element bearing for healthy and
defected single row ball bearing. They examined that time and frequency domain
techniques are sensitive to changes in rotational speeds. Choy et al. [5] checked out
vibration results of faulty ball bearings using the time domain averaging, frequency
component averaging, and the modified Poincare maps. They noticed that the
average time signal technique does not provide clear information about faulty
bearings, but the average frequency component and the modified Poincare map
techniques provided much clear information about faulty bearing. Nikolaou et al.
[6] proposed a wavelet packet transform signal processing technique for bearing
faults. Samanta et al. [7] conferred artificial neural network (ANN) for rolling
element bearings fault diagnosis. They used time domain signal of good and
defective bearings as inputs to the ANN. Kankar et al. [8] used continuous wavelet
transform (CWT) for bearing fault diagnosis. Artificial neural network (ANN) and
support vector machine (SVM) are used for detection of bearing faults. Kankar
et al. [9] suggested a response surface method for bearing defects such as spalls on
outer race, inner race on ball are considered. Kilundu et al. [10] employed singular
spectrum analysis to process vibration signals resulting from roller bearings and
diagnosis of defective bearing. Wang et al. [11] presented adaptive spectral kurtosis
(ASK) for multi-fault in rolling element bearing detection. A theoretical model of
multiple bearing faults is developed. Feiyun Cong et al. [12] proposed a rolling
bearing fault model which is based on dynamic load analysis of rotor bearing
system. They investigated rotor bearing vibration model combined with both
dynamic response and fault signal expression of rolling element bearing.
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2 Envelope Analysis

Envelope analysis is the technique to extract the modulating signal from an
amplitude-modulated signal. The result shows the time history of the modulating
signal. This signal may be in time domain or it may be subjected to a subsequent
frequency analysis. Envelope Analysis is the frequency spectrum of the modulating
signal. It can be used for diagnosis of machinery fault where faults have an
amplitude modulating effect on the characteristic frequencies of the machinery. The
analyzer essentially tries to pick up some picks, otherwise be buried in the high
frequency noise. Envelope analysis steps are as shown in Fig. 1.

3 Experimental Setup

The experimental test rig is as shown in Fig. 2. The test rig consists of a shaft with
rotor disc and it was supported on two ball bearings. A DC motor coupled by a rigid
coupling drives the shaft.

Fig. 1 Steps in envelope analysis

Fig. 2 Experimental setup
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For the vibration measurement and analysis, four channels FFT analyser is used
(Fig. 3). The three piezoelectric accelerometers are used to collect the vibration
signals in three directions at a bearing-housing.

The ball bearing geometry is shown in Fig. 4. The self-aligning, double row
deep groove ball bearing (SKF 1205 ETN) is used with the dimensions shown in
Table 2. The fault in the Inner race, outer race and cage created using
electro-discharge machining (EDM), the rectangular notch of 7.5 mm length, width
0.55 mm and depth 1.15 mm is created in outer race (Fig. 5). Similarly, rectangular

Fig. 3 FFT analyser

Fig. 4 Ball bearing geometry
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Fig. 6 Inner race fault

Fig. 7 Cage fault

Fig. 5 Outer race fault

Fig. 8 Ball fault (Spall)
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notch of 7.5 mm length, width 0.5 mm and depth 1.15 mm, created in the inner
race (Fig. 6), and rectangular notch of 6 mm length, width 0.7 mm and depth
1 mm, in cage (Fig. 7). The faulty ball (spall) from other bearing was used for
analysis (Fig. 8). The signal is filtered in (DEMOD fmin, DEMOD fmax) range and
demodulated. Parameters for G-demod wideband measurement is as shown in
Table 1. The specification of rolling ball bearing as shown in Table 2.

3.1 Characteristic Fault Frequencies

The bearing characteristic frequency depends on the geometry of the bearing and on
the type bearing defect. The characteristic fault frequencies of bearing are shown in
Table 3. The characteristic fault frequencies obtained by the following equations
[13]

Table 2 Specifications of
rolling ball bearing

Bearing model SKF 1205 ETN

Rolling element diameter, Bd 7.1 mm

Number of rolling elements, Nb 13

Pitch diameter, Pd 37.9 mm

Table 1 Parameters for
G-demod wideband
measurement

DEMOD fmin (Hz) 500

DEMOD fmax (Hz) 25600

Samples 8192

Table 3 Characteristic fault frequencies of bearing (SKF 1205 ETN)

Types of
fault

Characteristic fault frequency at the input frequency

1004 rev/min
(16.73 Hz)

1021 rev/min
(17.01 Hz)

1025 rev/min
(17.08 Hz)

1048 rev/min
(17.46 Hz)

Outer
race

87.79 89.26 89.63 91.63

Inner race 129.67 131.84 132.38 135.33

Cage 6.75 6.86 6.89 7.04

Ball 41.80 42.51 42.68 43.63
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BPFI Ball pass frequency� Innerð Þ ¼ Nb
2

1þ Bd
Pd

cos h
� �

� Fs ð1Þ

BPFO Ball pass frequency� Outerð Þ ¼ Nb
2

1� Bd
Pd

cos h
� �

� Fs 1ð Þ ð2Þ

FTF Fundamental train frequencyð Þ Cageð Þ ¼ 1
2

1� Bd
Pd

cos h
� �

� Fs 1ð Þ ð3Þ

Fig. 9 Envelope spectrum of outer race fault at 1021 rev/min in vertical direction
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BSF Ball spin frequencyð Þ ¼ Pd
2Bd

1� Bd
Pd

� �2

cos hð Þ2
 !

� Fs ð4Þ

where,

Fs = = Shaft rotational frequency
Nb = Number of balls
Bd = Ball diameter (mm)
Pd = Pitch diameter (mm)
h = contact angle in degree

Fig. 10 Envelope spectrum of inner race fault at 1048 rev/min in vertical direction
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4 Result and discussion

Figure 9 shows envelope spectrum of outer race fault bearing. It is clear from it that
Outer Race Fault Frequency (BPFO) at 89 Hz is generated and it is match to the
theoretical value of 89.26 Hz (Table 3). The envelope spectrum of inner race fault
is shown in Fig. 10. It is clear from it that the inner race fault frequency (BPFI) at
135 Hz is observed and it is matched to the theoretical value of 135.33 Hz
(Table 3). Envelope spectrum of ball fault in vertical direction is shown in Fig. 11.
Ball fault frequency (BSF) is observed at 42 Hz and it is matched to the theoretical

Fig. 11 Envelope spectrum of ball fault at 1021 rev/min in vertical direction
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value of 42.51 Hz (Table 3). Figure 12 shows the envelope spectrum of cage fault
in vertical direction. It can be seen from it that the cage fault frequency (FTF) at
7 Hz is present and it is matched to the theoretical value of 6.75 Hz (Table 3).
Figure 13 shows cage, ball, outer and inner race fault frequency at 7 Hz, 42 Hz,
90 Hz and 132 Hz respectively, and it is matched to the theoretical value
(Table 3).

Fig. 12 Envelope spectrum of cage fault at 1004 rev/min in vertical direction
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5 Conclusion

• Experimental investigations of bearing single fault like inner race, outer race,
ball and cage fault and also multiple faults is studied.

• Envelope spectrum analysis is best tool for bearing fault diagnostics like cracks
and spalls in ball bearings.

• Bearing frequencies are excellently identified in the envelope spectrum.
• Envelop spectrum provide information about the type of defects.

Fig. 13 Envelope spectrum of cage, inner race, outer race and ball fault at 1025 rev/min in
vertical direction
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Improvement in Tribological Behaviour
of Brake Pad Material with CNT-Ni-P
Composite Coating and Compare
with Al2O3-Ni-P Composite Coating

Atul Kumar Harmukh, Santosh Kumar and Sushma Bharti

Abstract In mechanical machine components, the wear and friction are the major
issues which are responsible for the fault and their failure. In this analysis, the
tribological and mechanical properties of semi-metallic brake pad material were
investigated. For improvement in the mechanical and triblogical properties of brake
pad materials, Ni-P based multi-walled carbon nanotubes (MWCNT) and
Ni-P-based nano Al2O3 composite coating was used. The electroless coating
technique was used for the coating as it results in excellent tribological properties
such as good wear and corrosion resistance, uniform coating thickness, good
hardness, etc. Energy dispersive x-ray spectroscopy (EDX) test was used to find the
composition of the brake pad sample. Tribological parameters like frictional force
and wear rate were determined by pin-on-disc tribometer. The result shows that the
tribological properties of brake pad were enhanced after the coating and wear rate
and frictional forces were less as compared to without coated sample. Field emis-
sion scanning electron microscopy (FESEM) was used to validate the result of the
test.

Keywords Tribological properties � Wear � Electroless coating �
Carbon nanotubes

1 Introduction

In the brake pad system the wear is the main cause due to which the brake is worn
out. For enhancing the life of brake pad we used the coating technology, electroless
coating is one of them Selvamani and Premkumar [1] concluded that the Carbon
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nanotube is the one of the best coating material for the semi-metallic material.
Carbon nanotube has good mechanical properties, good wear and corrosive prop-
erties. It is a good conductor of electricity, good thermal conductivity and chemi-
cally stable material. Ni-P coating is the one of the best coating material which
gives the high wear and corrosion resistance, low coefficient of friction, high
strength and high hardness [2]. Electromagnetic properties are increased by the
coating of CNT through electroless coating and the permittivity properties are
decreases and permeability properties are increases [3]. By the incorporation of SiC,
ZrO2, TiO2, graphene, CNT, Carbon nanofibers (CNF’s), diamond, and ZnO with
Ni-P composite coating gives the high wear and corrosion resistance, high strength
and hardness, low coefficient of friction [4]. Promphet and Rattanawaleedirojn [5]
Investigated the use of the Ni-P-TiO2 solution in steel exhibits a significant increase
in corrosion resistance and electrical conductivity of the steel.

Afroukhteh and Dehghanian [6] concluded that the electroless coating of Ni-P
with nano size TiC particle gives the good corrosion resistance. The improvement
of corrosion resistance of the material depends upon the concentration of phos-
phorous in the coating. Popoola and Loto [7] concluded that wear and corrosion
resistance of mild steel was increased by the coating of Sn in the Ni-P composting
coating. Zhang, Cheng [8] concluded that the deposition of Ni-P coating in any
substrate may increase the electrochemical property of the material. Karthikeyan
and Jeeva [9] concluded that the incorporation of WS2 with Ni-P composite coating
improves the tribological properties of material. The wear and corrosion resistance,
micro hardness were increased and coefficient of friction decreases. Panja and
Sahoo [10] concluded that the electroless coating of Ni-P with alkaline medium
gives the smooth coating surface with low porosity, and the coefficient of friction is
decreased with higher percentages.

Duan and Li [11] concluded that the incorporation of Carbon nanotube with the
Ni-P composite coating enhanced the damping quality of material. Atuanya and
Obele [12] concluded that the incorporation of SiO2 with Ni-Co composite coating
improves the corrosion resistance and gives a better surface finish. Fayomi and
Popoola [13] concluded that the incorporation of Zn with Al2O3-SiC composite
coating increase the hardness of surface and give good crystal orientation.
Incorporation of Ni-P coating reduces the wear as well as giving a good surface
finish, low porosity and gives dense crystal structure [14]. RamPrabhu and Varma
[15], it concluded that the by the use of composite material which made by layer by
layer increased the corrosion and wear properties of the material.

Kumar and Mohanam [16] concluded that the incorporation of Ni coating on
aluminium substrates increases the natural frequency of Aluminium and improves
the dynamic behaviour of aluminium. Shibli and Suma [17] concluded that the
incorporation of IrO2 with Ni-P composite coating the stability of coating, gives
good electrochemical properties and increase the hardness of the surface. Georjiza
and Gouda [18] concluded that the Ni-B-SiC composite electroless coating
improves the corrosion resistance and wear resistance and improves the hardness of
the surface. Progress of wear finally determines the useful life and the quality of a
product. Hence the nature of friction, wear and their control plays an important role
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in different engineering operations. Though there are several research-based models
and formulations in this regard [19–21].

The present study deals with the wear analysis of brake pad material. For
improvement in the tribological behaviour of brake pad material, we were using the
two different coatings of CNT-Ni-P and Al2O3-Ni-P on the surface of the brake pad
and analyse the friction and wear.

2 Methodology

2.1 Pin and Disc Materials

The Pin-on-disc tribometer was used to test the friction and wear of brake pad
material. The grey cast iron disc was used in this experiment has a specification of
100 mm diameter and 10 mm thickness. The average surface roughness of the disc
is 0.18 µm. The “Energy dispersive X-Ray spectroscopy” (EDX) test was used to
verify the composition of pin sample. The pin used in this experiment has a
specification of 20 mm length and 6 mm diameter. Figure 1a shows the disc of grey
cast iron, Fig. 1b, c, d shows the elemental composition of pin without coated and
coated with CNT-Ni-P and Al2O3-Ni-P respectively.

Fig. 1 Elemental analysis of brake pad pin by EDX a disc used in the experiment (grey cast iron)
b elemental analysis of brake pad pin without coating c elemental analysis of brake pad pin with a
coating of CNT-Ni-P d elemental analysis of brake pad pin with a coating of Al2O3-Ni-P
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Table 1 (a) shows the elemental analysis of brake pad pin of without coated
sample and with coated sample of CNT-Ni-P.

Table 1 (b) shows the elemental analysis of brake pad pin without coated sample
and with a coated sample of Al2o3-Ni-P.

2.2 Bath Concentration

For a change in tribological behaviour of brake pad material electroless coating
technique was used. First, base solution was made by using all chemicals in the
container. In this experiment, the base solution is common for both the CNT-Ni-P
and Al2o3-Ni-P composite coating. All the chemicals are mixed in deionized water
(250 ml). The magnetic stirrer and probe type ultrasonicator was used for mixing
the solution and stable the coating solution, respectively. In this base solution
sodium citrate, nickel sulphate, aluminium chloride and sodium hypophosphite

Table 1 (a). Elemental composition of brake pad pin (coated with CNT-Ni-P). (b). Elemental
composition of brake pad pin (coated with Al2O3-Ni-P)

Sl. No. Brake pad sample
without coated

Brake pad sample with coated with Al2O3-Ni-P

Material wt% Material wt%

1. C 55.89 C 24.52

2. O 32.66 O 42.20

3. Na 0.20 Na 10.79

4. Mg 1.14 Mg 0.19

5. Al 1.05 Al 8.95

6. Si 2.76 Si 0.15

7. S 1.01 P 7.75

8. Cl 0.07 S 1.71

9. K 0.19 K 0.42

10. Ca 0.59 Ca 0.10

11. Fe 3.38 Fe 0.75

12. Cu 0.42 Ni 2.23

13. Ba 0.64 Ba 0.24

Table 2 Bath concentration
of base solution (Ni-P)

Sl. No. Chemicals Weight (gm)

1. Nickel sulphate 10

2. Sodium hypophosphite 15

3. Sodium citrate 7

4. Aluminium chloride 12
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were used as buffering solution, complexing agent, and metal ion source respec-
tively. Table 2 shows the bath concentration of base solution of Ni-P.

In this experiment, we were made the base solution of Ni-P in two different
containers using all the chemicals mentioned in the above tables. Then we heated
that up to 80 °C by using the magnetic stirrer for 30 min. After 30 min we put the
carbon nanotube in one container and Al2o3 on another. And then dipped the pin in
that container and then again heated up to 30 min. After 30 min remove the pin
from the container and the pin was perfectly coated. Figure 2a, b, c shows the
electroless coating arrangement.

Fig. 2 a Coating performed with a base solution b Al2O3 mixed with a base solution c CNT
mixed with a base solution
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3 Results and Discussion

Figure 3 shows the morphology of brake pad material surface which is taken by
field emission scanning electron microscopy (FESEM) test.

In this study, we were coated the pin with two different composite materials
which were CNT-Ni-P and Al2O3-Ni-P, respectively. We were investigated wear
and friction test at 400 RPM and the load parameters are 3 kg and 4 kg respec-
tively. Figures 4 and 5 shows the variation of wear and friction with respect to time
for CNT-Ni-P and Al2O3-Ni-P coating, respectively.

1. Variation of wear and friction with time (coated with CNT-Ni-P)
Load and speed parameters are as follows:

• Speed—400 RPM
• Load—3 kg & 4 kg

Fig. 3 FESEM images of brake pad pin a without coated b coated with CNT-Ni-P c coated with
Al2O3-Ni-P
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2. Variation of wear and friction with time (Al2o3-Ni-P coating)
Speed and load parameters are as follows:

• Speed—400 RPM
• Load—3 kg and 4 kg

From this investigation, it has been observed that CNT coating is more efficient
as compared to Al2o3 coating on the brake pad material. The wear and friction are
less with CNT coating as compared to Al2o3 coating. This composite coating
improves the surface morphology of brake pad. The wear resistance is improved as
comparable to the uncoated material.

4 Conclusions

In this investigation, we concluded that the coating of carbon nanotube is more
efficient and reliable on brake pad material as compare to Al2o3 coating, because
CNT has good wear and corrosion resistance, give uniform coating thickness and
provide good hardness and strength.
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Estimation of Load Carrying Capacity
for Pin-Mounted Hydraulic Cylinders

Prakash Jatin, Nagargoje Aniket, P. K. Kankar, V. K. Gupta,
P. K. Jain, Tamhankar Ravindra, Nyamgoudar Vinayak
and Mulani Ismail

Abstract The standard hydraulic cylinder consists of two main parts, i.e., cylinder
tube and piston rod. It operates by the reciprocation of either element and majorly
used to transmit mechanical power using fluid linkage. The failure of such systems
occurs usually because of piston rod failure. Being more specific, the buckling
failure mode is more dominant over others. In this manuscript, the maximum
allowable load is calculated for a standard hydraulic cylinder with pin-mounted at
both ends analytically using analytically using ISO/TS 13725. Piston rod having
less flexural rigidity (EI) is prone to buckling failure. The estimated load when
applied on the piston rod end results into the stress condition of the cylinder tube.
Von-Mises stress generated in the thick cylinder is discussed using Lame’s theorem
while axial and flexural stress for piston rod is deliberated. The results show that for
lower slenderness ratio hydraulic cylinder may fail due to yielding of cylinder tube
failure. The results obtained for slenderness ratio 19 of piston rod are compared
with simulated results implemented in ANSYS.

Keywords Buckling � Flexural rigidity � Hydraulic cylinder � Lame’s theorem �
Slenderness ratio (SR)

Nomenclature

Fs Factor of safety
P Axial force applied
Lc Length of the cylinder tube
Lp Exposed length of the piston rod
Lph Width of the piston head
Ls Distance between piston head center to piston rod bearing
ep Eccentricity of force at the piston rod
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ec Eccentricity at cylinder bottom
Rc1 Reaction at the pin-end of the cylinder tube
Rj Reaction at the junction of cylinder tube and piston rod
Rp1 Reaction at the pin-end of the piston rod
Mj Moment at the junction of cylinder tube and piston rod
b Angle between deflection curves of cylinder tube and piston rod
wc1 Angle at the pin-end of the cylinder tube
wp1 Angle at the pin-end of the piston rod
uc1 Angle of deflection curve at the pin-end of the cylinder tube
uc2 Angle of the deflection curve at the end of cylinder tube
up1 Angle of deflection curve at the pin-end of the piston rod
up2 Angle of the deflection curve at the beginning of piston rod
Dci Inside diameter of the cylinder tube
Dce Outside diameter of the cylinder tube
dp Outside diameter of the piston rod

1 Introduction

The hydraulic cylinder is an actuation device that is used to transfer mechanical
power. To estimate critical buckling load in industries, fully extracted length of
cylinder, i.e., Open Center Length (OCL) of the hydraulic cylinder is considered as
a single column with uniform piston rod. In fact, a hydraulic cylinder cannot be
considered as a single column with uniform piston rod diameter because of the
relative moment between the piston rod and cylinder tube at piston-cylinder tube
junction. Effect of flexural rigidity is also ignored in such assumption [1, 2]. Hoblit
[3] considered the hydraulic cylinder as a structural element and calculated the
critical load for instability. According to it, the piston rod is under compressive as
well as flexural load whereas the cylinder tube is under flexural load and hoop stress
due to the fluid inside it. In particular, Hoblit [3] and Flugge [4] incorporated the
presence of fluid pressure inside the cylinder and thus treating it as a fluid column.
Hoblit [3] concluded that the critical force considering fluid column is the same as
that of in the solid column. Seshasai et al. [5] analyzed the stresses of hydraulic
cylinders. Baragetti [6] had considered degradation in loading capacity of the
cylinder due to the misalignment caused by wear in sealing. The ISO/TS 13725
(2001) standard [7] explained the method to calculate the cylinder buckling load.
The ISO/TS 13725 (2001) standard [8] has been used in this work to estimate the
critical load carrying capacity of the cylinder. The failure aspect of cylinder tube has
not been considered in [8]. The pressure generated inside the tube results in hoop
stress, radial stress, and longitudinal stress. Normalized Von-Mises stress of
cylinder tube has been examined over the slenderness ratio (SR) of 11 to 65.
The limit load carrying capacity of both end pin-mounted hydraulic cylinder is
calculated and stress condition of both elements has been discussed.
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2 Mathematical Formulation

2.1 Determinant Equation

In this section, the determinant equation to estimate the critical buckling load has
been explained. The material properties and dimensions of the studied hydraulic
cylinder are listed in Table 1 [7]. In Fig. 1, consider the reference axes at two
extremes namely x1-y1 at the cylinder tube end and x2-y2 at the piston rod end.

Using Moment curvature relationship [9], the deflection equations for cylinder
tube piston rod respectively are given by

EcIc
d2y1
dx21

¼ �kPy1ðx1Þ ð1Þ

EpIp
d2y2
dx22

¼ �kPy2ðx2Þ ð2Þ

The solutions to Eqs. (1) and (2) are given by Eqs. (3) and (4),

y1 ¼ A11 cos q1x1ð ÞþA12 sin q1x1ð Þ ð3Þ

y2 ¼ A21 cos q2x2ð ÞþA22 sin q2x2ð Þ ð4Þ

Table 1 Material properties and dimensions of cylinder tube and piston rod [7]

Cylinder outside diameter ðDce Þ 32 mm

Cylinder inside diameter Dcið Þ 25 mm

Piston rod diameter ðDpÞ 12 mm

Length of Cylinder tube ðLcÞ 115 mm

Length of the piston rod ðLpÞ 57 mm

Modulus of Elasticity Eð Þ 220000 N/mm2

Yield strength ry
� �

360 N/mm2

Fig. 1 Schematic view of hydraulic cylinder arrangement [7]
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The boundary conditions of both end pin-mounted hydraulic cylinder are given
by y 0ð Þ ¼ 0; y00 0ð Þ ¼ 0; y Lð Þ ¼ 0 and y00 Lð Þ ¼ 0: Applying the boundary condi-
tions in Eqs. (3) and (4), we get A11 ¼ A21 ¼ 0: At the junction point
i.e.y1 Lcð Þ ¼ y2 �Lp

� �
, using this condition yields

A12 sin q1Lcð ÞþA22 sin q2Lp
� � ¼ 0 ð5Þ

The moment at the cylinder-tube and piston junction is given as

Mj ¼ kFy2 �Lp
� � ð6Þ

The portion of piston rod inside the cylinder tube is considered to be simply
supported between the piston head and cylinder head sealing. The angle between
the slopes of cylinder tube deflection curve and piston rod deflection curve is given
by b ¼ �MjLs=3EpIp due to the moment acting at the junction.

Also, from Eqs. (3) and (4) the difference in the slope can be represented by

dy1 Lcð Þ
dx1

� dy2 �Lp
� �
dx2

¼ b ð7Þ

A12q1 cos q1Lcð ÞþA22 �q22 sin q2Lp
� �þ FsP sin q2Lp

� �
Ls

3EpIp

� �
¼ 0 ð8Þ

Eqs. (5) and (8) can be rearranged in the matrix form as

sin q1Lcð Þ sin q2Lp
� �

q1 cos q1Lcð Þ �q2 sin q2Lp
� �þ kF sin q2Lpð ÞLs

3EpIp

� �
0
@

1
A A12

A22

 !
¼ 0 ð9Þ

The application of load on the system leads to the lateral deflection of the piston
rod and cylinder tube. Theoretically, a system failure occurs when the deflection
tends to infinity. For that, the determinant of Eq. (9) tends to zero. The determinant
equation is given by [8]

FsPLss1s2 � 3EpIpq1c1s2 � 3EpIpq2c2s1 ¼ 0; where

si ¼ sin qiLið Þ; ci ¼ cos qiLið Þ; i; j ¼ c; p
ð10Þ

2.2 Maximum Safe Stress

The component having less value of rigidity (EI) is more prone to failure in
buckling, thus piston rod can be treated as a critical element. Equation (10)
determine critical load in buckling only, however, the piston rod may fail below
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critical load due to yielding if developed stresses are above yield point of the
material.

In Fig. 2, the equilibrium condition of the piston rod and cylinder tube is shown
in the coordinate axis x-y. According to free body diagram shown in Fig. 2, the
equilibrium equation is written as

EpIp
d2y
dx2

¼ � qppd
2
pg

8
x2 þ Rj � kFwp1

� �
x�Mj � FsPy ð11Þ

Total solution of Eq. (11) is given by the summation of complementary and
particular functions as

y ¼ yC:F: þ yP:I ð12Þ

The complementary function is given by

yC:F: ¼ C1 sin q2xð ÞþC2 cos q2xð Þ ð13Þ

and particular function is given as

yP:I: ¼ C3x
2 þC4xþC5 ð14Þ

where C1 and C2 can be calculated by using boundary conditions: and

y 0ð Þ ¼ y L2ð Þ ¼ 0 and ð15Þ

C3 ¼ � qppd
2
pg

8FsP
; C4 ¼

Rj � kFwp1

� �

FsP
; C5 ¼ 1

FsP
�Mj þ

qppd
2
pgEpIp

4FsP

 !
ð16Þ

Fig. 2 Angle relationship between the piston rod and cylinder tube
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parameters can be calculated by employing angle relations, force, and moment
equilibrium equations for cylinders and piston rod. This moment results in the
bending stress in the system and total stress condition is given by the combination
of axial and bending stresses.

rmax ¼ 4FsP
pd2p

þ 32Mmax

pd3p
ð17Þ

2.3 Equilibrium Equations and Angle Relations

Various angle relations between the piston rod and cylinder tube and the force and
moment equilibrium equations have been listed below in Eqs. (18a–18i)

Angle relations:

The deflection at piston head-cylinder tube junction must be equal for the continuity
of the system.

Equation (18a) states that lateral deflection of both articulations is equal at piston
rod-cylinder tube junction.

Lcwc1 � Lpwp1 ¼ 0 ð18aÞ

The geometrical relation between b, wc1 , wp1 , uc2 and up2 can be shown by
Eq. (18b) as shown in Fig. 2.

b� wc1 � wp1 þuc2 � up2 ¼ 0 ð18bÞ

The portion of piston rod inside the cylinder tube is assumed to be simply sup-
ported between the piston head and the cylinder tube sealing. It is subjected to
moment Mj at one end as shown in Fig. 3. Thus, deflection is given by Eq. (18c).

b ¼ � MjLs
3EpIp

ð18cÞ

Force and moment equilibrium equations for cylinder tube and piston rod:
Sum of forces acting on the cylinder tube in vertical direction must be zero as
shown in Fig. 3.

Thus Eq. (18d) implies
P

Fcyl ¼ 0

Rc1 þRj þ qcLc
p
4

D2
ce � D2

ci

� �
g ¼ 0 ð18dÞ
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Similarly, the summation of the moment acting about point A on the cylinder
tube be zero as shown in Fig. 3. Thus Eq. (18e) implies:

X
MA ¼ 0

LcRj þMj þFsPLcwc1 þ qcL
2
c
p
8

D2
ce � D2

ci

� �
gþFsPec ¼ 0

ð18eÞ

The slope of the cylinder tube deflection curve at the junction is given by
dy 0ð Þ=dx ¼ uC1

as shown in Fig. 3.

qcLc � s1ð ÞRj þ q1 1� c1ð ÞMj þFsP q1Lc � s1ð Þwc1 þFsPs1uc2

�
qcp D2

ce � D2
ci

� �
gq1

4
� L2c

2
þ 1� c1

q21

� �

¼ 0: ð18fÞ

In a similar way, equilibrium equations for piston rod are written as
Sum of forces acting on the piston rod in vertical direction must be zero as

shown in Fig. 3.
Thus Eq. (18g) implies

P
Frod ¼ 0

Rp1 þRj � qpLp
p
4
d2pg ¼ 0 ð18gÞ

Summation of the moment acting about point A on the cylinder tube be zero as
shown in Fig. 3.

Thus Eq. (18h) implies
P

Md ¼ 0

�LpRj þMj þFsPLpwp1 þ qpL
2
p
p
8
d2pgþFsPep ¼ 0 ð18hÞ

Fig. 3 Free body diagram of the cylinder tube and Piston rod
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The slope of piston rod deflection curve at the junction is given by dy 0ð Þ=dx ¼
uC as shown in Fig. 3, On further simplification written as

qpLp � s2
� �

Rj þ q2 1� c2ð ÞMj þFsP q1Lp � s2
� �

wp1 þFsPs2up2

�
qpp D2

ce � D2
ci

� �
gq2

4
� L2p

2
þ 1� c1

q22

" #

¼ 0: ð18iÞ

Eqs. (18a–18i) can be rearranged in the matrix form the system of equations is
obtained as below in accordance with [7].

This system of equations is solved to get the values of nine different unknown
parameters. By a solving system of equations, maximum stress in the piston rod can
be calculated with the help of Eq. (17). Thus, for the given actuator, maximum
admissible force is calculated using an algorithmic method that generates a stress in
the close vicinity to the limit stress of the material.

0 0 0 0 0 Lc �Lp 0 0
0 0 0 0 1 �1 �1 1 �1
0 0 0 Ls

3EpIp
1 0 0 0 0

1 0 1 0 0 0 0 0 0
0 0 Lc 1 0 FsPLc 0 0 0
0 0 q1Lc � s1 q1 1� c1ð Þ 0 FsP q1Lc � s1ð Þ 0 FsPs1 0
0 1 1 0 0 0 0 0 0
0 0 �Lp 1 0 0 FsPL2 0 0
0 0 q2Lp � s2 �q2 1� c2ð Þ 0 0 �FsP q2Lp � s2

� �
0 FsPs2

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

Rc1
Rp1
Rj

Mj

b
wc1
wp1
uc2
up2

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

¼

0
0
0

�qpLp
p
4 D2

ce � D2
ci

� �
g

�qpL
2
p
p
8 D2

ce � D2
ci

� �
g� FsPec

qpp D2
ce�D2

cið Þgq1
4 � L2c

2 þ 1�c1
q21

h i

qpLp
p
4 d

2
pg

�qcL
2
c
p
8 d

2
pg� FsPep

qppd
2
pgq1
4

L2p
2 � 1�c2

q22

h i

0
BBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCA

ð19Þ
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2.4 Stress Developed in the Cylinder Tube

The Lame’s Eq. (20) has been employed to evaluate the stresses in the cylinder.
The critical buckling load by the method adapted according to ISO/TS 13725 is
used to calculate the internal pressure developed due to oil inside the cylinder tube.
The effect of bending stress has been considered in analyzing the stress condition of
the cylinder tube. The bending stress obtained is arithmetically added to the lon-
gitudinal stress. The combined effect of radial stress, hoop stress, axial stress, and
bending stress is used to calculate Von-Mises stress in the cylinder [7, 8].
Normalized Von-Mises stress (rVon�Mises/ry) is calculated to plot stress variation
for different SR. The following equations have been used to calculate the stress
considering external pressure to be zero [9]:

Hoop stress rhð Þ ¼ pir
2
i

r2o � r2i
1þ r2o

r2i

� 	
Longitudinal Stress rlð Þ ¼ pir

2
i

r2o � r2i

Bending Stress rbð Þ ¼ 32Mmax

p d4ce � d4ci

.
dce

� � Radial stress rrð Þ ¼ pir
2
i

r2o � r2i
1� r2o

r2i

� 	

ð20Þ

3 Results and Discussion

Figures 4 and 5 shows the theoretical results obtained for critical buckling load and
Maximum allowable stress in piston rod respectively over the range of slenderness
ratio (SR) 19 to 202.33. In this case, the length of piston rod varies from 0.057 m to
0.607 m with the step of 0.01. Figure 4 indicates that variation in the value of
critical buckling load for the SR 19 to 45 is very less and after SR 45 its value
decreases continuously.

Similarly, for corresponding values of stress in piston rod shown in Fig. 5 over
SR 19 to 45 are constant approximately equal to yield point of the material and after
SR 45 stresses in the piston rod are less than the yield point of the material. For SR
19 to 45, the stress due to the critical buckling load estimated by Eq. 10 exceeds the
yield point of the material. To make it safe from failure, the algorithm is followed
(as mentioned in Appendix) that gives the constant stress equal to yield stress of the
material by limiting the buckling load up to SR 45.

Hydraulic cylinder of SR 19 with the mentioned dimensions in Table 1 has been
modeled for the Finite Element Analysis as shown in Fig. 6. The load has been
applied at the piston rod end and the Von-Mises stress of the hydraulic cylinder has
been obtained. The Von-Mises stress obtained by the simulation differs by
approximately 7% to that of theoretical results obtained. Further, it reports maxi-
mum stress in piston rod which again proves the piston rod to be a critical element.
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Figure 7 shows the Normalized Von-Mises Stress in a cylinder tube generated
due to internal pressure developed inside the cylinder tube for the SR of the cylinder
tube varying from 11 to 65. Normalized Von-Mises stress in the cylinder tube up to

Fig. 4 Critical buckling load versus SR

Fig. 5 Maximum allowable stress in piston rod
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Fig. 6 Finite element simulation results

Fig. 7 Stress condition of cylinder tube
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SR 19 is slightly more than unity i.e. up to the SR 19 of the cylinder tube,
Von-Mises stress generated due to internal pressure is slightly greater than the yield
stress of the cylinder tube material. After that as the stresses in the cylinder tube are
below the yield point of the material. The yielding of the cylinder tube has been
found for the lower SR up to 19. Table 2 summarizes the theoretical results
obtained for the various slenderness ratio of the piston rod and cylinder tube. It is
obvious that slender columns sustain lower compressive load in buckling. In the
present analysis, it is confirmed that as slenderness ratio increases the critical
buckling load decreases rapidly after SR 45.

4 Conclusions

In this study, theoretical estimation of critical buckling load of the pin-mounted
hydraulic cylinder has been focused. The loading capacity degrades rapidly as
slenderness ratio increases. The stresses induced are compressive in piston rod
whereas tensile in a cylinder tube. Hence, cylinder tube fails only in yielding. The
current research work will help in designing the hydraulic cylinder in various
applications such as designing cylinders for heavy machinery and earth moving
equipment etc. The outcomes of this work lead to the safe design of hydraulic
cylinders used in Industries that determines more realistic failure load taking into
consideration the material failure. According to the application, various factors like
end friction, misalignment arising because of the wear rings can also be considered.
The inclusion of such effects leads to the generation of the moment at the piston and
cylinder tube junction.
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Table 2 Theoretical observation for different SR of the piston rod

Slenderness
ratio of
piston rod

Maximum
allowable
load (N)

Maximum
stress in piston
rod (MPa)

Slenderness
ratio of
Cylinder tube

Normalized
Von-Mises Stress in
cylinder tube

19 40694 360 11.32 1.0236

45.67 40660 360 19.20 1.0227

69 18956 168.56 26.10 0.4768

102.33 8918 80.74 35.95 0.2243

169 3368 34.52 55.65 0.0847

202.33 2368 27.59 65.50 0.0595
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Kinematic Analysis of Bionic Vibratory
Tillage Subsoiler

N. R. N. V. Gowripathi Rao, Himanshu Chaudhary
and Ajay Kumar Sharma

Abstract The paper presents the kinematic analysis of bionic vibratory subsoiler
used for agricultural tillage operation. Bionics is the study of the mechanical sys-
tems that function like living organisms or parts of the living organisms. Studies
have reported that application of bionics in design procedure improves the working
system efficiency. A crank-rocker mechanism is selected from the available liter-
ature for vibratory tillage operation in banana cultivation. The required trajectory of
the crank-rocker mechanism for bionic vibratory subsoiler is examined through
kinematic analysis. Velocity and acceleration required for the tillage tool operation
are identified through kinematic analysis.

Keywords Vibratory tillage � Kinematics � Bionic tillage

1 Introduction

Agricultural tillage operations play an important role in crop growth. It results in the
good tilth of the soil. Tillage is classified into two types primary and secondary
tillage. The primary tillage aims to initially plough the land up to a depth of
20–25 cm. Secondary tillage is done once the primary operation is completed for
better soil pulverization. The depth of secondary tillage operation is usually around
10–15 cm. There are different tillage implements available for these operations such
as mould board plough, disc plough, cultivator, etc., as shown in Fig. 1. But among
them, subsoiler is an important vertical tillage tool implement designed to minimize
soil surface disturbance without soil inversion. It promotes aeration, increases water
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holding capacity, and improves root growth. Soil tillage devices nowadays are
developing to meet the challenges of better utilization of the power and draft of the
prime mower [1, 2].

Different applications are being used for the effective use of power in tillage
operations. Among them, bionics is one of the area for solving engineering prob-
lems which uses the biological principles in design [3–5]. Some studies have
reported that bionic design can improve the efficiency of tillage tool while operating
in the soil. Thus the application of vibration in bionic design is one of the emerging
area in agricultural mechanization [6].

Bionics is to mimic the living organisms and design a mechanical system for the
required machines. A similar study is reported for design and development of
vibratory subsoiler for banana cultivation. More work is reported on the application
of bionics in subsoiler [5]. A study reported that subsoiling is an important tillage
operation in conservation tillage and based on the application of biomimetics
principle a cutting soil edge is designed and developed using the exponential
function. Comparative experiments using two different types of subsoiler—one
curve and another parabola-shaped were conducted. Results indicated that the
cutting soil edge of shaft with exponential function curve structure has remarkable
anti-drag property [7]. Another study reported the design and development of
vibratory mechanism for banana cultivation using bionics principle. Experimental
validation is performed for the designed bionic vibratory subsoiler. A significant
reduction of draft force is reported [6]. Some studies on design of cutting blades
using bionics is reported in the literature [8]. Performance study on effect of

Fig. 1 Different types of primary and secondary tillage equipments
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biomimetics surface designs on furrow openers is also reported. Tool force and
cutting power is increased with depth and speed, but cutting efficiency increased
[4]. Thus the literature concludes that application of bionics can improve the design
and effectiveness of the tillage tools.

The paper aims to carry out the kinematic analysis and to examine the required
trajectory obtained through the vibratory mechanism in the literature [6], developed
for the tillage operation in banana cultivation through MSC ADAMS. Velocity and
acceleration required for tillage tool for operation are also identified through
velocity and acceleration analysis in MATLAB.

2 Kinematic Diagram of the Vibratory Bionic Subsoiler

The literature suggests that vibratory subsoiler shown in Fig. 2 is used due to the
reduction in draft force and increased power consumption. In the mechanism of
literature [6], the vibrators are coupled with the frame through pin connection and
connected with the gearbox and shank at the end. The principle of vibrating sub-
soiler in the literature [6], power is transmitted through the (PTO) power take-off
shaft with the universal joint attached. PTO speed reduction takes place through the
gearbox connected. The mechanism is provided motion through eccentric shaft
attached to the crank. The vibratory mechanism is a crank-rocker and converts the
rotating power of the crank into reciprocating motion of the rocker. Thus in this

Fig. 2 1. Frame 2. Suspension bracket 3. Gear box 4. Vibrator 5. Coulter 6. Grass breaker 7.
Shank 8. Gauge wheel 9. Press wheel (Source [6])
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way, the shank attached gains the vibrating action. Kinematic diagram of vibratory
bionic subsoiler is shown in Fig. 3.

3 Materials and Methods

The analysis is done with the computer software MSC Adams, and it is one of the
most widely used multi-function computing software. It helps in analysis of the
proposed mechanical systems regarding dynamics, kinematic, and static analysis [9,
10]. Simulation of the mechanism can be carried out with the help of this simulation
software. Therefore the following analysis method is chosen which can help to
optimize and improve the system.

3.1 Model of the Vibratory Mechanism

The vibratory tillage mechanism [6] works on the principle of converting rotational
motion of the power take-off shaft into the oscillatory motion. Figure 4 shows the
kinematic diagram of the mechanism. Link 1 is the frame which is fixed one. Link
O1A is crank which is given angular motion. Member AB is connected to the
rocker O2B which is shown in Fig. 2.

3.2 Design of Elements Study

Compilation of the Model in MSC Adams

MSC Adams model of the crank-rocker mechanism consists of the several steps
which are described further. The final assembled model will be ready to simulate
the movement of the mechanism to be analyzed. The welcome window of the
Adams which consist of the following option is shown in Fig. 5

Fig. 3 Kinematic diagram of vibratory bionic subsoiler of literature [6]
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Creating Bodies in the MSC Adams

The mechanism is rendered in the plane by marking essential key points called as
design points. The next step is to insert the members of the crank-rocker mecha-
nism. Tool box to insert the solid body called rigid body link is available in the
software. For the solid body (Link) a table of parameters is shown up to enter the
width and thickness of the given member numerically. If we click left, then we
place the member connecting the first and the second design point and so on.
Inserting the individual members of the mechanism is shown in Fig. 6.

Fig. 4 Kinematic diagram of
vibratory mechanism [6]

Fig. 5 Creating Model in
MSC ADAMS
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Determining the Links

The members of the mechanism are defined for their respective joints for necessary
moment. The relative position of the two bodies is defined by this joints. There are
revolute joints between members of the mechanism. To create them a command

Fig. 6 Creating bodies

Fig. 7 Defining the joints between the member

Fig. 8 Four-bar mechanism in MSC ADAMS
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window as shown in Fig. 7 called as connectors are used in MSC Adams. By
selecting properly bodies and marker point a revolute joint can be placed between
the links.

Figure 8 clearly shows the four-bar mechanism in MSC ADAMS interface. The
mechanism is explained in Sect. 3.1.

Defining the Motion

The kinematic analysis of the mechanism can be performed by providing movement
as shown in Fig. 9. This can be achieved by defining joint motion by ensuring the
rotation of the driven member and consequent movement to the whole mechanism.
Thus to do this, we select motions from the toolbox command in the main window.
Then we select the rotational joint motion and set kinematic parameters rotation
speed as 30 rad/sec. Thus left-click places the motion to the required design point
that is the first revolute joint in this case as shown in Fig. 7.

Verification of the Model

After completing the model, it is ready for the simulation and kinematic analysis as
shown in Fig. 10. This can be done with the help of simulation option in the toolbox.
By clicking on the “start/pause animation” icon, we get the animation for the
mechanism depending on the inputs provided in MSC Adams as shown in Fig. 7.

Fig. 9 Defining the motion of the crank in the four mechanism

Fig. 10 Interactive simulation tool box
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4 Results and Discussions

The required velocity and acceleration for the tillage tool are determined through
MSC Adams software. The trajectory is observed to be a sinusoidal path; it follows
two and fro motion. Figure 11 shows the tool path in Adams. The plot of omega
(3, 4) versus crank angle is shown in Fig. 12, omega (3, 4) are the angular velocities
of the coupler and rocker end. It is observed that maximum angular velocity for the
tillage cutting tool at the rocker end (omega4) is observed to be 3 rad/sec and crank

Fig. 11 MSC Adams model

Fig. 12 Crank angle versus ang. velocity, Crank angle versus ang. acceleration
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angle is 1250. The cutting tool is attached at the rocker end. From the Fig. 12
acceleration is observed to be 170 rad/sec2 with crank angle 500.

5 Conclusion

The following study concluded that bionics and application of vibrations in soil
tillage operation enables proper utilization of energy. The literature also suggests
that draft requirement is comparatively less in vibratory tillage as compared to rigid
tillage. Velocity and acceleration required by the link are identified. Thus there is a
huge potential and scope for bionics in the design of vibratory tillage equipment in
Indian agriculture which can improve the performance of the tillage operations and
increase the wellness of the farmers.

Acknowledgements Ph.D. scholarship granted by MHRD, Government of India to the first
author is highly acknowledged.
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Investigating Inlet Pipe Configuration
of Muffler to Study the Performance
Using CAE Modeling and Simulation

Eldhose James and Shubham Sharma

Abstract Mufflers are one of the integral components of the exhaust system of an
automobile. Their main application is to attenuate the noise level caused by the
exhaust gases coming from the combustion chamber. Designing and manufacturing
of a muffler of our desire used to be a very long process of hit-and-trial method
which would then be dragged by a number of tests. Due to environmental regu-
lations, companies use reliable methods for modeling and testing of mufflers.
Recent advancements in emission studies have made designing and testing a muffler
numerically a convenient approach. This paper will deal with the experiments to
study the performance of the muffler at the early stages of design. This study will
deal with the outcome of different inlet pipe diameters and how that affects different
parameters like transmission loss, acoustic pressure, and sound pressure.

Keywords Muffler � Acoustic pressure � Sound pressure � Transmission loss

1 Introduction

As the increase in demand for passenger cars in many countries is happening, the
automobile industry is confronting many challenges from the pollution control
board on noise pollution. Automobiles play one of the major parts in developing of
any country, which makes transportation easier [1]. Though automobiles are a boon
to the country because it provides a better way of transportation, it has a big
negative effect on humans, because it causes environmental noise pollution.
Automobile engines are the major reason for traffic noise pollution. This is why
mufflers are vital to decrease the engine noise before it reaches the atmosphere. The
muffler is an automotive component which is used to dampen the sound made in the
exhaust of an engine or an internal combustion engine [2]. A drop-in pressure
occurs inside the muffler. In an exhaust system, the muffler is placed after the
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catalytic converter and is the final automotive part in the exhaust system. The only
job of an automobile muffler is to dampen the noise emission from the engine. A car
without a muffler will have an admiration for the substantial difference in noise
level a car with a muffler has. If automobiles run without a muffler, then an
intolerable amount of exhaust noise will come from our cars and into the envi-
ronment [3].

The pressure wave generated by pulses of interchanging high and low-pressure
air is called sound. In an automobile engine, when the exhaust valve continuously
opens, it allows high-pressure gas to enter the exhaust system, pressure waves are
formed during this time. These pressure pulses are the reason for the sound coming
from the engine. With the increase in the engine rpm the pressure fluctuations
increase and because of this, the sound emitted is of a higher frequency. The
variation in the ambient pressure is defined as back pressure and is caused because
of the change in stagnation pressure through the various perforated elements and the
immediate area discontinuities [4]. Back pressure and engine performance are
directly related to each other. With the increase in back pressure, there is a sig-
nificant reduction in thermodynamic efficiency and also the net power available [5].

Mufflers can be classified into two types

• Reactive muffler
• Absorptive muffler

A muffler which combines the properties of both reactive and absorptive type
muffler is called as a hybrid muffler. This type of muffler is found commonly in
most of the automobiles.

1.1 Reactive Muffler

The reactive muffler is also called as the reflective muffler, it uses the occurrence of
destructive interference to dampen noise. Which means, that they are designed in
such a way that the sound wave produced by an engine partially cancel itself out in
the muffler. For total destructive interference to occur, a reflected wave of the
pressure of equal amplitude which is out of phase by 180 degrees, needs to collide
with the pressure wave that is being transmitted. Reflections happen when a change
in area discontinuity or geometry occurs [6]. The outlet and inlet pipes are normally
offset and have small holes that permit sound pulses to spread out in various
directions inside a chamber which would result in destructive interference.

Reflective mufflers are extensively applied in the automobile exhaust system in
which the exhaust gas flows and noise emission varies with time. They have the
function of reducing noise at different frequencies because of the multiple chamber
and difference in geometry that the exhaust gases are made to go through the
muffler (Fig. 1).
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1.2 Absorptive Muffler

An absorptive muffler is also called as a dissipative muffler, it works on the prin-
ciple of absorption to decrease the energy of sound. The energy of the sound waves
is converted into heat in the absorptive material and thus diminished. A commonly
used dissipative muffler is made up of a straight, circular and perforated pipe that is
enclosed in larger steel covering. There is a coating of sound absorbing material
between the casing and the perforated pipe that attracts some of the pressure pulses
[7] (Fig. 2).

2 Material and Method

To find out the transmission loss, an equipment is used which works on the prin-
ciple of Decomposition Theory [8] (Fig. 3).

The sound pressure is decomposed into two spectra’s, the incident and reflected,
SAA and SBB. Two sets of microphones are placed in the setup, one set which has
two microphones is placed before the muffler and the third one after the muffler, this
setup measures the transmission loss by comparing the difference in noise level
between the two sets of microphones [9].

The equation used to measure the acoustic pressure p is a modified form of the
Helmholtz equation

Fig. 1 Reactive muffler
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r: �rp
q

� �
� x2p

c2p
¼ 0 ð1Þ

where x is angular frequency, c is sound of speed, and q is the density of material.
The equation used for transmission loss is

TL ¼ 10Log
Pin

Pout

� �
ð2Þ

Fig. 2 Absorptive muffler

Fig. 3 Experimental setup of decomposition theory
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TL is transmission loss, Pin and Pout denotes the sound power level at the inlet
and outlet of the muffler.

3 Simulation

3.1 Parameters Used for the Model

See Table 1.

3.2 Meshing the Model

For this experiment we have taken two mufflers identical to each other in all ways
except the inlet diameter, one model has a diameter of 35 mm and the other one has
a diameter of 45 mm (Fig. 4).

These two designs are simulated on Comsol software and then compared to each
other for different characteristics such as absolute pressure level, sound pressure
level, acoustic pressure, and transmission loss at different frequencies. Depending
on the result we will know the effect of inlet pipe diameter on the noise canceling
property of the muffler.

Table 1 Parameters

Name Value (mm) Description

L 600 Muffler length

H 150 Muffler height

W 300 Muffler width

L_io 150 Inlet and outlet length

D 15 Liner thickness

Fig. 4 Muffler with 35 mm (left) and 45 mm (right) inlet pipe
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3.3 Transmission Loss Methodology for Comsol

See Fig. 5.

4 Result and Discussions

Figure 6 shows the absolute pressure for the two models, for a frequency of
1500 Hz it can be seen that for the 35 mm inlet pipe model, the value is 1.52 Pa
and 1.37 Pa for the 45 mm model.

Generate the
geometry

inside comsol

Generate the
volume mesh

inside
Comsol

Select
accosu c
inlet and
outlet

Solve
Helmoltz
equa on

Get
Transmission

Loss

Fig. 5 Methodology for acquiring transmission loss in COMSOL

Fig. 6 Absolute Pressure Level for 35 mm (left) and 45 mm (right)
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Figure 7 shows the Sound Pressure for the two models at a frequency of
1500 Hz. It is 95 dB for the 35 mm model and 90 dB for the 45 mm model.

Figure 8 shows the Acoustic Pressure on the surface of the muffler at a fre-
quency of 1250 Hz. It is 0.6 Pa for the 35 mm model and 0.8 Pa for the 45 mm
model.

Figures 9 and 10 show graphs between transmission loss and frequency for the
two models. From the figures, we can see that for the 35 mm model the maximum
transmission loss is 23 dB and for that of the 45 mm model, it is 24 dB.

Fig. 7 Sound Pressure Level for 35 mm (left) and 45 mm (right)

Fig. 8 Total Acoustic Pressure Field for 35 mm (left) and 45 mm (right)
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Fig. 9 Transmission Loss for 35 mm model

Fig. 10 Transmission Loss for 45 mm model
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5 Conclusion

We can clearly see that the transmission loss for the 45 mm model is greater than
the 35 mm model. With this, we can come to the conclusion that as we increase the
size of the inlet pipe, maximum transmission loss is also acquired. Thus, for better
transmission loss the diameter of the inlet pipe of the muffler can be increased to
make the muffler more efficient (Fig. 11).

For citations of references, we prefer the use of square brackets and consecutive
numbers. Citations using labels or the author/year convention are also acceptable.
The following bibliography provides a sample reference list with entries for journal
articles [1], an LNCS chapter [2], a book [3], proceedings without editors [4], as
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Performance Enhancement
of an All-Terrain Vehicle by Optimizing
Steering, Powertrain and Brakes

Anubhav Kumar Sinha, Ayush Sengupta, Himank Gandhi,
Piyush Bansal, Krishna Mohan Agarwal, Sanjeev Kumar Sharma,
Rakesh Chandmal Sharma and Sunil Kumar Sharma

Abstract All-Terrain Vehicle is an off-road vehicle which can withstand harsh
terrains. The steering system, transmission system, and brakes are one of the
integral parts of the buggy which is responsible for providing directional stability
and power transmission, respectively. This paper focuses on the weight optimiza-
tion and performance enhancement of the buggy by making alterations in the
steering and transmission system of the vehicle. In the steering system, alternate
material was used and in the transmission system, forward and reverse gearbox was
replaced with continuously variable transmission and chain sprocket arrangement.
A mathematical model was developed and compared with the result obtained from
ADAMS/CAR. The decisions were made keeping in mind the safety, drivability,
reliability, maneuverability, manufacturability, and performance aspects of the
vehicle.

Keywords Steering � Chain sprocket � CVT � Brakes � Weight optimization �
Adams

1 Introduction

An All-Terrain Vehicle (ATV) is defined by the American National Standards
Institute (ANSI) as a vehicle that travels on low-pressure tires, with a seat that is
straddled by the operator, along with handlebars for steering control which can
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withstand harsh terrains. This paper provides detailed insight regarding the steering,
powertrain, and brakes of the ATV. The vehicle is designed in a way to keep the
cost minimum, with no compromise on driver safety, ergonomics, and durability of
the vehicle providing the thrill factor. The design is such that it can sustain in all
weather conditions and must be mobile in rough terrain. A special emphasis has
been put on weight reduction [1–20].

The design of the various components and assembly of the vehicle has been
done using SolidWorks. It was made sure that the vehicle’s weight is kept as light
as possible, along with adequate strength and rigidity. The design is highly based on
dynamic analysis of components and stress analysis to still ensure safety under the
unwanted situation when there is an existence of impact forces. It is made sure, that
the fabrication is easy, and affordable [21–29].

2 Steering

Steering works as a guiding mechanism which is used by the driver to follow a
desired course. In this buggy, rack-and-pinion (manual steering system) assembly
has been used [30, 31]. The vehicle has under steer, for which negative camber and
damper stiffness have been provided. Though written data shows under steer, it has
been rectified. Rack is connected with the tie rods directly of length 15.09 inch
using appropriate connectors. The steering ratio is 7:1. The steering angles are:
25.56° (outside wheel) and 40° (inside wheel). The two angles are found with the
help of MSC Adams. Table 1 shows the steering assembly specifications.

Most of the components are custom-made, with the exception of steering wheel,
dampers, and rack-and-pinion assembly. Knuckle is to be directly connected to the
wheels and made of aluminum because of lightweight, heat resistance, and in case
of dynamic loading, fractures will not take place. Tie rods are to be manufactured of
stainless steel as it provides high strength (Fig. 1).

Table 1 Steering assembly
specifications

Rack length 14 inch

Lock to lock 3 turns

Rack travel 4.25 inch

Steering angle 40(in), 25.56(out)

IBJ center distance 7 inch

OBJ center distance 22.09 inch

Turn lock to lock 0.778

Steering wheel diameter 13 inch

Turning radius 2.619 m

Ackerman percentage 50.40%
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3 Powertrain

For the buggy, the following changes are shown in Table 2.

3.1 Engine

The engine considered is having Max power = 10 HP and Max Torque = 19.6
Nm@2600 rpm. By comparing the two, we have decided to go for CVT as our
transmission because of the wide range of gear ratios and are easier to drive. As the
terrain is tough the driver will have to change the gears very frequently to tackle the
track, using a CVT removes that hassle and the driver is more focused on the track
rather than just shifting to the correct gear.

3.2 Gear Reduction

To give the car the initial lift, an additional reduction is introduced which wil ladd
to the acceleration. For that part, we are using a chain sprocket reduction as because
it is easy to maintain, the ratios can be changed, during testing, if it is not suitable,
more suitable according to the rear end of our buggy.

Fig. 1 Characteristic of wheel motion with rack movement per unit time

Table 2 The types of equipment change in ATV

Type Manual Automatic – CVT

Manufacturer Mahindra, Mahindra Alfa gearbox Cv Tech

Gear ratios First 31.45:1; Second 18.70:1; Third 11.40:1;
Fourth 7.35:1; Reverse 55.08:1

Low Ratio 3:1; High
Ratio.43:1
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Also, since we are using CVT for the first time, a chain and sprocket are more
feasible than a reduction through spur gears. First, we found the resistances with
respect to ground that the buggy needs to overcome. The reduction required comes
out to be 14:1. Moving on to the reduction design, since the ratio is high the
reduction is completed in two steps where, it includes four sprockets and two roller
chains. Sprocket N1 would be in axis with the output of the CVT and connected to
sprocket N2 using a roller chain. Sprocket N3 would be in a compound with N2 and
it would further be connected to N4, using a roller chain, onto the final drive.
Referring to the sprocket manufacturers manual, the appropriate service factor was
chosen for using a single strand sprocket with hub on both side sides considered
that the car would travel at an avg. of 2600 rpm (for max torque). The variation in
Tractive force is shown in Table 3. N1 = 23 teeth, N2 = 70 teeth, N3 = 17 teeth,
N4 = 68 teeth, because of the design constraint the second reduction is carried out
using smaller sprockets. The CVT is tuned to achieve a low ratio of 0.5:1 so that
speed does not exceed above 60 kmph. Table 4 give the variation of speed and
acceleration with respect to RPM.

Table 3 Tractive forces with respect RPM variations

RPM CVT
ratio

Total gear
ratio

Torque
output

Torque on
wheels

Tractive
force

(engine) N-m N-m N

2000 3 42 18.4 772.8 2883.58

2200 2.68 37.52 18.5 694.12 2590

2400 2.36 33.04 18.8 621.152 2317.73

2600 2.04 28.56 19.2 548.352 2046.08

2800 1.72 24.08 18.8 452.704 1689.19

3000 1.4 19.6 18.5 362.6 1352.98

3200 1.08 15.12 18.4 278.208 1038.08

3400 0.76 10.64 18.1 192.584 718.597

3600 0.5 7 17.7 123.9 462.313

Table 4 Tractive forces with
respect RPM variations

RPM Speed Speed Acceleration

m/s kmph m/s2

2000 1.33 4.81 9.84

2200 1.64 5.92 8.83

2400 2.03 7.33 7.91

2600 2.55 9.19 6.98

2800 3.26 11.74 5.76

3000 4.29 15.46 4.61

3200 5.93 21.38 3.54

3400 8.96 32.28 2.45

3600 14.43 51.95 1.57
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3.3 Gear Torque Calculations

The gear torque calculations have been done to find the output torque provided by
the engine at the wheels. The calculated amount of the torque is less than the rated
torque of the engine which implies that the four sprocket arrangement will provide
ample gear reductions to drive the vehicle. The rotational torque (Tr) can be cal-
culated as

Rotational torque, Tr = µW cos ar
a = 30°; Tire size = 22” = 0.279 m = 279.4 mm
Tr = 0.3*293*9.81*cos 30*(0.1359) = 104.17 N-mm2

Mass moment of inertia, I = ½r2 W = ½*293*9.81*(0.279)2 = 11.18 N-m2

V = rx , 16.66 = 0.2794 x; ɯ = 59.62 rad/s; / = x/t = 59.62/20 = 2.981 rad/s2

Ia = 11.18*2.981 = 33.32 N-mm.

Gear torque, Tg = Tr + I*a; Tg = 104.17 + 33.32 = 137.49
Since, x = 2pN; N = x/2 p = 9.49/s or 569.6 rpm;

Load power, HP = 2pNT = 7.32 HP
Therefore, Tg > Tr.

4 Brakes

The brakes were designed such that the vehicle stops in the least time and distance.
Brakes are the most important of components, when it comes to the safety of the
driver. Dual piston floating caliper would be used in our vehicle. This is primarily
because it is effective with fewer prices, and even light-weighted [32–42]. Table 5
gives the braking specification [43–48].

Table 5 Braking specifications

Braking circuit Specification

Brake master cylinder bore size 15.875 mm

Brake calliper cylinder (Bore size � No’s) 25.4 mm; 2 cylinder per calliper;

Area = 1012.9012 mm2

Coefficient of friction 0.4

Weight transfer at 40 kmph to 0 kmph 452.219 N/m

Static rolling radius for tyre 0.285 m

Brake torque required per wheel Front = 214.454 Nm;

Rear = 169.426 Nm

Force required by caliper cylinder 6330.643 N

Stopping distance at 45 kmph 8.124 m

Pedal force 150 N

Pedal travel 3.038 inch
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We have opted for Tandem Master Cylinder (TMC), the reason being that if a
failure occurs in any of the linings, the remaining will still work and braking failure
will be prevented. X-split arrangement would be used in our buggy. This is again
because of the safety factor and if any of the brakes fail, the others would still work
and bring the vehicle to halt. DOT 3 fluid is to be used in the brakes. It is a
polyethylene glycol-based fluid and is commonly used in passenger vehicles. Its dry
boiling point (205 °C) and wet boiling point (140 °C) is high and hence does not
absorb moisture easily. It withstands high temperatures without getting boiled. SS
410 will be used as brake disc. The reason being that it has very favorable
mechanical properties including high corrosion resistance and high strength.

5 Conclusion

After taking the design and calculation of the respective departments, the fabrica-
tion of an ATV was carried out and better results were achieved in all the
departments, i.e., steering, transmission, and brakes department (Table 6).

A better arrangement for the steering mechanism has been installed, thus
improving the steering ratio of the vehicle and the SS for the steering column and
aluminum for the rack-and-pinion has reduced the weight as well as given better
results for the same. Similarly, CVT has been preferred over manual transmission as
it proves out to be over efficient over rough terrain. In the brakes department,
comparatively smaller discs have been used thus contributing to the weight issues
and size constraint of the buggy, also improving the stopping distance of the
vehicle.

Table 6 Vehicle comparison Specification mBaja 2016 mBaja 2018

Width 61” 61”

Length 74” 82”

Height 48” 55”

Track width F 49” R 54” F 54” R 54”

Wheel base 68” 60”

Tyre size F 23” R 23” F 22” R 22”

Max speed 52 kmph 60 kmph

Max acceleration 3.8 m/s2 9.84157 m/s2

Gradeability 42.5% 60.32%

Transmission Mahindra Alfa CVTech CVT

Kerb weight 296 kg 155 kg

Stopping distance 9.5 m 6.5516 m

Steering 14:1 rack and pin 7:1 rack and pin
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Mechanical and Tribological Behaviour
of Al-ZrO2 Composites: A Review

Aasiya Parveen, Nathi Ram Chauhan and Mohd Suhaib

Abstract Aluminium metal matrix composites (AMCs) reinforced with hard
ceramics are highly demanded composites which have the potential of fulfilling the
current demands of advanced industrial applications due to its light weight and high
strength properties. This paper attempts to review the various properties (mi-
crostructural, physical, mechanical and tribological) of the Al-ZrO2 reinforced
composites. The microstructural results obtained by the many researchers showed
the uniform distribution of the reinforcement particles within the matrix and good
bonding between them. The physical and mechanical behaviour of the composites
enhances with the increment in the weight content of the ZrO2 particles. It has been
observed from the literature that the tribological properties also improved with the
addition of the ZrO2 particles within the Al matrix.

Keywords Aluminum metal matrix composites (AMCs) � Microstructural �
Mechanical � Tribological

1 Introduction

Due to the advancement in the field of engineering, there is a huge requirement of
metal matrix composites (MMCs) for the manufacturing of various structures that
needs high strength to weight ratio [1, 2]. MMCs reinforced with the ceramic
particles have the excellent properties by combining the properties of both matrix
metal (low density and high ductility) and ceramics (high strength and high mod-
ulus) to achieve these applications [3, 4]. Al, Mg, Ti and its alloys are the com-
monly used matrices which are used as the base metals for the development of the
MMC [5]. Other metallic alloys of Zn, Cu can also be used as the base metal
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matrices [6, 7]. Moreover, these AMCs have superior properties compared to other
composites and thus are the most widely used MMCs in the various field such as
automobiles, aircraft, etc. [8]. The properties like density, strength, stiffness and
coefficient of thermal expansion are all appropriate for the use in the manufacturing
of different structures [9]. AMC has improved tribological properties as compared
to the conventional alloys [10]. Further, the type, compositions of the reinforcement
and methods of fabrication are some of the major factors that do affects the prop-
erties of the MMCs [11–13]. Fibres and particulates type of the reinforcement are
widely used in the development of the reinforcement [14]. MMC can be fabricated
either by the solid-state method or liquid-state method [15]. Mostly, MMCs are
fabricated by the powder metallurgy and stir casting method [16]. MMCs fabricated
by the powder metallurgy method reported the more uniform distribution of the
reinforcement with the matrix [17, 18]. During the stir casting process, it is difficult
to achieve the uniform distribution of the reinforcement with the matrix and wet-
tability in the liquid melt without the coatings of the reinforcement [19, 20]. The
most commonly used ceramic reinforcements within the Al matrix are SiC, Al2O3,
B4C, ZrO2, etc. [21, 22]. Zirconium dioxide (also called Zirconia) is a white
crystalline ceramic material which has good mechanical properties. It has high
strength and toughness which enhances the mechanical properties of the compos-
ites. Due to biocompatibility and strength properties, zirconia ceramics are used in
the dentistry field to develop crowns and bridges. Apart from this, Zirconia also has
industrial applications such as engine components, high-speed cutting tools, high
resistant linings in furnaces [23, 24]. From the literature [25], it is reported that the
Alumina reinforced with yttria-stabilized zirconia (YSZ) composites have popular
applications in the dental field and as an electrolyte in the solid fuel oxide cells
(SOFC) [26, 27]. Zirconia in the alumina matrix reduces the brittleness and improve
the wear characteristics of the matrix [28].

This paper is aimed to review the effect of the reinforcement fraction, fabrication
process on the various properties (microstructural, physical, mechanical and tri-
bological) of the Al-ZrO2 reinforced composites, as experienced by the previous
researchers.

2 Literature Review

2.1 Microstructural Properties

Ramachandra et al. [29, 30] synthesized the nano- ZrO2 powder by the combustion
synthesis method and then fabricated the Al-ZrO2 composites with the different wt
% of the ZrO2 (1, 2, 3 and 4%) through the powder metallurgy method. From the
SEM images of the sintered compacts of the composites, as shown in Fig. 1, the
presence of the clusters of the n-ZrO2 within the matrix can be noticed. After
sintering, the matrix and reinforcement particles bonded strongly which results to
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minimize the porosity. Radhika et al. [31] prepared the Aluminium LM25- 10 wt%
ZrO2 composites by the stir casting method and upon examination of the
micro-structure Radhika et al., witnessed the homogeneous distribution of the
reinforced particles with the matrix. Further, the improved interfacial bonding
between the LM25 Al and ZrO2 has been also established by the SEM images.

Arif et al. [32] fabricated the Al-5% SiC + (0, 3, 6 and 9%) ZrO2 composites by
the powder metallurgy method and studied its microstructural behaviour. Figure 2

Fig. 1 SEM images of a 1% b 2% c 3% d 4% n-ZrO2 reinforced with Al [29, 30]

Fig. 2 XRD pattern of
Al-SiC/ZrO2 [32]
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showed the XRD (X-ray diffractometer) pattern of the composites. According to the
XRD pattern, the largest peak was observed of Aluminium. The presence of SiC
and ZrO2 with the matrix was also confirmed by the EDS (energy dispersive
spectrum) analysis as shown in Fig. 3

Patoliya et al. [33] fabricated the Al6061-based composites with different wt% of
ZrO2 (0, 2.5, 5 and 7.5%) by the stir casting method and observed the uniform
distribution and strong bonding between the reinforcement and matrix in the optical
micrographs. Bhaumik et al. [34] prepared the Al6063-based composite by rein-
forcing the 5 wt% of ZrO2 and 5 wt% of Al2O3 using the stir casting method. It is
confirmed from the XRD image that Al, Al2O3 and ZrO2 have the major peaks. The
minor peaks were observed for Ti9Al23, Al3Zr4 and Al3Zr. Madhushudhan et al.
[35] reinforced the Al7068 alloy with the different weight percentages of ZrO2 (0, 2,
4, 6 and 8) and produced the Al-based composites via the stir casting method. The
optical micrographs revealed the uniform distribution of the reinforcement within
the matrix and good interfacial bonding between them. The SEM images also
observed the homogeneous distribution and good bonding between them. The
presence of clustering is also observed which results to poor wettability of the
reinforcement particles. Azevedo et al. [36] studied the effect of the different
compaction pressure and sintering temperature on the microstructural properties of
the Al-ZrO2 composites prepared by the hot pressing method. The SEM images
confirmed that the intermetallics (Al3Zr) are formed at the high temperature
(1273 K) and compaction pressure (300 MPa) with the high wt% (20%) of the
ZrO2 in the composite samples. Malhotra et al. [37] fabricated the Al6061-10 wt%
fly ash composites with varying wt% of the ZrO2 (5, 10 wt%) by the stir casting
method and observed the uniform distribution of the reinforcement particles within
the matrix. Ahmed et al. [38] produced the Al-ZrO2 composites with different wt%
(10, 15 and 20) by the stir casting method. The SEM images revealed the uniform

Fig. 3 EDS pattern of Al-SiC/ZrO2 [32]
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distribution of the reinforcement particles within the matrix. Pandiyarajan et al. [39]
studied the microstructural properties of the Al6061- ZrO2 (2, 4, 6, 8 and 10 wt%)
composites produced by the stir casting method. From the microstructural studies, it
was concluded that the reinforcement particles were uniformly distributed within
the matrix and reduction in the clustering of the particles. Prasad et al. [40] fab-
ricated the Al LM24 alloy composite by reinforcing the ZrO2 with different volume
% (1, 2 and 3%) through the vortex method and studied the microstructural
properties of the developed composites. The SEM images confirmed that the
reinforcement particles are distributed uniformly within the matrix alloy and the
XRD graph confirmed the presence of the reinforcement within the matrix.
Baghchesara et al. [41] investigated the effect of the three different casting tem-
peratures on the Al356-ZrO2 composites with different wt% (5, 10 and 15) and
revealed the uniform distribution of the reinforcement particles within the matrix at
the lowest value of casting temperature. The porosity level increases at the high
temperature which affects the mechanical properties of the composites. Kumar et al.
[42] studied the microstructural behaviour of the Al356.1/nano-ZrO2 composites
fabricated by the stir casting method with different wt% (2, 2.5, 3 and 3.5) of the
nano-ZrO2 particles. The XRD results confirmed the presence of the ZrO2 particles
within the matrix. The SEM revealed the uniform distribution of the ZrO2 particles
within the matrix and formation of clusters at the high wt% of the reinforcement.

2.2 Physical Properties

According to the study done by Arif et al. [32], it was revealed that the density, as
well as the porosity of the Al-SiC/ZrO2 composites, increased with the wt% of the
reinforcements which may be due to the accumulation of the reinforcements having
the high densities. Bhaumik et al. [34] calculated the actual and theoretical densities
of the Al/(Al2O3 + ZrO2) composites by the Archimedes principle and Rule of
mixture method. The actual and theoretical density of the composites observed as
2.71 g/cm3 and 2.89 g/cm3 respectively. Azevedo et al. [36] evaluated that the
sintering temperature has a significant effect on the density of the Al-ZrO2 com-
posites and observed that the density starts to decreases slightly with the rise in the
temperature from 1073 K to 1273 K which may be due to the formation of the
intermetallics results to deform the Al matrix and cause porosity.

Abdizadeh et al. [43] produced the A356-ZrO2 (5, 10 and 15 wt%) composites
by the stir casting method at three different casting temperatures (750, 850 and
950 °C) and studied the effect of the casting temperatures on the density of the
composites for varying wt% of the reinforcement (Fig. 4). At 750 °C, the density
increases with the wt% of the reinforcement. The density increases up to 10 wt% of
the reinforcement at 850 °C and 5 wt% of the reinforcement at 950 °C after that it
starts to decrease which may be due to the clustering and wettability of the rein-
forcement particles at high temperature.

Mechanical and Tribological Behaviour of Al-ZrO2 Composites … 221



2.3 Mechanical Properties

Hardness. Ramachandra et al. [29] calculated the Brinell hardness of the Al/
n-ZrO2 composites and observed that due to the enhanced weight percent of
n-ZrO2, the hardness of the composites improved. Arif et al. [32] evaluated the
Rockwell hardness of the Al-SiC/ZrO2 and revealed that the hardness of the Al
alloy was increased with the addition of 5 wt% of SiC which may be due to the high
hardness of the SiC. On further addition of the ZrO2 reinforcement in the Al-SiC
alloy, the hardness will further increase with the wt% of the reinforcements. The
uniform distribution of the reinforcements within the matrix and the higher hardness
of the reinforcements results in the enhancement of the hardness of the composites.
Due to the addition of the hard reinforcement into the matrix, the hardness of the
composites also enhances [33]. The Rockwell hardness number of the Al6061 alloy
increases from 20 to 26 with 7.5% wt content of ZrO2. Bhawmik et al. [34]
evaluated the Vickers hardness of the Al/5 wt% Al2O3/5 wt% ZrO2 composites and
found the value of 91.1 HV.

Madhusudhan et al. [35] evaluated the Vickers hardness of the Al-ZrO2 com-
posites and observed the direct variation in the hardness of the composites with the
different wt% of the reinforcements. The hardness of the Al7078 alloy increased
from 93.5 to 147.2 VHN with the 8 wt% of the ZrO2 as shown in Fig. 5.

Fig. 4 Variation of the
density of Al-ZrO2

composites for different
casting temperatures [43]
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Azevedo et al. [36] observed that hardness of the Al-20 wt% ZrO2 samples
prepared through cold pressing decreases as the cold pressures increases from
150 MPa to 300 MPa whereas its increases in case of the samples prepared through
hot pressing. Malhotra et al. [37] fabricated the Al6061-10 wt% fly ash composites
with different wt% of the ZrO2 (5, 10 wt%) by the stir casting method and cal-
culated the Vickers hardness of the composites. The hardness of the Al6061,
Al6061-(10% fly ash + 5% ZrO2) and Al6061-(10% fly ash + 10% ZrO2) was
observed 78, 83 and 94 VHN. It was concluded that the hardness of the composites
increased with the wt% of the reinforcement. According to Ahmed et al. [38], the
hardness of the Al-ZrO2 composites increases up to 15 wt% of the ZrO2. The
hardness of the composites starts to decrease on further increasing the wt% (20) of
the ZrO2. Pandiyarajan et al. [39] reported that the Rockwell hardness of the
Al6061-ZrO2 increases with the wt% of the reinforcement. This may be due to the
addition of the hard ceramic reinforcement which has high resistance behaviour
against the indentation. Prasad et al. [40] reported that the Brinell hardness of the Al
LM24- ZrO2 composites decreases with the addition of 2 vol.% of the reinforce-
ment after that it starts increases with further increment in the vol.% of the rein-
forcement. Prasad et al. [40] reported that the Brinell hardness of the Al LM24-
ZrO2 composites decreases with the addition of 2 vol.% of the reinforcement after
that it starts increases with further increment in the vol.% of the reinforcement.
Abdizadeh et al. [43] studied the effect of the casting temperatures on the hardness
of the A356-ZrO2 composites for varying wt% of the reinforcement. At 750 °C, the
hardness of the composites increases with the wt% of the reinforcement. The
hardness of the A356 alloy increases with 5 wt% addition of the reinforcement and
remained constant up to 10 wt% of the reinforcement at 850 °C. At high casting
temperature 950 °C, the hardness increases only for 5 wt% of the reinforcement
after that, it starts to decrease which may be due to the formation of defects at high
temperature. Sreeniwas Rao et al. [44] investigated the Brinell hardness of the
Al7075/n- ZrO2 composites fabricated by the stir casting method with the different
wt% of the ZrO2 (0, 5 and 10%). The author investigated the average value of the
three samples of each composition and found that the Al7075/n- ZrO2 composites
with 10 wt% of ZrO2 have the maximum hardness. The hardness of the composites
increases linearly with the wt% of the ZrO2.

Tensile Strength (UTS). Patoliya et al. [33] prepared the ASTM E8 specimens for
tensile testing for the Al6061 based composites with varying weight content of the
ZrO2. The tensile strength of the Al6061 alloy increased from 141 MPa to
156.5 MPa with the addition of the 7.5% wt content of the ZrO2. The elongation
rate decreased from 5% to 3.7% with the wt% of the reinforcement. According to
Bhawmik et al. [34], the tensile strength of the Al/5 wt% Al2O3/5 wt% ZrO2

composites was observed as 78.51 MPa which may be due to the brittle nature of
the ceramic reinforcements. Madhusudhan et al. [35] evaluated the tensile strength
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of the Al-ZrO2 composites and observed the direct variation in the strength of the
composites with the varying wt% of the reinforcements. The UTS of the Al7078
alloy increased from 142 to 163 MPa with the 8 wt% of the ZrO2. The elongation
rate decreases with the wt% of the reinforcement. It is observed to decrease from
3.1% to 0.73% for Al-8% ZrO2 as shown in Fig. 6.

Malhotra et al. [37] evaluated the tensile strength of the Al6061, Al6061-(10%
fly ash + 5% ZrO2) and Al6061-(10% fly ash + 10% ZrO2) as 233 MPa, 252 MPa
and 275 MPa. It was concluded that the tensile strength of the composites increased
with the wt% of the reinforcement. According to Ahmed et al. [38], the tensile
strength of the Al-ZrO2 composites increases up to 15 wt% of the ZrO2. The
strength of the composites starts to decrease on further increasing the wt% (20) of
the ZrO2. It was concluded from the study done by Pandiyarajan et al. [39], the
tensile strength of the Al60621-ZrO2 composites increases up to the addition of 6
wt% of the reinforcement and then starts to decrease on further increasing the wt%
of the reinforcement. Prasad et al. [40] reported that the tensile strength of the Al
LM24- ZrO2 composites increases up to 60% of the tensile strength of the pure
LM24 alloy. Abdzadeh et al. [43] observed that the tensile strength of the com-
posites increases with the wt% of the reinforcement at 750 °C. Due to the occur-
rence of the porosity at high temperatures (850 and 950 °C), the tensile strength of
the composites increases only up to 10 wt% of the reinforcement. Sreeniwas Rao
et al. [44] in his study, observed that the Al7075/n- ZrO2 composites with 5 wt% of
ZrO2 have the maximum value of the UTS of 135 MPa. The tensile strength of the
composites increases with up to 5 wt% of the reinforcement after that it reduced.

Fig. 6 Variation of tensile
strength a and elongation rate
b with the wt% of the
reinforcement [35]
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2.4 Tribological Properties

Ramachandra et al. [29] evaluated the dry sliding wear of the Al-n ZrO2 composites
using the pin-on-disc apparatus and observed that the wear rate decreases with
increasing the wt% of the reinforcement. The SEM micrographs confirmed the wear
mechanisms, i.e. oxidation, micro-cutting and thermal softening during the dry
sliding wear of the composites. Radhika et al. [31] evaluated the adhesive wear
property of the Aluminium LM25 based composites under the varying load, sliding
distance and sliding velocity conditions. On increasing the applied load from 15 N to
35 N, the wear rate also increases whereas it will decrease on increasing the sliding
distance from 500 m to 2000 m and sliding velocity from 1.5 m/s to 3.5 m/s. It is
confirmed by the ANOVA that the load (73.83%) has a significant effect on the wear
characteristics. The SEM also confirmed that the higher wear rate occurs at the high
load conditions. Arif et al. [32] investigated the wear loss of the Al-5% SiC for
varying wt% of the ZrO2 (3, 6 and 9%) using the pin-on-disc apparatus under the
different conditions, i.e. applied load, sliding distance and sliding velocity. The wear
loss of the aluminium hybrid composites increases with respect to the applied load,
sliding distance as well as the sliding velocity. The aluminium hybrid composite
with higher wt% of the ZrO2 (9%) has the lower value of wear loss which showed the
better wear characteristics. The same result was also confirmed by the SEM images
of the worn surfaces which may be due to the uniform distribution of the rein-
forcement with the matrix which restricts the presence of grooves. Pandayirajan et al.
[39] observed the variation of wear rate with the wt% of the reinforcements using the
pin-on-disc apparatus. The wear rate (kg/m) of the composites decreases with the wt
% of the reinforcement which may be due to the accumulation of the ceramic
reinforcement. The SEM images of the worn surfaces confirmed the presence of the
possible wear mechanism in the composites.

Kumar et al. [42] performed the pin-on-disc test on the Al356.1/nano-ZrO2

composites with different wt% (2, 2.5, 3, and 3.5) of the nano-ZrO2 particles under
different load, speed and time conditions. The wear rate of the composites increases
with respect to the load, speed as well as time. The Al356.1/3.5 wt% of the n-ZrO2

showed the superior wear resisting properties under all different conditions. Zhu H
et al. [45] investigated the tribological properties of the Al-C/ZrO2 composites
prepared by powder metallurgy method and studied the effect of the different molar
ratios of C/ZrO2 (0, 0.5 and 1) on the tribological properties under different tem-
perature (373 K and 473 K) conditions as shown in Fig. 7. The wear loss of the
composites increases with sliding velocity up to 0.6 m/s and then starts reduces
under 373 K temperature whereas, at 473 K temperature, it reduces linearly with the
sliding velocity. The wear properties enhanced with the molar ratios of the C/ZrO2.
The SEM images of the worn surfaces confirmed the adhesive, abrasive and oxi-
dation wear. Omidvar et al. [46] studied the effect of the particle size of the ZrO2

(4 lm and 40 nm) on the wear behaviour of the Al 1050-1 wt% ZrO2 composites
prepared by the accumulative roll bonding (ARB) process. The coefficient of friction
of Al 1050 alloy reduced from 0.69 to 0.57 for the Al1050-1 wt% ZrO2 composites

Mechanical and Tribological Behaviour of Al-ZrO2 Composites … 225



with a particle size of 4 lm. For the particles size of 40 nm, it again reduces to a
value of 0.42 which may be due to the enhancement in the bonding of reinforcement
and matrix with the particle size reduction which results to improve the wear
resisting properties. The SEM images of worn surfaces confirmed the adhesive wear
in both cases of particle sizes.

3 Conclusions

The review of the various properties of Al-ZrO2 composites gives a few conclu-
sions with respect to the influence of different parameters on the execution of the
composites.

Fig. 7 Variation of the mass
loss of Al-C/ZrO2 composites
with sliding velocity at the
test temperature a 373 K and
b 473 K [45]
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• First, the microstructural studies of the Al-ZrO2 composites fabricated by the
powder metallurgy method reported the more uniform distribution of the rein-
forcement with the matrix. During the stir casting process, it is difficult to
achieve the uniform distribution of the reinforcement with the matrix and
wettability in the liquid melt without the coatings of the reinforcement.

• The density of the composites increases with the weight fraction of the ZrO2

which may be due to the high density of the reinforcement.
• The addition of the hard ceramic and uniform distribution of the reinforcement

with the matrix also results to improve the mechanical and tribological prop-
erties. The hardness and tensile strength of the composites also increase with the
weight fraction of the reinforcement.

• It has also been observed from the literature that the accumulation of the ZrO2

particles into the matrix enhances the wear resistive properties and reduces the
coefficient of friction.

• There is a need to explore the research regarding the fatigue and fracture
behaviour of the Al/ZrO2 as it is the important parameter for the application of
marine and automobile fields.
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Design and Finite Element Simulation
of a Trailing Arm Suspension System

Praveen Kumar, Suman Emmanuel and N. Rajesh Mathivanan

Abstract The suspension system of a vehicle is responsible for absorbing the
vibrations during vehicle movement, thereby providing reliability and stability to
the vehicle. The components of the suspension system enable damping the vibra-
tions and avoid transmitting them to the frame. The major components of the
suspension system along with their loading conditions are discussed in this paper.
An attempt is made to analyze the structural behavior of the trailing arm of the
suspension using FEM simulation by meshing and strength analysis using ANSYS
analysis software. ANSYS static structural analysis module is used to verify the
stress developed in the automobile suspension system. The distribution of the load
on the trailing arm and the critical section are presented in this paper.

Keywords Suspension system � Trailing arm � FEM analysis

1 Introduction

Suspension system plays a vital role in an automobile by reducing the shock during
the ride and keeps the car in control. The suspension system functions to isolate the
chassis from rough terrain and provides vertical compliance; so that the wheel can
follow the irregular terrain [1]. Georg [2] pointed out that one of the main functions
of the suspension system is to maintain proper wheel alignment of the automobile.
A good suspension system safeguards the other mounted systems from wear,
damage and ultimately the vehicle itself, it contributes toward the vehicle’s han-
dling and braking, which provides the much-needed safety to the passengers [3].
Abhay et al. [4] emphasize that the suspension used in an automobile is a system
which mediates between the vehicle and the road interface and its functions are
associated with wide range of drivability such as handing ability, stability com-
fortability, etc. They also suggest that soaring performance on rough terrain is
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achievable using the multilink independent rear suspension configuration. The
trailing arm is a component of a rear multilink-independent suspension system. It
connects the knuckle and the frame, which influences the steering control and a
stable rear wheel position. The suspension links and the wheels contribute toward
the unsprung mass of the car and to experience a better ride quality, the unsprung
mass of the car should be as low as possible [5]. Aluminum alloys are widely
deployed in the transportation industry due to its relatively low density, on com-
parison with other metals [6]. The trailing arm is made of Aluminum 6082 and the
knuckle is made of Aluminum 6063–T6 as the density of Aluminum is a third as
that of steel and its low tensile properties on comparison to steel is compensated by
its strength to weight ratio [7].

The trailing arm and the knuckle is welded using TIG welding process. Muyiwa
and Paul pointed out that welding aluminum alloys can be problematic and welding
defects like hot cracking, incomplete fusion, and porosity may arise [8]. Chandra
and Vivekanand [9] indicated that the fracture in the specimen holder of a research
reactor made using Aluminum alloy had occurred in a brittle mode without any
gross plastic deformation at a location where the rod was welded. The reason for the
weld failure was due to the low melting temperature eutectics, which are rich in Si
and Fe and has led to weld cracking along the dendritic grains during solidification
of the welds. Godefroid et al. [10] investigated the cause of failure of a control arm
made of high strength and low alloy steel under the influence of fatigue loading.
They discovered that the fatigue cracking of the component occurred during the
application of standardized blocks of fatigue loading. In-depth analysis of the crack
revealed the presence of stress concentration which initiated fatigue cracks on the
weld bead. Variables like shielding gas flow rate, polarity of weld, welding speed,
arc voltage, selection of filler rod, determine the quality of the weld [11, 12].
Vertical force FZ is mainly responsible for the failure of rear suspension because
when the vertical forces on left and right wheel are not equal during driving, a
torque will be developed and exerted on the suspension component [13]. Emre et al.
[14] conducted static and dynamic roll behavior and stability dynamics improve-
ment based on increasing roll stiffness of the suspension system. They indicated that
Virtual simulation can guide the designers to reach optimum suspension parameters
for the vehicle.

Study on failures is common in automotive components like torsion beam,
suspension arms, etc., have been done before [15]. Saayan Banerjee et al. [16]
developed a mathematical model of full-tracked vehicle with trailing arm suspen-
sion system. The model is generic and computationally helpful in design of sus-
pension system, while Hongbo [17] applied game theory for enhancing the vehicle
suspension system. There is inadequate work done on design and characteristics of
the trailing arm, so an attempt is made to the design and analyze the components of
the trailing arm suspension system.
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2 Structural Design

The primary objective of structural engineer is to design lighter components while
ensuring reliability, durability and thereby reducing the cost of the components
[18]. The suspension components of an All-Terrain Vehicle, designed with
accordance to SAEINDIA mini-BAJA 2018 rulebook is investigated in this work.
The suspension system consists of major components like the trailing arm, control
arms, air shox, and wheel assembly components. The suspension components of a
vehicle are designed to withstand three major forces; which gets generated at the
tire contact patch and gets transmitted to the suspension components. The three
major forces acting on the suspension components include a braking force, which
acts in the negative X-axis, a cornering force, which acts in the negative Y-axis and
a bump force acting in the positive Z-axis of the vehicle in accordance to the ISO
8855 vehicle coordinate system. Braking force is obtained by determining the
deceleration of the vehicle. A deceleration of 15.59 m/s2 is obtained as per
Newton’s laws of motion under the assumption of the condition to bring a vehicle
moving with a velocity of 45 km/hr to a standstill position within a distance of 5
meters. A normal acceleration of 10.3986 m/s2 is obtained under the assumption
that the vehicle is traveling in a circular path of radius 15 m with a velocity of
45 km/hr to determine the cornering force. To determine the impact on the vehicle
when it experiences a sudden fall or a drop, it is necessary to determine the bump
force acting on the vehicle. The bump force is calculated in “g” units for sudden
drops like the 5 feet drops, in mini-BAJA tracks. The maximum bump force
experienced by the vehicle is determined to be 1156.3 N by using energy balance
equation and Newton’s laws of Motion. The rear suspension assembly is designed
in such a way that it can move freely in the Z-direction when the air shox is not
mounted to the system. Control arms and trailing arm constrains the motion of the
suspension system along X and Y directions according to ISO coordinate system.
Air shox suspensions are positioned in such a way that it takes the vertical load of
the vehicle. The trailing arm maintains the stability of rear wheels. The length of the
control arms and trailing arm are from the hard points of rear suspension geometry.
The control arms are connected with chassis and knuckle with rod end bearing of
sizeM10. Rod end bearing is chosen due to its ease of motion and its good strength.
Rod end bearing of size M12 is used to connect the one end trailing arm and
chassis. Other end of the trailing arm is welded to the knuckle by aluminum TIG
welding process as shown in Fig. 1. Welding is selected because it reduces com-
plicated machining in the knuckle and trailing arm junction (Fig. 2).

The trailing arm experiences longitudinal forces caused due to acceleration and
braking, vertical forces due to bump and road shocks. To meet the rough terrain
conditions of the mini-BAJA event, the trailing arm is made of solid Aluminum
6082 rod due to its high tensile strength, good strength to weight ratio, good
machinability and weldability. The knuckle is machined from a solid aluminum
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6063–T6 billet. Aluminum 6063–T6 is opted due to its good machinability and
weldability properties. The control arms are made of AISI 4340 alloy steel of
diameter 20 mm and wall thickness 3 mm.

3 FEM Simulation

Finite element analysis was adopted to simulate the structural analysis of suspen-
sion system to study the stresses on the trailing arm under worst-case scenario. The
suspension system was modeled in SOLIDWORKS and exported to ANSYS
workbench in step format. Step format is chosen over other CAD formats as it is

Fig. 1 Trailing arm and knuckle assembly

Fig. 2 CAD model of the multilink independent rear suspension system. (1) Air Shox (2) Upper
control arm (3) Lower control arm (4) Trailing arm (5) Wheel Hub (6) Knuckle
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ISO 10303 standards and it keeps the all assembly hierarchy and maintains solid
bodies. As the prime concern is to look at stress concentration in suspensions
components the two piece rod ends were considered to be rigid as they have good
strength and are easily replaceable. All the ground–body and body–body joints are
specified in the workbench for rod ends and other components. The contact between
the trailing arm and knuckle is defined as no separation in the weld region. Custom
materials have been created in the ANSYS workbench to represent the AISI 4340
alloy steel and Aluminum 6082 by taking the properties from the SOLIDWORKS
material database. The properties of the material used are listed in Table 1
(Figs. 3 and 4).

The suspension components are locally meshed in ANSYS mechanical work-
bench with a fine mesh of element size 1.5 mm. The total number of elements is
354255 and total number of nodes is 614287. The load values are obtained from the
structural design calculations. Remote loads of 902.5 N, 600 N, 1156.3 N is
applied on the inner wheel side bearing surface of the knuckle in X, Y and Z
directions, respectively, from the tire contact point. The load is applied from a point
to make the problem simpler. The knuckle is constrained to move in vertical
direction from the upper damper end point and the model was subjected to analysis.

Table 1 Properties of materials used for simulation

AISI 4340 Aluminum 6082 Aluminum 6063–T6

Density 7850 kg/m3 2700 kg/m3 2700 kg/m3

Elastic modulus 20500 MPa 69000 MPa 69000 MPa

Poison’s ratio 0.285 0.33 0.33

Tensile yield strength 470 MPa 260 MPa 215 MPa

Ultimate tensile strength 745 MPa 310 MPa 240 MPa

Fig. 3 Loads and constraints applied on the suspension component
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4 FEM Results and Discussions

Figure 5 shows the stress distribution in the suspension components for the
worst-case scenario the suspension components can experience, i.e., when the
forces due to braking, bump and lateral are considered at the same time. From the
above finite element analysis investigation it is clearly seen that the Von-Mises
stresses induced in the suspension links are well within the yield region of the

Fig. 4 Knuckle and trailing arm with fine mesh

Fig. 5 Von-Misses stress distribution in the suspension components
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materials, used for manufacturing the suspension components. Maximum stress
rmax ¼ 273:95MPa is induced in the upper control arm which is made of AISI
4340 alloy steel having an yield strength of 470 MPa.

A probe tool is used to find the stress in stress in knuckle and trailing arm
junction as shown in Fig. 6. The probe tool indicates a stress value of 65.174 MPa.
By calculations, it is found that a maximum load of 33024.15 N acts in the junction
of knuckle and the trailing arm and the load are well within strength of aluminum
weld. Hence, it is inferred that the design of the suspension system is safe and there
is no need for redesign and it is also lighter in weight.

5 Conclusions

A detailed analysis of the suspension system is conducted using finite element
analysis software. The component is modeled using a 3D modeling software and
meshed and analyzed using simulating tool. The suspension system is designed
considering the various loading condition and its material selection based on the
weight criterion. The distribution of the load is even throughout the suspension
system providing a lower stress concentration on critical junctions but within the
limits. The upper control arm made of AISI 4340 alloy steel having yield strength
of 470 MPa is induced with a maximum load of 273.95 MPa, which is a safe
design.

Fig. 6 Stress in the knuckle and trailing arm junction
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Graphene: An Effective Lubricant
for Tribological Applications

Pranav Dev Srivyas and M. S. Charoo

Abstract The objective of this review paper is to investigate the basic tribological
behavior of graphene, the first existing 2D material and to enhance its performance
as a self-lubricating material. The significant and prospective impact of this new
class of material was first acknowledged in 2004 by Geim and Konstantin
Novoselov who were awarded Noble prize for their discovery and development of
graphene in 2010. In previous decades, reducing friction coefficient and
wear-related failures in mechanical systems has gained serious attention due to
friction’s adverse impacts on effective life and durability of the mechanical systems.
To reduce the friction and wear mechanism in the moving mechanical systems, the
research proceeds in the development of novel materials, coatings, and lubricants
(both liquid and solid) which have the potential of reducing friction and wear in
materials. Despite intense research and development efforts on graphene for
numerous existing as well as future applications, its tribological potential as a
lubricant is still relatively uncharted. In this review, we provide relevant research of
recent tribological studies on graphene especially, its use as a self-lubricating solid
or as an additive for lubricating oils. A comprehensive review is provided with the
aim to analyze such properties of graphene.

Keywords Graphene � Lubrication � Tribology � Wear � Friction

1 Introduction

In today’s world, there is a need of energy resources to meet the growing energy
demand, but these energy resources are depleting at a very fast rate which creates
tremendous pressure on the engineers, scientist, and the designers. Comprehensive
research is on the way to explore the entire possible alternative technologies to
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conserve energy, economic demands, materials, and environment. Therefore, a
better tribological property of the materials plays a vital role; is minimizing the
energy depletion. Good tribological properties lead to reduce friction, increase the
wear resistance of the material which is to be used in various moving mechanical
systems and hence also reduce the emission to the environment [1]. Use of Liquid
lubricants at the interface of the tribopair is one of the oldest but most effective
methods of reducing friction and wear in the mechanical components and systems
[2, 3]. According to a study, the worldwide production of the lubricant as well as a
coolant during 2010 amounts to approx 170,046.9 metric tons [4]. But most of these
lubricants are inherently toxic and of nonbiodegradable nature which affects the
environment leads to demand the growth of eco-friendly self-lubricant materials. To
enhance the properties of the lubricants and materials used in the composites,
various other additives are added to it which enhances the antifriction and antiwear
properties. Liquid lubricants reduce the wear and friction of the mechanical com-
ponent and systems by providing the sliding contact interfaces from metal-to-metal
contact by forming a low shear, high durability boundary film on the mating sur-
faces [5]. Nowadays solid lubricants have emerged as an integral part of materials
science and engineering. Solid lubricants can be used in various forms to achieve
the set of objectives. However, the use of solid lubricant as coating/filler has greatly
expanded the use of solid lubricant materials. Different solid lubricants are used by
their operating conditions. Example, MoS2 is better to be used under a dry con-
dition or in a vacuum; whereas graphite, boric acid shows better properties when
used in the humid conditions. Therefore, solid lubricant properties mostly depend
on the environment but they are highly durable and easy to deliver to the contact
interface [6–9] (Table 1).

Graphene, a 2D carbon material has attained a considerable amount of popularity
and scrutiny from the field of science and engineering [10]. Graphene is one such
new solid lubricant which is having unusual physical, thermal, nontoxic,
eco-friendly, mechanical, and tribological properties. Graphene an allotrope of
carbon is a one-atom-thick planar sheet of sp2 bonded carbon atoms densely packed
in a honeycomb crystal lattice. Graphene is strongest, chemically as well as ther-
mally stable, gas-impermeable, and atomically thin. It is considered to be green
lubricant as it contains C, O, and H instead of heavy metal elements. As in a
modern world where the mechanical moving systems attracted a lot of the attention
in various diverse applications; this newly emerged solid lubricant has the potential
to reduce the friction, wear and increase the life of the system. Graphene nowadays
is widely used both in the lubricants as a lubricant additive and as a filler
reinforcement/graphene coating in the composites for lubrication means to decrease
the friction and wear in tribological applications. It is proved to be equally well for
the dry as well as a humid environment which is not in case of other commonly
used solid lubricants. Of all the properties, tribological properties along with its
applications are still the least explored. This review helps us to highlight these
exceptional properties of graphene to reduce friction and wear in the micro- to
nanoscale systems. As it is an ultrathin multilayer material, it can also be applied in
micro-electromechanical-system (MEMS) and nano-electromechanical-systems

240 P. D. Srivyas and M. S. Charoo



(NEMS) to reduce friction and wear from these systems. Graphene which is an
anatomically smooth 2D material with low surface energy can replace the thin solid
film is used to reduce adhesion and friction of various tribo surfaces.

In this review, various graphene synthesis techniques are reviewed along with a
detailed discussion on the tribological properties of the graphene as a solid lubricant
coating/filler in the composite and as a lubricant additive in the mineral/synthetic/
biofluids. Also, the literature review is done on the operating conditions at which
graphene shows excellent tribological properties. It is expected that this review will
prove to be useful to the researchers working in the field of tribology.

2 Graphene Synthesis

Various synthesis routes are available for the synthesis of graphene. Properties of
the graphene synthesized greatly depend on the type and quality of the synthesis
root we adopt. Synthesis route adopted to generate the graphene has an effect on the
grain size, shape, thickness, density, defect in structure, mechanical, and tribolog-
ical properties of the graphene generated. The most basic and initially introduced
method for the generation of the graphene is scotch tape method which is also
called a mechanical exfoliation method. In this method of graphene synthesis,
highly ordered pyrolytic graphite (HOPG) is used. Nowadays numerous synthesis
process/methods are used for graphene generation. These include dry mechanical or
chemical exfoliation; unrolling, and unzipping of carbon nanotubes by using
physical, chemical or electrochemical methods; chemical vapor deposition (CVD)/
epitaxial growth; arc discharge method; reduction of graphene oxide (GO), and
many other organic/synthetic methods [11–20]. CVD is the best synthesis technique
to get the best quality of graphene on the catalytic surfaces and it is done in the
presence of hydrocarbon gases. Since there are various synthesis routes for the
generation of graphene, some of them may be close to perfect but might be costly
and some are not so perfect but cheap. It depends a lot that which grade of graphene
is required and which synthesis route is adopted.

2.1 Mechanical Exfoliation

Mechanical exfoliation is the primary and the basic synthesis route used for the
generation of graphene. It was first developed by Geim and Novoselov in the year
2004 for which they receive the noble prize in the year 2010. It includes isolating
monolayer’s of graphite. The basic mechanism is repetitive peeling of extremely
oriented graphite. Highly ordered pyrolytic graphite (HOPG) is used in this process
for the synthesis of graphene. This method is capable of generation of the atomi-
cally thin graphene sheet. This includes peeling off one or a few sheets of graphene
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using scotch tape and then depositing it on the substrates. The graphene produced
by this synthesis route is of the highest quality with least defects but this process
has some constraints, i.e., low productivity [21, 22].

2.2 Chemical Exfoliation

It is another possible synthesis route to obtain graphene which includes wet
chemical processing. This processing route includes insertion of the graphite with
the reactants which softens the Van-der Walls interactions and helps in the pro-
duction of graphene sheets. In this synthesis route, the graphite is immersed in the
acidic solution generally nitric or sulphuric acid. This method is generally done in
two steps: Fist step includes thermal processing and Second includes
ultra-sonication to disperse them. This result in the generation of the graphene
chemical compounds sheets suspended in the colloidal suspension, which is further
deposited on the substrate [23]. In order to achieve the pure quality graphene flakes,
the chemical compounds must be removed from the colloidal suspension in the
reduced atmosphere using alkaline solutions, by applying hydrogen plasma, by
reducing hydrazine vapors or by heat treatments. This chemical exfoliation method
has some disadvantages as the graphene flakes obtained are partially oxidized
because the reduction processes are not so efficient. Another disadvantage is that the
sp2 like graphene bonds are partially degraded to sp2–sp3 structure. The main
advantage of this synthesis route is that it permits the correct management of the
dimensions of graphene sheets. The dimension of the graphene sheet depends on
the time period of sonication. Longer the sonication processes smaller the dimen-
sions of graphene sheet [13]. Another advantage of this route is that high output of
the graphene which makes it economically competitive. This route is best to be used
for the production of composite materials, coating and for the biomedical
applications.

2.3 Epitaxial Growth

It is another synthesis technique which involves the epitaxial growth on the crys-
talline carbide wafers substrate. In this process, a very thin layer of graphite is used
under controlled atmosphere and proper conditions to produce graphene monolayer.
A layer of monolayer graphene is produced on the SiC by heating the C–SiC at very
high-temperature under the argon/vacuum atmosphere. The silicon which is close to
the surface sublimates the carbon atoms but not at high-temperature the graphite
reorganizes, and thus graphitization is achieved [24]. High surface roughness
(Ra) of graphene is obtained from the Si–face. This synthesis route found is an
application in semiconductor industry, semiconductor devices as it is easily
deployable. But this synthesis route still required improvement for low-temperature
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processes as compared to other synthesis processes. The main disadvantage of this
method is that the graphene produces by this fabrication route have grain defect and
grain boundaries due to which it cannot be perfectly homogenized. The quality as
well as quantity produced by this synthesis route is not as much in comparison to
the mechanical exfoliation and chemical exfoliation synthesis process, respectively.

2.4 Chemical Vapor Deposition

It is a well-known synthesis process in which the substrate is exposed to gaseous
compounds. The graphene growth on the substrate surface is due to thermal
decomposition of hydrocarbon gas molecules, i.e., methane/propane/acetylene
catalyzed by a metal surface attribute to the segregation or precipitation of the
carbon atoms from the metal. Mainly the transitions metals are used as a catalyst for
the production of different allotropy of the carbon, so the main focus will be on
them for the generation of graphene [25]. In the CVD process, the chemical con-
stituents react in the vapor phase near/on a heated substrate to form a solid deposit.
CVD process includes various chemical reactions such as thermal decomposition,
reduction, hydrolysis, disproportion, oxidation, carburization, and nitridation. These
processes can be used either individually or in combination. The main disadvantage
of this processing route is that graphene is to be transferred from the metal to the
actual appropriate substrate. It produces high-quality graphene and is mostly used
for electronics applications, but the transfer of the graphene from the metal to the
actual substrate sometimes leads to the improper alignment which increases the
scope of error.

2.5 Hummer Method

This processing route is used for the synthesis of the graphene oxide. In this process,
oxidation of graphite flakes are done to get the desired material. In this synthesis
process, graphite flakes and sodium nitride are mixed in concentrated sulfuric acid in
a volumetric flask kept at low temperature (0–5 °C) which is continuously stirred for
120 min. After that, the potassium permanganate is added to the suspension. The rate
of addition of potassium permanganate is carefully controlled to keep the reaction
temperature low (below 15 °C). The mixture is then stirred until it becomes pasty
brownish. The paste is then kept stirring for two days after that its solution is diluted
with the slow addition of water. The reaction temperature increases and the solution
color changes to brown color. The solution is finally treated with hydrogen peroxide
to terminate the reaction by the appearance of yellow color. Now, the process of
purification takes place in which the mixture is washed by rinsing and centrifugation
with hydrochloric acid and then with de-ionized water. The final step is the drying
process under vacuum at room temperature, to produce graphene oxide as powder
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[26, 27]. Another improvement in the hummer method to get the high-quality gra-
phene is the modified hummer method which involves both oxidation and exfoliation
of graphite sheets due to thermal treatment of solution [28]. The summary of the
synthesis methods and mechanisms are given in Table 2.

3 Tribological Behavior of Graphene

Graphene played a vital role in reducing friction and wear in various mechanical
and tribological applications. So the detailed literature review of graphene as an
antifriction, antiwear reinforcement in composites and as an additive in lubricants
for low as well as high-temperature applications are discussed in the sections below.

3.1 Friction and Wear of Graphene

Many researchers worked a lot to reduce the friction and wear behavior at the micro
as well as nanoscale by introducing graphene coatings as a solid lubricant in various
tribological applications [29, 30]. Graphene produced by using chemical vapor

Table 2 Synthesis methods and mechanisms [13, 21–28]

Synthesis
method

Mechanism Precursors used Graphene produced/
number and size

Mechanical
Exfoliation

Peeling off layers using scotch
tape

Graphite Pristine (SLG, FLG;
10 µm)

Chemical
exfoliation

Decomposition of graphite
based compounds, reduction,
and subsequent exfoliation

Graphene oxide/
graphite flakes

Chemically
Modified Graphene
(SLG,
FLG; > 100 µm)

Epitaxial
growth

Thermal decomposition of
hydrocarbons on top of SiC
crystals

SiC Pristine (SLG,
FLG, > 50 µm)

Chemical
vapor
deposition

Carbon segregation or
precipitation over transition
metals

Transition metals,
Polycrystalline Ni
films, Copper Foils

Pristine (SLG,
FLG, > 100 µm)

Liquid-phase
exfoliation

Exposing graphite flakes or
graphene oxide to solvents and
applying sonication

Graphite/GO Pristine (SLG, FLG,
20 µm)

Unzipped
CNT

Longitudinal unzipping of
CNT

MWCNT Chemically
Modified Graphene
(SLG, FLG, 10 µm)

Solvothermal
synthesis

Pyrolysis and filtering of
solvothermal product

Solvothermal
Products
(Na + Ethanol)

Chemically
Modified Graphene
(SLG, FLG, 20 µm)
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deposition synthesis route was estimated under the normal load up to 70 µN. While
examining the frictional behavior of the CVD-graphene, it was found that the
Coefficient of Friction (COF) is affected by various parameters as well as the
materials of the initial substrate. It was observed that the coatings grown on the
nickel exhibit better frictional behavior than that of the coating grown on the copper
metal. It was also found that the COF considerably enhanced while the transfer of
the graphene from the particular substrate like copper and nickel. The tribological
properties of the coatings mostly depend on the adhesion between the substrate and
the coatings. It was suggested from this research that few nanometer thick graphene
samples proved to be good as solid lubricant at both micro as well as nanoscale
[31]. Shin et al. in their investigation studied the COF of graphene produced by
Epitaxial Growth and exfoliation method. The graphene with few layers under
normal load up to 0.5 µN using an AFM tip radius of one meter was studied. It was
observed that COF was not dependent on the number of layers. The COF for one to
three-layer graphene was around 0.03. They also studied the defects in the structure
of the defect. It was observed that the defects in the crystal structure of the graphene
increase the COF by two to three times [32]. Won et al. studied the friction and
wear mechanism of CVD produced graphene on the copper substrate under load of
20 µN with chrome steel ball as the counterbody (1 mm diameter). It was reported
that the deposition parameters are crucial to get the graphene with minimum defect.
It was also reported that the number of the layers varying from one to seven does
not affect the COF a lot [33]. Yan et al. in their investigation studied the COF of
graphene transferred on to the substrate under the load of up to 40 µN. It was
reported that the applied load is a critical parameter which influenced the friction
coefficient [34]. Berman et al. reported that the multilayer graphene flakes may be
successfully used as a solid lubricant for chrome steel. It was observed that
employing a low concentration of graphene flakes reduced the COF by six times
[35, 36]. The brief summary of the friction behavior of graphene in micro- and
nanoscale is given in Table 3.

3.2 Tribological Behavior of Graphene as Reinforcement
in Composites

Several investigations have been done to study the tribological behavior of gra-
phene as reinforcement in various composites materials. Tai et al. [37] studied
the tribological behavior of Ultra-High Relative Molecular Mass Polythene
(UHMWPE)/Graphene Oxide (GO) composite. The composite samples were fab-
ricated using toluene-assisted mixing followed by hot-pressing technique. The tri-
bological and mechanical properties of base composite and the GO/UHMWPE
composites were examined. It was reported that GO nanosheets content up to 1 wt
%, increases the wear resistance and hardness of the composites very significantly,
while the friction coefficient will increase rapidly with the increase in the
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reinforcement. Min et al. [38] investigated the Graphene Oxide (GO)/Polyimide
(PI) Nanocomposite fabricated using situ polymerization. They studied the tribo-
logical behaviors of the composite under dry friction, seawater lubrication, and pure
water lubrication conditions. The GO/PI composite exhibited better results beneath
seawater-lubricated condition than other conditions because of the excellent
lubricating effect of seawater. GO as reinforcement greatly improved the thermal
stability of the composites. The tensile modulus and tensile stress of the
nanocomposite improved significantly by adding graphene oxide (GO). The
incorporation of GO under seawater lubrication can greatly improve the wear
resistance of Polyimide. Best results were obtained with 0.5 wt% GO reinforced to
PI composite. Zhu et al. [38] studied the dry sliding tribological behavior of Ni3Al
matrix composites (NMCs). It was reported that Ni3Al matrix composites with 0.5
wt% graphene nanoplatelets (GNPs) sliding against different counter face balls with
an applied load of 10 N and a sliding velocity of 0.234 ms−1. When the composite

Table 3 Tribological behavior of graphene on micro/nanoscale [29, 36]

Graphene in Microscale tribology

Substrate Deposition
method

Ra
(nm)

Counterbody Contact pressure, load/operating
conditions

COF

SiO2 CVD 1 Fused silica lens 5–10 µm (Air, Room Temperature) 0.15

SiC CVD 1 Diamond tip 0.05 µm (Air, Room Temperature) 0.07

Ni CVD – Si3N4 ball 2 N (Air, 24 °C) (45% RH) 0.06

Cu Solution – Steel ball 220 Mpa, 20 µN (Air, Room
Temperature)

0.2

Steel C440 solution 15 Steel ball 1–5 N (Air, Room Temperature) 0.15

PET Solution 5 SiO2 20, 40 µN (Air, Room
Temperature)

0.08

Ni Exfol. 1 Fused silica lens 5–10 µm (Air, Room Temperature) 0.05

Si Exfol. 1 Diamond tip 0.05 µm (Air, Room Temperature) 0.07

Si Sputtering – Steel ball 100–400 µN (Air, Room
Temperature)

0.12

Graphene in Nanoscale tribology

Si Exfol. 0.5 SiN 0.01–0.5 Nn (Air, Room
Temperature)

0.025

SiO2 Exfol. 0.5 Si 1 nN (Air, Room Temperature) 0.6–
0.15

SiO2 Exfol. 0.5 Si 1 nN (Air, Room Temperature) –

Si Exfol. 0.5 Si 1 nN (Air, Room Temperature) –

SiO2 Exfol. 0.5 DLC 5 nN (Air, Room Temperature) 0.4–
1.0

Si Exfol. 0.5 Si 3–30 nN (Air, Room Temperature) 0.02

Si Solution 0.5 Si 1 nN (Air, Room Temperature) 0.10

SiO2 (GNP
Coated)

Solution – SiO2 Ball (DLC
coated)

1 nN (Dry Nitrogen) 0.004

SiO2 (GNP
Coated)

Solution – SiO2 Ball 1 nN (Dry Nitrogen) 0.04

SiC Thermal
decomp

– Si 40 nN (Air, Room Temperature) 0.2
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sliding against GCr15 steel, a consistent and thick friction layer is formed, leading
to a lower COF, but when the composite sliding against Si3N4 and Al2O3, the
formation and stability of the friction layers are restricted within the severe wear
regime, and thus composite exhibit higher friction coefficients and wear rates. Yao
et al. [40] studied the combined effect of lubrication of WS2 and multilayer gra-
phene (MLG). The prepared sample of NiAl–5 wt% WS2 (NB)–1.5 wt% MLG
exhibited excellent tribological properties. The MLG play the role of reinforcement
particles and improved loading carrying ability. The addition of a combination of
MLG and WS2 offered to possessed superior antifriction and the wear resistance.
Gonzalez et al. [41] studied the dry sliding behavior of a graphene/alumina com-
posite against alumina under dry conditions. The testing was done on the recip-
rocating tribometer with an applied load of 20 N, a sliding distance of up to 10 km
and a sliding speed of 0.06 ms−1. The composite showed a 10% lower friction
coefficient and half the wear rate than the monolithic alumina. It has been also
found that this behavior is related to the presence of graphene nanoplatelets (GNPs).
GNPs form a self-lubricating layer that provides enough lubrication so as to
decrease both friction coefficient and wear rate. These GNPs act as a self-lubricating
layer on the contact surface between the composite and the Al2O3 ball that acts as
counterpart material. Yazdani et al. [42] studied the tribological performance of the
hot-pressed pure alumina and its composites containing numerous hybrid contents
of GNPs and carbon nanotubes (CNTs) under different loading conditions. The
composite reinforced with 0.5wt% graphene nanoplatelets reduced the COF up to
23% and enhance the wear rate by 70%. The hybrid reinforcement consisting of
0.3 wt% GNPs and 1 wt% CNTs shows even better performance, with an 86%
reduction in the wear rate. GNPs played a vital role in the formation of a tribo-film
on the worn surface by exfoliation. Llorente et al. [43] studied the friction and wear
behavior of graphene/silicon carbide (SiC) composites under the dry sliding con-
ditions and using silicon nitride balls as countersurface. GNPs composites showed
an improvement in the wear resistance as compared to monolithic silicon carbide,
with enhancements of 70 vol. % for the material containing up to 20 vol. % of
GNPs. Under dry sliding conditions, the wear resistance of SiC ceramics consid-
erably enhances with the addition of GNPs. 20 vol. % GNPs composite clearly
showing the best wear resistant performance which is 70% more as compared to the
monolithic SiC, whereas 5 vol. % reduced graphene oxides composites exhibit
excellent fracture toughness. Kalin et al. [44] studied the effect of the morphology
solid lubricant nanoparticles on Poly-Ether-Ether-Ketone (PEEK) composites on
the mechanical and tribological characteristics. The results obtained under dry
sliding tribological conditions show that the materials have an important effect on
the friction coefficient and the wear, primarily by affecting their hardness. The
carbon-based particles deteriorated the wear and tear behavior by 20 wt%
(CNT) and the maximum amount of three times in the case of the GNP. Tabandeh
et al. [45] studied the tribological behavior of Al matrix composites reinforced by
GNPs, on a pin-on-disk tribometer. The results showed that the wear of Al-1 wt%
GNP is enhanced with an increase in the normal loads. However, the friction
coefficient of the Al-1 wt% GNP reduced with increasing normal loads. It has been
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found that the GNPs reinforced nanocomposites showed excellent tribological
properties. Belmonte et al. [46] studied the tribological properties of GNPs/Si3N4

composites in a reciprocating ball-on-plate tribometer under iso-octane lubrication.
GNPs are excellent nanofillers which improve the tribological performance of
ceramics. Under the high contact pressures, GNPs are able to decrease the friction
and enhance the wear resistance up to 56% due to the exfoliation of the GNPs that
creates a protective tribo-film. The exfoliation of the nanoplatelets (NPs) generates
graphene flakes, which effectively limits wear volume by protective tribo-film. Xu
et al. [47] studied the self-lubrication characteristics of multilayer graphene and
high-temperature tribological properties of graphene titanium aluminum matrix
composite from the temperature ranges from 100–700 °C using a rotating
ball-on-disk tribometer at a load of 10 N and speed of 0.2 ms−1. During the tem-
perature range from 100 to 550 °C, MLG presents good lubricating properties.
Above 600 °C, MLG lost their self-lubrication characteristics due to the formation
of the oxide layer which improves the oxidation resistance of GTMC by restricting
the grain boundaries and inhibiting the inflow of oxygen through grain boundaries.
The brief summary of the test parameters of graphene as reinforcement composite
in different materials are given in Table 4.

3.3 Tribological Behavior of Graphene as Lubricant
Additives

Lin et al. [48] investigated the chemically modified the graphene platelets with oleic
and stearic acids in a reflux reaction. They then investigated the tribological
properties of modified graphene platelets based lubricant using a four-ball tester.
The results show that the lubricants containing 0.75 wt% of the MGNP additive is
efficient to reduce the wear of the materials and there is also an increase in the load
carrying capacity of the lubricant. Senatore et al. [49] investigate the tribological
behavior of graphene oxide nanosheets in mineral oil under boundary, mixed, and
elastohydrodynamic lubrication regimes. The GO nanosheets were synthesized by
using modified hummer method. Experimental studies were done on the pin-on-disc
configuration tribometer. The studies concluded that the lubricant-containing GO
additives are more efficient to reduce the friction behavior by forming a protective
layer between two tribo surfaces which prevent direct metal-to-metal contact. Zhe
et al. [50], in their study, compared the performance of lubricating oils with dif-
ferent additives. It was observed that most of the additives are toxic and produces
poisonous gases when burnt in the environment; but the lubricant congaing GO as
an additive is eco-friendly and green lubricant as GO consist of C, H, and O. It was
also reported that the GO-based lubricating oil is efficient to reduce the wear and
friction in the material even at high temperature. These GO-based lubricant also
proved to be good for high sliding speed conditions. 0.5 wt% GO as an additive
proved to be best in all the composition variations. Dou et al. [51] in their
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investigation used the crumpled graphene ball as an additive in the Poly Alpha
Olefin (PAO) lubricating oil. It is proved to be high-performance additive. 0.01–0.1
wt% of the crumpled graphene ball proved to be best to reduce the friction and wear
of materials. Azman et al. [52] studied the effect of GNP as an additive in the palm
oil trimethylolpropane ester blended Poly Alpha Olefin. It was observed that there is
a decrease in the COF and wear rate of the material by using the blended lubricating
oil with 0.05 wt% GNP as an additive. Meng et al. [53] in their investigation
studied the tribological behavior of engine oil with 0.06–0.10 wt% Sc–Ag/GN as
an additive. The tests were conducted in the four-ball tester. It was reported that the
oil with additive proved to behave better tribological properties than the base engine
oil. As the nano–Ag and GN particles form a protective film between the two
materials and prevent metal to metal contact, hence reduce the friction and wear of
the tribopair. Rasheed et al. [54] investigated the tribological performance of
graphene-based nanolubricant in a four-stroke IC engine test rig. The lubricating oil
SN/CF API 20W50 was used and 0.01 wt% additive was added to the lubricating
oil. It was observed that there is a reduction in the COF by 21%, increase in thermal
conductivity at 80 °C by 23% and enhancement in the heat transfer rate by 70% is
achieved. Wei al. [55] used liquid-phase exfoliated modified graphene by oleic acid
as an additive in the lubricating oil. It was found that there was an increase in the
wear and friction of the material by 14% and 17%, respectively. It was reported that
modified graphene as an additive also increases the load carrying capacity of the
lubricant. Kinoshita et al. [56] investigated the behavior of graphene oxide
nanoparticles in a water-based coolant to reduce friction. It was reported that the
COF is reduced to 0.05 and no surface wear was reported for over 60,000 cycles.
Eswaraiah et al. [57] in their investigation reported that there is an increase in the
frictional characteristics, wear resistance, and extreme pressure properties by 80, 33,
and 40% by the use of 0.025 mg/ml of graphene as an additive in the engine oil.
The brief summary of the test parameters of graphene as additive in different
lubricants are given in Table 5 (Table 6).

Table 5 Tribological properties of graphene as an additive in lubricants [48–57]

Lubricant Additive Material Counterbody Test motion/
temperature/
normal load (N)

Frequency
(Hz)/Speed
(rpm)

Stoke
(mm)

COF

HC Base
oli

0.5 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Recipro/50 °C/
50 N
Recipro/50 °C/
100 N
Recipro/50 °C/
150 N

50 Hz 2 0.13, 0.11,
0.105

HC Base
oli

0.5 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Recipro/100 °C/
50 N
Recipro/100 °C/
100 N
Recipro/100 °C/
150 N

50 Hz 2 0.17, 0.15,
0.14

HC Base
oli

0.5 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Recipro/150 °C/
50 N
Recipro/150 °C/
100 N
Recipro/150 °C/
150 N

50 Hz 2 0.18, 0.15,
0.14

(continued)
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Table 5 (continued)

Lubricant Additive Material Counterbody Test motion/
temperature/
normal load (N)

Frequency
(Hz)/Speed
(rpm)

Stoke
(mm)

COF

HC Base
oli

0.5 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Recipro/50 °C/
100 N

10 Hz, 20 Hz,
30 Hz, 40 Hz,
50 Hz

2 0.122, 0.12,
0.119, 0.18,
0.117

PAO40 0.05 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Reciprocating/
100 N
Reciprocating/
200 N
Reciprocating/
300 N
Reciprocating/
400 N
Reciprocating/
500 N

30 Hz 2 0.121, 0.119,
0.125, 0.126,
0.130

PAO40 0.5 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Reciprocating/
100 N
Reciprocating/
200 N
Reciprocating/
300 N
Reciprocating/
400 N
Reciprocating/
500 N

30 Hz 2 0.118, 0.118,
0.116, 0.118,
0.124

PAO40 0.1 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Reciprocating/
100 N
Reciprocating/
200 N
Reciprocating/
300 N
Reciprocating/
400 N
Reciprocating/
500 N

30 Hz 2 0.117, 0.114,
0.112, 0.113,
0.116

PAO40 1 wt% GO ALSI 52100
Steel

ALSI 52100
Steel ball

Reciprocating/
300 N

10 Hz, 20 Hz,
30 Hz, 40 Hz,
50 Hz

2 0.09, 0.16,
0.112, 0.113,
0.114

PAO4 0.01 wt% s–
GO

ALSI52100
Steel disc

M50 steel
ball

Rotary/10 N 10 mm/s – 0.132

PAO4 0.1 wt% s–GO ALSI52100
Steel disc

M50 steel
ball

Rotary/10 N 10 mm/s – 0.131

PAO 10 0.01 wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.08

PAO 10 0.03wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.081

PAO 10 0.05wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.073

PAO 10 0.1wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.087

PAO 10 0.2wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.081

PAO 10 0.5wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.080

PAO 10 1wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.086

PAO 10 3wt% GNP ALSI 52100
Steel

ALSI 52100
Steel

Rotary/392 N 1200 rpm – 0.089

SN 350 0.075wt%
MGP

ALSI 52100
Steel

ALSI 52100
Steel ball

Rotary/75°C/
147 N

1200 rpm – 0.121

SN 150 0.1 wt% GO X155CrVMo12–
1 steel disc

X45Cr13
steel ball

Rotary/25 °C/
60 N

1 m/s, 1.5 m/s,
2 m/s

– 0.134, 0.141,
0.152

SN 150 0.1 wt% GO X155CrVMo12–
1 steel disc

X45Cr13
steel ball

Rotary/50 °C/
60 N

1 m/s, 1.5 m/s,
2 m/s

– 0.131, 0.141,
0.153

(continued)
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Table 5 (continued)

Lubricant Additive Material Counterbody Test motion/
temperature/
normal load (N)

Frequency
(Hz)/Speed
(rpm)

Stoke
(mm)

COF

SN 150 0.1 wt% GO X155CrVMo12–
1 steel disc

X45Cr13
steel ball

Rotary/80 °C/
60 N

1 m/s, 1.5 m/s,
2 m/s

– 0.141, 0.15,
0.16

SN/
CF20W50

Additive + G60 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.011

SN/
CF20W50

G60 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.014

SN/
CF20W50

G12 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.013

SN/
CF20W50

G8 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.014

SJ/
CF20W50

Additive + G60 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.017

SJ/
CF20W50

G60 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.018

SJ/
CF20W50

G12 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.017

SJ/
CF20W50

G8 Steel Ball Steel Ball Rotary/40 N 1200 rpm – 0.017

10W40 0.1wt% GO GCr15 steel ball GCr15 steel
ball

Rotary/343 N 1200 rpm – 0.09

10W40 0.1wt% Ag/GN GCr15 steel ball GCr15 steel
ball

Rotary/343 N 1200 rpm – 0.09

10W40 0.1wt% Sc-Ag/
GN

GCr15 steel ball GCr15 steel
ball

Rotary/343 N 1200 rpm – 0.078

Table 6 Overview of tribological properties of widely used solid lubricant [58, 59]

Solid lubricant coating Deposition method Coating
thickness (µm)

COF Friction/Wear mechanism

Graphite Evaporation 0.2–5 Dry: 0.5–0.6
Humid:
0.1-0.2

Interlayer shear
Water intercalation

DLC Sputtering, Ion-Beam 1–3 Dry: 0.001–
0.05
Humid: 0.2–
0.3

High chemical inertness.
The repulsive force due to
hydrogen termination

Tetrahedral amorphous
carbon

Ion-Beam, Cathode Arc, Pulsed
Laser

0.01–1 Dry: 0.7
Humid: 0.1

Tribochemical induces a surface
reaction
Termination of a top carbon atom

Ultra Nano-Crystalline
Diamond

MPCVD, HFCVD 0/5–1.5 Dry: 0.05–
0.13
Humid:
0.007–0.1

Tribochemical induced reaction
with H, O or OH

MoS2&WS2 Sputteing, Thermal
Evaporation, CVD, ALD

0.2–2 Dry: 0.02–
0.06
Humid:
0.15–0.25

Interlayer shear
Transfer film formation

Graphene/Graphene
Oxide (GO)

CVD, Mechanical and
Chemical Exfoliation

0.001–0.002 Dry: 0.15–
0.2
Humid:
0.15–0.2

Interlayer shear
Prevention of tribo-corrosion
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4 Conclusions

Graphene is proved as a unique and attractive material having promising
mechanical, thermal, and tribological properties which found its application in the
field of mechanical systems, electronic systems, and also in the field of biomedical.
Several investigations make it clear that the graphene and its allotropes enhance the
tribological properties of the composites as well as lubricants when used as rein-
forcement filler/coating or as additives, respectively. This review highlights the
recent growth and development of graphene as a lubricant for micro as well as
nanoscale applications in tribology. Despite its ultrathin nature it is proved to be
effective for high temperature, high load dry sliding conditions. Graphene
nanoparticles contributed directly to the latter film formation which plays an
effective role in reducing the friction and wear of the tribopairs. Overall in this
review graphene is proved to be a very effective material for reducing friction and
wear. Growth in the synthesis process of graphene leads to explore some more
applications in the field of tribology. The employment of graphene in tribological
applications is expected to grow continuously shortly.
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Experimental, Computational,
and Chemical Kinetic Analysis
to Compare the Flame Structure
of Methane-Air with Biogas–H2–Air

Vinod Kumar Yadav, A. R. Khan, Shriyansh Srivastava
and Vinay Yadav

Abstract This paper presents a numerical and experimental investigation of the
laminar burning velocity and flame structure of methane, biogas, and
hydrogen-enriched biogas. Experiments were performed on flat flame burners based
on heat flux method, and numerical computations for the flame structure were
conducted over the same burner using three-dimensional CFD simulations with
DRM19 detailed chemistry. To get deeper insight of chemical reactions, sensitivity
analysis of the studied mixtures was also conducted using ANSYS Chemkin-Pro®

with GRI-Mech. 3.0 reaction mechanism. All experiments and numerical simula-
tions were conducted at 1 atm and 298 K. The experimental results show that the
laminar burning velocity of the methane-air mixture reduced by 47% when diluted
with 50% carbon dioxide. On the other hand, 40% hydrogen addition in the
biogas-air mixture (containing 30% methane + 30% carbon dioxide), enhanced the
laminar burning velocity by 117% compared to pure biogas-air mixture at stoi-
chiometry. The three-dimensional CFD computational results predicted a 580 K
drop in temperature, 32% reduction in CH3 concentration, and 30% reduction in CO
concentration for methane, when diluted with 50% carbon dioxide. Chemical kinetic
analysis of methane-air, biogas-air, and 40% hydrogen-enriched biogas-air mixture
predicted H + O2$O + OH (R38) and H + CH3(+M)$CH4(+M) (R52) to be most
dominant reactions with positive and negative sensitivity coefficients, respectively.
However, the dominance of these reactions were significantly higher in
hydrogen-enriched biogas-air mixture compared to pure methane-air mixture due to
the increased production of OH/H radicals in the reaction zone.
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1 Introduction

About 78% of the total GHG (Greenhouse gas) emissions rise from early 70’s to
2010 was due to (CO2) CO2 emissions emitted from combustion devices and
industrial processes [1]. India strives to reduce the CO2 level per unit economic
activity. Biogas as an alternative fuel can play a major role in achieving this goal.
Biogases, primarily containing methane (CH4) and carbon dioxide (CO2), are
outcomes of anaerobic digestion of compost, wastes and organic derivatives from
various natural resources. Biogas can be a good substitute for conventional fuel and
may prove to be suitable for various domestic, industrial, and automotive appli-
cations. However, the low calorific value of biogas makes it inferior and degrades
its combustion characteristics. Hence, it is not possible to replace the biogas with
conventional fuel directly. The remedy to this problem is the enrichment of the
biogas with hydrogen (H2). To analyze the combustion characteristics of
hydrogen-enriched biogas fuel, the Laminar burning velocity (LBV) is an essential
parameter. LBV plays a key role in validating the chemical kinetics of any fuel. The
studies [4–7] reported a reduction in LBV, reactivity and flame temperature due to
the presence of CO2 in biogas. CO2 reduces the LBV by thermal, dilution and
chemical effect [8]. The adverse effect of CO2 presence in any fuel can be reduced
by enriching it with high-grade fuels like hydrogen [9–14]. Many researchers have
numerically studied the flame structures of methane and biogas using
one-dimensional (1D) or two-dimensional (2D) numerical simulations [15–19].
However, actual flames can be modeled more realistically using three-dimensional
(3D) simulations [20]. The objective of the present work is to experimentally
determine the effect of CO2 dilution and H2 enrichment on the laminar burning
velocity of CH4-air and biogas-air mixtures, respectively. Additionally, 3D
numerical simulations on the heat-flux burner are conducted to study the flame
structure of aforementioned fuels. Furthermore, the chemical kinetic analysis is
conducted to understand the role of important chemical reactions. The experimental
and numerical analysis in this paper utilized 50% CO2 diluted CH4 representing one
of the compositions of biogas and are also used by other groups [4–7, 21].

2 Methodology

Heat flux method (HFM) generating flat flames, proposed by De Goey et al. [2],
modified by Bosschaart et al. [22] and used by many researchers [4, 7, 19, 23] was
used in the present work for experimental measurements. The uncertainty associ-
ated with the heat flux method lies within ± 1 cm/s [3]. The detailed specifications
of HFM can be referred from [2, 4, 19, 22, 23]. Here only a short description of the
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setup is provided. The HFM has a burner drilled with 0.5 mm hole and 0.7 mm
pitch (center to center distance). The plate, made of brass, has diameter and
thickness of 30 mm and 2 mm respectively. Five K-type chromel-alumel thermo-
couples of 0.3 mm bead size are used to measure the plate temperature using a
digital temperature indicator. A hot thermostatic bath containing warm water
maintains the burner plate at 358 K. This ensures the minimization of the heat loss
from the flame to the plate as desired by the HFM principle [22]. Figure 1a shows
the setup schematic and Fig. 1b shows the experimental facility developed for LBV
measurement of gaseous fuels.

2.1 Numerical Modeling

Chemical kinetic analysis, the burner stabilized flame module of ANSYS
Chemkin-Pro® [24] is used to simulate 1D, unstretched and premixed flame.
ANSYS Chemkin-Pro® solves equations of state, thermodynamic properties, and
species production rates [24] under steady-state assumption. After grid convergence
test, the following parameters were set for simulations: Grid points = 1000;
Adaptive grid parameters: Grad 0.025, Curv 0.1; Soret effect; Multicomponent
diffusion. GRI-Mech. 3.0 [25] with 53 species and 325 reversible reactions suitable
for C1–C3 hydro-carbons was chosen to simulate 1D flames.

3D simulations of flat burner stabilized flames. The burner stabilized laminar
premixed flames of the fuel-oxidizer mixture, used in present work, are simulated
with DRM19 detailed (19 species and 84 reversible reactions) chemistry [31]. The
flat burner plate used for experiments, made of brass with a hole diameter of
0.5 mm and pitch 0.7 mm was modeled with a domain having four side symmetry
(Fig. 2). The cross-section of the rectangle extracted out of the plate (ABCD),
forming the symmetry is shown at the bottom left of Fig. 2 with detailed

Fig. 1 a Schematic of the heat flux setup b Experimental setup based on heat flux method
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specifications. ANSYS Fluent [26] solves 3D governing equations for mass,
momentum, and energy conservations. Pressure-based numerical solver, with
double precision, segregated solver using an implicit method for solving discretized
set of algebraic equations was used. The laminar finite rate viscous model with a
second-order upwind scheme for all governing equations was used. The 3D mesh
was created using ANSYS® ICEM.

Boundary conditions, the premixed fuel-air mixture enters with uniform velocity
through two inlets (Inlet-1 and Inlet-2) provided in the plate (Fig. 2). The species
mass fractions and temperatures were set at these two inlets. The plate with
thickness (CG) 2 mm was modeled. The length of the outer domain (GK) is kept
8 mm above the top burner plate (EFGH). The outlet of the domain (IJKL) was
provided with pressure outlet boundary condition. The gauge pressure, air tem-
perature and the oxygen mass fraction was specified at the pressure outlet. The four
faces of the rectangle (BCKJ, CDKL, ADLI, and ABJI) represent the symmetry of
the model which when extracted will lead to a hexagonal perforation pattern as
shown at the bottom right of the Fig. 2. Cold flow simulations with the good
convergence of governing equations up to 10-6 were ensured at the beginning.
Then, the fuel-air mixture was ignited by patching a local region above the burner
top to 2000 K. The solution was run with low under-relaxation factor (species 0.3,
energy 0.1) for 10000–12000 iterations. After identifying the flame, the
under-relaxation factors were set to 0.5 and 0.3 for species and energy, respectively.
The grid independence test was conducted to obtain grid independent solutions. All
3D computations were performed at 1 atm and 298 K, similar to experiments. The
corresponding measured LBVs were provided at velocity inlet boundary conditions.

Fig. 2 Computational domain, specifications and boundary conditions for 3D simulations
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3 Results and Discussions

The experiments were conducted at 298 ± 1 K temperature, and 1-atm using HFM.
The maximum calculated uncertainty for the present setup with 95% confidence
interval was ± 1 cm/s. Figure 3a shows the measured LBV of CH4-air mixture as a
function of equivalence ratio (/). The present results agree well with the results
available in the literatures [23, 28–30]. Further, the numerical predictions of ANSYS
Chemkin-Pro® [24] using GRI-Mech. 3.0 [25] is also in good agreement at most of
the equivalence ratios. Figure 3b presents the experimental results of CH4-air, CH4

diluted with 50% CO2 (representing biogas)-air and, 20 and 40% H2-enriched
biogas-air (with CH4/CO2 = 1). For biogas-air mixtures, a consistent decrease in the
LBV at all equivalence ratios can be observed. At stoichiometry, the LBV of
biogas-air mixture decreased by about 47% compared to CH4-air. This is due to the
dilution, chemical and thermal effect of CO2 [8, 27]. When the same biogas (with
CH4/CO2 = 1), was enriched with 20 and 40% H2, an increase in LBV at all
equivalence ratios was observed. This was due to the increased H2 concentration that
had resulted in an increase in LBV. Furthermore, the effect of H2 enrichment is more
prominent for the rich fuel-air mixture compared to leaner and stoichiometric
mixtures. In addition, the increased H2 concentration in the biogas blends had shifted
the peak LBV from / = 1.0 to 1.1. About 117% rise in the LBV of the biogas-H2

fuel containing 40% H2, compared to the base biogas-air mixture, was observed.
To understand the chemistry behind an appreciable rise in LBV due to H2

enrichment, the sensitivity analysis of CH4-air, biogas (50% CH4 + 50% CO2)-air,
and 40% H2-enriched biogas-air was conducted using ANSYS Chemkin-Pro with
GRI-Mech. 3.0 and results were plotted in Fig. 4a (at / = 1.0). The normalized
sensitivity coefficients of seven common reactions which are among the top most
sensitive reactions for selected fuel blends were considered for analysis. For the
biogas-air mixture, the most dominant chain branching reaction producing O and
OH radicals is R38: H + O2$O + OH. However, R52: H + CH3 (+M) $ CH4

Fig. 3 Measured LBV as a function of equivalence ratio at 1 atm and 298 K for a CH4-air
mixture compared to literature and numerically predicted results b CH4-air, Biogas-air and H2-
enriched biogas-air
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(+M), that consumes H radical was most sensitive in the negative direction. On the
other hand, with 40% H2-enrichment, the normalized sensitivity coefficients of
reactions R38 and R52 further decreased, due to enhanced creation of H radical,
thereby minimizing the effect of CO2 dilution.

For a better and in-depth understanding of the flame structure of the used fuel
blends, 3D computations were conducted using ANSYS Fluent [26] with DRM19
detailed chemistry [31]. All simulations were conducted at 1 atm and 298 K.

Sensitivity analysis predicted that H plays an important role in LBV, hence, H
radical profile of all fuels was compared. The 3D computational results with
DRM19 chemistry, along a vertical line, at the center of one of the inlets, is plotted
in Fig. 4b. It can be observed that the mole fraction of H radical is highest for
biogas containing 40% H2 and is minimum for biogas (50%CH4 + 50%CO2). Due
to increased production of H for H2-enriched fuels, the sensitivity of R38 and R52
have shown a decreasing trend (Fig. 4a). Figure 5a–c compares the flame structure
and temperature profiles of CH4-air, biogas (50%CH4 + 50%CO22-air and (30%
CH4–30%CO2–40%H2)-air mixtures. It can be depicted from Fig. 5a–c that the
point where CH4 diminishes, the CO peaks. CH4 concentration reaches zero at 0.2,
0.6, and 0.3 mm for CH4-air, 50%CO2 diluted CH4 (biogas)-air and 40% H2-
enriched (30%CH4–30%CO2), respectively, after the mixture leaves the top surface
of the burner. An axial distance of 0.002 m corresponds to burner top surface in
Fig. 5a–d. The delay in CH4 consumption for 50% CO2 diluted CH4 (biogas)-air
mixture (Fig. 5b) signifies the thickening of the reaction zone, compared to pure
CH4-air mixture (Fig. 5a). However, the delay and thickening effects are reduced
due to the presence of H2 (Fig. 5c). For CH4-air flame, the pre-flame reactions start
immediately after passing through the burner rim and become rapid with an
increase in temperature. Hence, the consumption of the CH4 is faster in CH4-air
flame as compared to a biogas-air flame. Further, with 50% CO2 diluted CH4,
the flame temperature drops by about 580 K compared to pure CH4-air mixture.

Fig. 4 a Normalized sensitivity coefficients (1D results) b Mole fraction of H (3D results)
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Fig. 5 Fluent 3D numerical predictions a CH4-air mole fraction b Biogas-air mole fraction c 40%
H2-enriched biogas-air mole fraction d CH3 mole fraction comparison (three fuels) e CH4 mol
fraction contour comparison (three fuels: left-CH4-air, mid-Biogas-air, right–40% H2 enriched
biogas-air) f Kinetic reaction rate of R22 comparison (three fuels: left-CH4-air, mid-Biogas-air,
right–40% H2 enriched biogas-air). All computations are conducted with DRM19 at 1 atm and
298 K
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This drop in temperature affects the reactivity of the mixture and had resulted in
thickening of the reaction zone. The peak mole fraction of CH3, the first interme-
diate formed when CH4 is attacked by H and OH, decreased by about 32% when
CH4 was diluted with 50% CO2 (Fig. 5d). This may be attributed to the delayed
formation of H radical (Fig. 4b), which has its peak at 0.4 mm above the burner top
for CH4-air mixture and 0.9 mm above the burner top for 50% CO2 diluted CH4-air
mixture. Further, 50% CO2 concentration in CH4, decreased the CO production for
biogas-air mixtures compared to pure CH4-air mixture by about 30%. The CH4 mol
fraction contour, and kinetic reaction rate contours are plotted in Fig. 5e and Fig. 5f
respectively. Figure 5e demonstrates the delay in consumption of CH4 for the
biogas-air flame (mid contour) compared to CH4-air Flame (left contour). This
indicates that the flame had appeared closer to the burner top surface for CH4-air
mixtures. However, with 40% H2 enrichment, the concentrations return back
towards CH4-air type flames. From Fig. 5f, a clear lifting of biogas-air flame (mid
contour) can be observed over the burner rim compared to CH4-air flame (left
contour). The reaction rate contour of the H2 enriched fuel, analogous to CH4 mol
fraction contour, lies between stoichiometric CH4 and biogas flames. 1D sensitivity
analysis with ANSYS Chemkin-Pro with GRI 3.0 and DRM19 reaction mecha-
nisms predicted H + O2$O + OH (R38 for GRI or R22 for DRM19) as the top
chain branching reaction for all the studied mixtures. The kinetic reaction rate (of
R38 or R22) determined through three-dimensional CFD analysis revealed that the
reactivity of pure CH4-air mixture decreased by about five times when diluted with
50% CO2 (Fig. 5f). The results indicated that the presence of CO2 in biogas fuel
decreases LBV, flame temperature, mixture reactivity and increases the thickness of
the reaction zone. However, these adverse effects may be minimized by H2

enrichment.

4 Conclusions

Based on the experimental and computational investigation of combustion char-
acteristics and flame structure of methane-air, biogas (containing 50% CO2)-air, and
biogas enriched with 40% H2-air, over a flat flame burner, the following conclu-
sions were drawn.

The presence of CO2 in biogas fuel results in decreased flame temperature. As a
consequence, the flame reactions become slow resulting in decreased laminar
burning velocity and increased reaction zone thickness.

The LBV of CH4, when diluted with 50% CO2, decreased by about 47%.
However, when the biogas mixture (containing 50% CO2) is enriched with 40% H2,
about 117% rise in LBV of biogas is observed. Further, with the addition of H2 in
biogas, the peak LBV shifted from / = 1.0 to 1.1.

The reactions R38: H + O2$O + OH and R52: H + CH3 (+M) $CH4 (+M)
are most dominant reactions with positive and negative normalized sensitivity
coefficients, respectively. With 50% CO2 dilution in CH4, the magnitude of these
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reactions increased in their respective directions. However, with 40% H2 addition in
biogas, the normalized sensitivity coefficients of these fuels exhibited a decreasing
trend due to enhanced production of H.

The results of the present work are useful in understanding the flame structure of
CH4-air and biogas-air mixtures. Also, the inferences of the present work can be
used by the I.C. engine researchers to prepare an H2-enriched biogas fuel that may
be a good substitute for natural gas with lesser emissions.
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A Comparative Study for Transmission
Efficiency of ABS, POM, and HDPE
Spur Gears

Akant Kumar Singh , Siddhartha , Sanjay Yadav
and Prashant Kumar Singh

Abstract Application of polymer gears is increasing due to some of their inherent
properties. Nowadays, polymer gears are replacing metal gears in various appli-
cations. They have less weight, lower inertia, and run much quieter in comparison
to metal gears. In this work, the transmission efficiency of polymer gears running at
different speed (600, 800, 1000, and 1200 rpm) and torque (0.8, 1.2, 1.6, and 2 Nm)
are studied. Three different thermoplastic materials viz. Acrylonitrile Butadiene
Styrene (ABS), Polyoxymethylene (POM), and High-Density Polyethylene
(HDPE) are used to fabricate polymer gears using injection molding machine.
Gears are operated for 1.2 � 105 cycles to investigate the transmission efficiency.
The experiments are carried out using a power absorption type polymer gear test
rig. It is concluded from this work that transmission efficiency of these polymer
gears is significantly affected by torque. Speed has less significant effect on
transmission efficiency of polymer gears.

Keywords Polymer gears � Polymer gear test rig � Transmission efficiency

1 Introduction

Plastics gears are found today in both commercial and precisiontype applications to
transfer the motion and power. Transmission efficiency is an important parameter
for power and motion transmission applications. The overall mechanical system
efficiency in some power transmission applications is improved by using the plastic
gears [1]. Plastic gears are used in various applications nowadays. However, the
transmission efficiency of polymer gears has not been investigated much so far.
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Walton et al. [2, 3] observed that speed and loads are the key factors that signifi-
cantly affect the transmission efficiency of polymer gears. They investigated the
effect of different materials and geometries on the transmission efficiency of
polymer gear pairs.

Many researchers are working on polymer gears since the last decade [4].
Senthilvelan and Gnanamoorthy [5] investigated the efficiency of polymer gears
and found that carbon fiber filled composite gear performed better than neat gears
due to its enhanced gear tooth stiffness and thermal characteristics. Transmission
efficiency of polymer gears is also improved with the addition of nanoclay particles
[6]. Transmission efficiency of polymer gears is improved about 2% by using
compressed air cooling at the mating surface of master and test gears [7]. Rayudu
and Nagarajan [8] studied the effect of gear wear and tooth deformation on the
transmission efficiency of plastic gear. Luscher et al. [9] studied the transmission
error and geometry of polyketone gears in which transmission efficiency and effect
of packing pressure on gear run out is studied. Mertens and Senthilvelan [10]
investigated the surface durability of injection-molded carbon nanotube–
polypropylene spur gears and found that inclusion of carbon nanotube improved the
efficiency of plastic gears. Experimental and numerical evaluation of transmission
characteristics of polymer spur gears are done by Kodeeswaran et al. [11]

Wear and thermal resistance of polymer gear tooth is increased with the rein-
forcement of fibers in polymer gear material [12–14]. However, fiber-reinforced
composite gears also has better transmission efficiency [2, 5]. Damping capability
of polymer gears is reduced with the reinforcement of glass fibers and noise
emission is also increased [15]. Singh and Siddhartha [16] fabricated the func-
tionally graded materials (FGMs) gears through a novel fabrication technique. The
transmission efficiency of FGM gears are found better than the conventional
polymer gears. Transmission efficiency has been investigated for different material
based polymer gears. However, authors found that transmission efficiency has not
been investigated for gears fabricated with ABS, POM, and HDPE materials.
Therefore, the focus of this investigation is to develop ABS, POM, and HDPE
based polymer gears and compare their transmission efficiency.

2 Materials and Method

2.1 Gear Fabrication

Polymer gears are fabricated using injection molding process. ABS, HDPE, and
POM polymer materials are used to fabricate the polymer gears. ABS, HDPE, and
POM materials are heated at 80 °C, 60 °C, and 90 °C, respectively, in a dryer for
4 h to remove the moisture. Gears are fabricated at the injection pressure of 50 MPa
for ABS, 60 MPa for HDPE and 70 MPa for POM. Injection-molded gears are
shown in Fig. 1.
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2.2 Polymer Gear Test Rig

A gear test rig (CM-9108) has been used for the testing of the polymer gears. This
test rig is fabricated by the DUCOM Instruments, India. Figure 2 shows a complete
arrangement of gear test rig. Each polymer gear meshes with a metal gear having
same design specifications. Polymer gear is placed on a shaft attached to a DC motor
while the metal gear shaft is driven by an AC motor. The AC motor is able to run at
any speed up to 1500 rpm. Test gears (Polymer gears) are loaded by applying the
load on DC motor with the help of a rheostat. The torque acting on both the gears
(polymer and metal) is measured by torque sensors with an accuracy of ± 0.2%. The
temperature fluctuations during each test were continuously monitored by a non-
contact type infrared sensor (make: OMEGA; model: OS 100EV2–Series) fixed

Fig. 1 Injection-molded polymer gears

Fig. 2 Polymer gear test rig
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vertically on an acrylic chamber above the mating surface of gears. The infrared
sensor can measure the temperature from ambient to 130 °C with least count of 1 °C.
Accuracy of the infrared sensor is 1 ± 1%measured value in °C. Testing of polymer
gears is performed at the speeds of 600, 800, 1000 and 1200 rpm and torque values
of 0.8, 1.2, 1.6, and 2 Nm. Test gears are operated for 1.2 � 105 cycles.

2.3 Dynamic Mechanical Analysis and Transmission
Efficiency

Dynamic mechanical analysis (DMA) of ABS, POM, and HDPE is carried out
as per ASTM D5023 with the help of a dynamic mechanical analyzer. DMA is
performed within the temperature range of 20–140 °C and a constant frequency
(1 Hz). Transmission efficiency of fabricated gears is investigated. Following
relation is used to evaluate the transmission efficiency by neglecting the power loss
at couplings and bearings.

Transmission efficiency ¼ Driven gear torque
Driver gear torque

ð1Þ

3 Results and Discussions

3.1 Dynamic Mechanical Analysis of Gear Materials

DMA is performed so as to have insight about storage modulus (Eʹ), and damping
factor (tan d). DMA provides insight about the thermal response of gear materials
under the application of cyclic mechanical stresses. Stiffness and impact properties
of the gear materials can be predicted by damping behavior of the materials. There
are three regions in DMA, i.e., glassy region, glass transition region, and rubbery
region. The temperature at which the rubbery region initiates is known as glass
transition temperature (Tg). Figures 3 and 4 shows the effect of temperature on the
storage modulus and damping factor of ABS, POM, and HDPE materials.
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It is observed from Fig. 3 that the value of storage modulus of ABS, POM, and
HDPE materials is found to be spacious below glass transition temperature (Tg). It
shows a greater contribution of materials characteristics toward the stiffness at low
temperature. The integral constituent of polymeric material becomes loose and lose
their close packing arrangement as the temperature increases, and thus results in
decreased value of storage modulus in the glass transition region (32–72 °C). The
order of storage modulus of gear materials in the glass transition region is:
ABS > POM > HDPE. There is no noteworthy change observed in storage mod-
ulus for rubbery region. The damping factor (tan d) represents the ration of loss to
the storage in a visco-elastic system or precisely the quantum of internal friction and
is a dimensionless number [17]. The highest value of tan d corresponds to glass
transition temperature (GTT). Damping factor of all fabricated composites are
shown in Fig. 4. The GTT of ABS, POM and HDPE materials are 5 wt% reinforced
and 10 wt% reinforced nanofiller filled composites are 68 °C, 60 °C, and 55 °C,
respectively. ABS and HDPE materials have highest and lowest damping factor
(tan d), respectively.

3.2 Variation in the Transmission Efficiency of Polymer
Gears Due to Speed and Torque

Gear material plays a significant role in transmission efficiency (TE) of the polymer
gears. TE is also affected by speed and the torque acting on the polymer gears.
Figure 5a and b represents the variation in the surface temperature and TE of
polymer gears due to the acting torque at the speeds of 600 and 1200 rpm. Figure 5
shows that the surface temperature of gear tooth increases and TE decreases with
increase in the torque. Flexibility of polymer gear tooth is very sensitive to the gear
tooth temperature. Gear tooth surface temperature increases with increase in torque
causes teeth deflection. After completion of 1.2 million cycles, some amount of
torque (Driven torque) is lost on the test gear due to deflected gear tooth. Therefore,
TE of test gears decreases with increase in the torque [3].
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Transmission efficiency of ABS gear is higher in comparison to POM and HDPE
gears. It happens due to low surface temperature of gear tooth, low damping factor
and high storage modulus. TE of ABS, POM, and HDPE materials based gears is
higher at 600 rpm as compared to 1200 rpm as observed from Fig. 5a and b. High
gear tooth surface temperature at 1200 rpm causes less TE for ABS, POM, and
HDPE gears. Among the three types of gears, ABS has highest and HDPE has
lowest TE for both constant speeds (600 and 1200 rpm) and at each torque. TE of
manufactured gears decreases by 20% for HDPE gear, 16% for POM gear and 14%
for ABS gear when the torque increases from 0.8 to 2 Nm. Therefore, ABS gear has
minimum declination for TE.

At the constant speed of 1200 rpm, ABS gears have 3 and 13% higher TE as
compared to POM and neat HDPE gears, respectively, at 2 Nm torque. However, at
600 rpm, ABS gears have higher TE of 5 and 15% as compared to POM and neat
HDPE gears, respectively, at the torque value of 2 Nm.

Fig. 5 a TE of the test gears at speed of 600 rpm after 1.2 � 105 cycle b TE of the test gears at
1200 rpm after 1.2 � 105 cycle
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TE of ABS, POM, and HDPE gears is not much affected by variation in speed,
as observed in Fig. 6. It shows that TE of ABS, POM, and HDPE gears reduces
with increase in speed.

Walton et al. [2, 3] also found the similar results for several other plastic gear
materials. TE of ABS, POM and HDPE gears is higher at the torque of 0.8 Nm in
comparison to 2 Nm at each constant speed as evident from Fig. 6. TE of ABS,
POM and HDPE gears is lower at 2 Nm in comparison to that at 0.8 Nm. It happens
due to the fact that the tooth surface temperature of the gears is higher at 2 Nm. TE
of ABS, POM, and HDPE gears reduces slightly from 4 to 6% when the speed
increases from 600 to 1200 rpm.

At the constant torque of 0.8 Nm, ABS gears have 6 and 10% higher TE in
comparison to POM and neat HDPE gears, respectively, at 1200 rpm. However, at
2 Nm torque, ABS gears have 3 and 13% higher TE as compared to POM and
HDPE gears, respectively at the speed of 1200 rpm. Therefore, it is clear that
performance of ABS gear is superior to POM and HDPE gears.

Fig. 6 a TE of the test gears at 0.8 Nm after completing 2 � 105 cycle b TE of the test gears at
2.6 Nm after completing 2 � 105 cycle
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4 Conclusions

The following conclusions are drawn from this study:

• ABS, POM, and HDPE materials based polymer gears are successfully fabri-
cated by injection molding process.

• Transmission efficiency of fabricated gears is significantly affected by torque
rather than speed.

• ABS gear has higher transmission efficiency as compared to POM and HDPE
gears. At 600 rpm, ABS gears have higher TE of 5 and 15% as compared to
POM and neat HDPE gears, respectively, at the torque value of 2 Nm.

• HDPE gear has minimum transmission efficiency among all three fabricated
gears, i.e., 60%.
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Energy Saving Analysis Using Pilot
Operated Counter Balance Valve

R. Sreeharsha, Mohit Bhola, N. Kumar and Alok Vardhan

Abstract Counter balance valves are used in hydraulic systems to withhold the
vertical loads by preventing the free flow of the hydraulic fluid for the safety
purpose. But due to this safety feature of the valve, it creates back pressure on the
actuator, when the actuation of the cylinder is required in upward direction, to lift
the load. This increases the pressure losses across the actuator in the hydraulic
system and in turn heat the oil unnecessarily. This, in turn, causes the system to be
energy inefficient. But, in today’s competitive world development of energy effi-
cient systems (EES) is an important aspect. In this article, comparison of energy
efficient hydraulic system is done using Pilot Operated Counter Balance Valve
(POCBV) and Conventional Counter Balance Valve (CCBV) through MATLAB®/
Simulink environment. It has been found that POCBV is more energy efficient than
CCBV for a particular set of operating conditions. Effects of physical parameters
like pilot ratio, spring rate on stability and efficiency used in designing of POCBV
are also studied and compared using MATLAB®/Simulink environment. This
model is beneficial for hydraulic machine manufacturers engaged in designing of
lifting devices in selecting a suitable valve for particular load application and for the
designers to design the main components of the valve.

Keywords Energy efficient systems � Counter balance valve � Hydraulic system �
MATLAB®/simulink environment

Nomenclature

FS Spring setting
k Spring stiffness
x Valve opening
Ppilot Pilot pressure at opening port of “P”
Pback Back Pressure at port “b”
Pload Load Pressure at port “L”
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Apilot Valve effective area at port “P”
Aload Rod area of the actuator at port “L”
Aback Valve effective area at port “b”
W Pilot ratio
aback Back pressure ratio
Cp Spring stiffness (Pa/m)
Pset Valve setting pressure

1 Introduction

In the present scenario, technology of Heavy Earth Moving Machineries (HEMM)
are developing in a very rapid manner. Hydraulic systems employed in HEMM’s
accomplishes not only the desired task, but it should be in energy efficient manner
and within a specified time. With today’s design of hydraulic components, flexi-
bility of hydraulic technology has been significantly increased. Energy efficient
systems can be developed in two ways: one by improving the efficiency of each
component in the system and other by incorporating energy saving devices like
accumulators in case of hydraulic systems. As this article is being focused on
analysis of energy efficient hydraulic system to balance heavy loads. This is a task
which includes identifying the components where losses are occurring and imple-
menting a better alternative to save the losses. As this article focuses on one such
component in hydraulic systems of, i.e., Counter balance valve.

Conventional Counter Balance Valve (CCBV) is basically a pressure relief valve
but used in special application in combination with check valve to develop a back
pressure in a hydraulic system. This valve creates a back pressure to prevent load
running away when the actuator is retracting. The main limitation of this valve is
that it reduces the available force from the actuator that is lost in overcoming the
back pressure set up by the counter balance valve. So this loss is identified and an
alternative component is suggested that can reduce it without altering its basic
function, i.e., Pilot Operated Counter balance valve (POCBV).

Both valves, i.e., CCBV and POCBV are multifunctional and serves the pur-
poses like leak tight load holding, Shock absorption, and cavitation protection at
load lowering, and no pressure drop before lift, cope with hose failure and more.

During hoisting load is raised or lowered as per the requirement. When the load
is being lowered there is chance of overrun due to gravity, so to counteract this a
back pressure need to be generated to ensure the safety and smooth running of
system. In case of HEMM, especially the hoisting machineries like cranes and
excavators which runs on hydraulic system, a load holding valve is a most crucial
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component. To make the load lifting/lowering mechanism energy efficient and more
stabilized system, study of steady state and dynamic characteristics of valves is
necessary. Maiti et al. [1] studied the static and dynamic characteristics of two-stage
pressure relief valve (PRV) with proportional solenoid control pilot stage has been
modeled. Liu et al. [2] researched on dynamic characteristics of CCBV in time
domain and frequency domain using AMESim simulation software and validated
experimentally. Zhao et al. [3] studied on influencing parameters of CCBV on
stability of the system. The analysis result indicates that the pressure pulsation of
the lifting system is closely related to dynamic characteristic of the counter balance
valve, and stability of the system can be improved by means of the flow area of
counter balance valve with linear small gradient. Handroos et al. [4] in his article,
provided the detailed study on steady state and dynamic characteristics of CCBV.
Overshoot with CCBV in dynamic responses are high. This is due to high sealing
friction provided to bear the load. To improve the dynamic response of
load-holding devices, Kjelland and Hansen [5] conducted numerical and experi-
ential study on pressure feedback system indirectly to eliminate oscillations and to
improve stability of the hydraulic system using over center valve. Xu and Liu [6]
build a model of POCBV based on the AMESim software and performance analysis
has been done through simulation. The simulation results show that POCBV has
good dynamic response and stability and its controlled spool opening is indepen-
dent of the load. Yao et al. [7] studied about the stability analysis of POCBV for
flow rates around 2000 lpm. The analysis results indicate that such systems are
unstable for normal range of parameters. To stabilize such systems incorporation of
accumulators in the main pressure line is suggested. Another novel approach for
stabilizing hydraulic circuit containing POCBV was experimented by Sorensen
et al. [8]. This concept utilizes a low-pass filtered value of the load pressure from
the secondary circuit for the pilot connection of POCBV valve. Rydberg [9] has
analyzed on various possible types of load holding hydraulic systems in mobile and
industrial applications in regard of energy saving potential. Ritelli and Vacca [10]
addressed the problems and approach in aspect of energy saving analysis of CCBV.

The present article is based on comparing the energy saving analysis of the
hydraulic system containing CCBV and POCBV valves. Effects of physical
parameters like pilot ratio, spring rate on the stability, i.e., overshoot and settling
time and energy efficiency used in designing of POCBV has been analyzed using
MATLAB®/Simulink environment. The study of individual parameters will help
the hydraulic lifting machine manufacturers in selecting a suitable valve for par-
ticular load application (variable/constant) and for the designers to design the main
components of the valve.
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2 Material and Method

The conventional and pilot operated counter balance hydraulic circuits are shown in
Fig. 1. In circuit 1(a) load is raised or lowered with the help of pressure relief valve
used in combination with the check valve. Here PRV holds the load of the system
and raising of the load attained with the help of check valve. For lowering of the
load, back pressure should reach the cracking pressure of the PRV. Whereas, in
case 1(b) of pilot operated counter balance valve (POCBV) main flow to the
actuator is passed through check valve and for lowering of the load along with the
resultant back pressure of load pilot line (low pressure) from the main supply is
provided for opening of the backflow which facilitates lowering of the load. The
other major components of the hydraulic circuits are actuator with load, 4/3 tandem
centered type DCV, a high-pressure line source and low-pressure line source.

2.1 Mathematical Equations Involved in Working of POCB
Valve

The pilot operated counter balance valves are used in hydraulic systems working
with overriding or for hanging loads. Generally employed in excavators or cranes
for heavy load lifting/holding purpose. This POCBV has better dynamic response
when compared to conventional counter balance valve (CCBV). The working of
POCBV is shown in Fig. 2. To study of different factors on which functioning of
the POCBV depends can be analyzed with the help of mathematical equations.

Fig. 1 Conventional hydraulic circuits of CCBV and POCBV. a Conventional counter balance
circuit. b Pilot operated counter balance check valve
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Lowering operation of the load is possible when there is possibility of flow
through a passage is created between the rod side and the tank port. When DCV is
operated in such a position so that to lowering operation of the load has to occur,
considering the static condition if pressure at port P and pressure at port L is higher
than the spring force then only lowering of the load takes place.

Fs þ k:x ¼ Ppilot:Apilot þPload :Aload � Pback:Aback ð1Þ

Dividing with load side area of the rod

Pset ¼ FS

Aload
; Cp ¼ k

Aload
; W ¼ Apilot

Aload
; aback ¼ Aback

Aload
ð2Þ

The equation for valve displacement is determined as

x ¼ Ppilot:apilot þPload � Pback:aback � Pset

Cp

� �
ð3Þ

The above equations are considered with the assumption that inertia, friction,
and hydraulic forces acting on the valve member are neglected.

Fig. 2 Working of POCB
valve
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2.2 System Modeling

The above mentioned conventional hydraulic circuits using CCBV and POCBV as
shown in Fig. 1 is modeled in the MATLAB®/Simulink environment and shown in
Fig. 3. The major system parameters considered for the simulation analysis are
given in Table 1. The study of POCBV valve parameters like pilot ratio, spring
stiffness with load pressure has been analyzed. A comparative study in energy
saving aspect between these two circuits has also been performed. The external load
imposed on the system is a type of variable load given in step with an increment of
5 kN, starting from 5 to 15 kN.

Table 1 The major system parameters considered for the simulation analysis

S. No. System parameters Magnitude Unit

1. Main pump flow rate 1e-3 m3/s

2. Main PRV cracking pressure 100 bar

3. Set pressure of counter balance valve 32.5 bar

4. Rod side area of the piston 0.004 m2

5. Piston side area of the piston 0.008 m2

Fig. 3 Modeling of CCBV and POCBV hydraulic circuits. a Conventional counter balance
hydraulic circuit. b Pilot operated counter balance hydraulic circuit
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3 Results and Discussions

Figure 4a describes the load profile for the machine during counter balance valve in
operation. For 0–0.3 s the load is kept at 5 kN, for 0.3–0.6 s there is step change in
load to 10 kN than to 20 kN for 0.6–1 s.

Referring to Fig. 4b, the comparison of the CCBV and POCBV has been carried
out for a given load profile as shown in Fig. 4a. The pre-compression setting of the
spring is set about 1.3 times the maximum load carried by the machine. It is found
that in the POCBV the back pressure adjusts itself according to the load profile of
the machine. But in the CCBV, in which the pressure relief valve acts as the counter
balance valve, the back pressure is almost constant which the pre-compression
setting of the spring of the CCBV. This feature of the POCBV helps to make the
hydraulic circuit of the machine more efficient during low load operating conditions
by avoiding unnecessary back pressure due to high pre-compression setting of the
spring in CCBV.

Referring to Fig. 5a, it is observed that the for the energy efficient point of view,
the pilot ratio of the POCBV should be kept high, as the back pressure for the high
pilot ratio is less as compared to low pilot ratio valve which contributes to the
higher energy losses during upward stroke of the cylinder. It is also observed that
the valve with high pilot ratio is less stable as compared to the valve with lower
pilot ratio. So, the machines which has minimum variation of load during operation
(stable load application like hydraulic press/lift), the valve with higher pilot ratio is
suitable for energy efficiency and for the applications like excavators boom cylinder
which has higher variation of load during its operation compromise has to be made
between greater stability and energy efficiency. Referring to Fig. 5b, the effect of
spring stiffness on the stability and backpressure has been found. It is observed that
valve with higher spring stiffness has higher overshoot in pressure as compared to

Fig. 4 Comparing the back pressure attained in case CCBV and POCBV. a Load profile used for
the analysis. b Comparison of CCBV and POCBV at varying load profile
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the valve with lower spring stiffness. The settling time of the response is slightly
fast for the higher stiffness spring as compared with lower stiffness spring.

Fig. 5 Studying the effect of pilot ratio and spring stiffness of POCBV
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4 Conclusion

In this article, comparison of energy efficient hydraulic system is done using Pilot
Operated Counter Balance Valve (POCBV) and Conventional Counter Balance
Valve (CCBV) through MATLAB®/Simulink environment. Based on the simula-
tion results it has been found that POCBV is more energy efficient than CCBV. The
variation of pilot ratio increases the energy saving of the POCBV system when
compared to CCBV but with the increase in the pilot ratio also causes the increase
in instability of the system. Increase in spring stiffness decreases the energy efficient
operation of the system. An overall, using POCBV one can perform energy efficient
operation when compared to CCBV based above results.
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Enhancing Learning of Kinematics
and Fatigue Failure Theories
Using CAD Modeler

Prathivadi Ravikumar, Blair McDonald, Il-Seop Shin, Khaled Zbeeb
and N. Puneeth

Abstract Mechanical Engineering is the branch of engineering that specializes in
the design, production, and uses of machines. The physics of mechanics is widely
used in mechanical engineering. Educators make continuous improvements in
providing quality education to ensure that mechanical engineering students
understand important concepts and develop skills to apply them in practice upon
graduation. Engineering software tools are enabling educators to develop innova-
tive new techniques that enhance the learning of many mechanical engineering
topics. This paper discusses the use of SolidWorks CAD modeler to develop
learning tools that support the understanding of concepts of mechanical engineering
topics such as kinematic synthesis, kinematic analysis, and fatigue failure theories.
Specifically, three-position synthesis with specified moving pivots of a four-bar
mechanism, symmetrical linkage with synthesis of one of its cognates, and 3D
fatigue diagram that extends the traditional 2D fatigue diagrams are described.
Effective use of sketch, drawing, and solid model tools with solid modeler are
discussed. The productivity of CAD tools in significantly enhancing learning is
recognized through the discussion.
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1 Introduction

Mechanical Engineering is the branch of engineering that specializes in the design,
production, and uses of machines. The physics of mechanics is widely used in
mechanical engineering [1]. Educators make continuous improvements in providing
quality education to ensure that mechanical engineering students understand
important concepts and develop skills to apply them in practice upon graduation.
Engineering software tools are enabling educators to develop innovative new
techniques that enhance the learning of many mechanical engineering topics. This
paper discusses the use of SolidWorks CAD modeler to develop learning tools that
support the understanding of concepts of mechanical engineering topics such as
kinematic synthesis, kinematic analysis, and fatigue failure theories. Effective use
of sketch, drawing, and solid model tools with solid modeler are discussed.

As per various studies carried out [2] on increase in productivity due to
computer-aided design (CAD), it has been found that at lower ends the increase in
productivity is in the ratio 3:1 and in many cases it is 10:1 (even 100:1 gains have
been reported in some cases). This increase in productivity is measured against the
traditional designing process in which most of the calculations are done manually
and drafting is done by using the drawing board. Although these productivity gains
are in the industry, one can extrapolate comparable benefits in education in using
CAD, more in terms of enhanced learning due to better understanding of the
concepts than in terms of sheer productivity. Interestingly, there is a productivity
gain in using CAD modelers, albeit much smaller in scale, by accomplishing more
of taught/learnt material for the same or better quality of education. Many
mechanical engineering topics are best understood by a combination of content
language, engineering principles, mathematics, and graphical representations. It
then makes sense to use CAD modelers to address the graphical aspects that are
present in such topics. Kinematics and fatigue failure theories are important
mechanical engineering topics that involve significant graphical content. This
background is the genesis for the topic and content of this paper.

2 Material and Method

2.1 Kinematic Synthesis

Mechanics is the branch of scientific study which deals with motions, time, and
forces. Mechanics is made up of two parts, statics and dynamics. Statics deals with
stationary systems and dynamics deals with which move or change with time.
Within dynamics, kinematics deals with only the motion aspects such as position or
velocity, and kinetics deals with motion and the cause of that motion such as forces
or moments. Kinematics (dynamics in general) can be applied to objects modeled as
particles, rigid bodies, combination of rigid bodies called linkages/mechanisms, or
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flexible systems. Such studies can be extended to more complex models such as
flexible bodies. Kinematics can be further sub-divided into kinematic synthesis and
kinematic analysis. Just as any engineering design practice involves a combination
of synthesis and analysis, so does kinematic synthesis and analysis. Most engi-
neering courses deal primarily with analysis techniques for various situations.
However, one cannot analyze anything until it has been synthesized into existence
[3]. Many machine design problems require the creation of a device with particular
motion characteristics. Examples vary greatly from tracing out a particular path in
space to inserting a part into an assembly in a certain path. It is thus evident that
knowledge and skills in kinematic synthesis must be developed, especially for
mechanical engineering students. Graphical methods are a powerful means to
accomplish kinematic synthesis of mechanisms. Examples of graphical synthesis
problems and use of CAD modelers to graphically solve or supplement the solution
by other means is discussed next.

2.2 Graphical Three-Position Synthesis with Specified
Moving Pivots

As a practical application, three positions of a line as shown in Fig. 1 may need to
be matched by a line on a link of a moving four-bar mechanism with the additional
requirement that the line on the link be the end points of the pivots on the link.
A graphical procedure can be undertaken as the means for this three-position
synthesis with specified moving pivots situation. The procedure is known from the
literature [3].

The graphical procedure requires that the following steps be followed to
accomplish the synthesis:

• Draw link CD in the three given positions C1D1, C2D2, and C3D3.
• Draw construction lines from C1 to C2 and C2 to C3.
• Bisect line C1C2 and line C2C3 and extend them until they meet at some point

O2.
• Repeat steps 3 and 4 for lines D1D2 and D2D3 to get point O4.
• Connect O2 with C1 and call it link 2 (crank). Connect O2 with D1 and call it

link 4 (rocker).
• Link C1D1 is link 3 (coupler). Link O2O4 is Link 1 (ground).
• Check the Grashof condition. Any Grashof condition is potentially acceptable.

The above graphical procedure can be implemented by using tools like a paper,
pencil, compass, and protractor as needed as a manual method or by using a CAD
program such as SolidWorks [4] as a computer method. It is best to have students
use the manual method first to solve for every different type of graphical synthesis
problem to grasp the concepts well. It is equally important to teach them to start
using computer methods such as SolidWorks to reflect real-world practice. Figure 2
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shows the implementation of the graphical procedure in the “sketch” mode within a
SolidWorks part file and the synthesized four-bar mechanism that solves the
problem. The synthesized mechanism parameters are: 2.400 units long Ground link
positioned as shown; 5 units long Crank pivoted at the lower end located as shown;
4.746 units long rocker pivoted at its lower end located as shown; 3 units long
Coupler that connects the Crank and the Rocker. The 3 units long Coupler will
match the three positions given in Fig. 1 as the Crank is rotated. It is also easy to
rotate the crank to see how the mechanism moves and verify that the three positions
are matched by the Coupler. This ability to do this design verification using CAD
modelers such as SolidWorks has alternatives that are not easy or productive such as
checking by manual constructions or by building models with wood or plastic or
metal. Note that Figs. 1 and 2 can be made as two separate sketches within the same
SolidWorks file so that it is easy to copy necessary information from the sketch of
Fig. 1 to the sketch of Fig. 2 before making the additional constructions as shown
in Fig. 2. Such as approach minimizes human errors such as using incorrect
dimensions and maximizes efficiency of completing the task because everything is
in one file and is less error-prone as pointed out.

After synthesis and design verification as described, the Solid Modeling capa-
bilities of SolidWorks can be utilized to make the solid models of the links as parts
using sketches first and then make an assembly of the parts as a mechanism.
Assembly, as a mechanism, implies that we take advantage of options such as
different types of mates (for example, setting concentric mates between the surfaces
of the pin holes of links that connect as a pin joint). It is then possible to use more
features of SolidWorks to study the mechanism assembly further such as attaching a

Fig. 1 Three positions C1D1, C2D2, and C3D3 to be matched by moving pivots of a link of a
four-bar mechanism
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motor to the crank to examine its motion, velocity, or acceleration. Such studies are
possible in the advanced “Motion Analysis” segment of “Motion Study” portion of
SolidWorks. It should be pointed out that “simpler” studies can also be done in
SolidWorks using the “Animation” segment of “Motion Study”. Figure 3 shows the
solid model assembly as a planar front view (the mechanism is after all a planar
mechanism in the kinematic sense) on the left and as an actual 3D model in the
trimetric view on the right. It is obviously not possible to demonstrate the motion
study aspects such as motion animation in a passive document such as this but can
always be demonstrated at any presentation opportunity. It should be noted that the
synthesized mechanism shown in Fig. 3 is a Grashof four-bar because it meets the
requirement that the sum of the shortest and longest links’ lengths (Ground 2.4 units
plus crank 5 units = 7.4 units) is less than the sum of the other two links’ lengths
(Coupler 3 units plus Rocker 4.746 units = 7.746 units). In fact, because the
shortest link is grounded, the mechanism is a double-crank in that both the Crank
and Rocker are capable of complete rotation and hence a motor can be attached to
either the Crank or the Rocker. It should also be noted that the coupler can go past
the three given positions and if it is required to limit the motion of the coupler to the
extreme positions 1 and 3 in Fig. 1, a suitable two-link DYAD can always be added
to the mechanism.

Fig. 2 Graphical three-position synthesis with moving pivots using SolidWorks
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2.3 Symmetrical Linkage and Synthesis of One of Its
Cognates

When the lengths of the coupler and rocker are equal pin-to-pin in a four-bar
linkage, every coupler point on a circle centered on the coupler-rocker joint with
radius equal to the coupler length will generate symmetrical coupler curves.
Symmetrical coupler curves have an axis of symmetry. Linkages that generate such
symmetrical coupler curves are called Symmetrical Linkages. An example is shown
in Fig. 4 as a schematic sketch on the left and as a solid model frontal view on the
right.

Fig. 3 Frontal view (left) and trimetric view (right) of the synthesized mechanism for the
three-position synthesis with specified moving pivots

Fig. 4 A symmetrical linkage as a schematic (left) and as frontal view solid model (right) created
using SolidWorks
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The coupler curve generated by the point at the end of the arc on the coupler as
shown on the right in Fig. 4 (the point is the same as the free corner of the
triangle-shaped link on the left of Fig. 4) is shown in Fig. 5. The symmetry of the
coupler curve is identified as the line joining the ground-rocker joint point to the
coupler curve trace point when the crank is collinear with the ground as shown.
Although the Symmetrical Linkage is interesting and practical in and of itself, the
focus here is on the more involved concept of synthesizing the cognate of this
linkage. The word cognate was used by Hartenburg and Denavit [5] to describe a
linkage of different geometry that generates the same coupler curve (as another
linkage).

To synthesize a cognate, a very robust procedure is to create the Cayley
Diagram and then the Roberts Diagram [3]. The Cayley Diagram is shown in Fig. 6
and was generated using SolidWorks. Links 1 (ground), 2 (crank), 3(coupler), and 4
(rocker) form the original linkage (Cognate #1) which is the same as the linkage
shown in Fig. 4. Cayley Diagram construction starts with keeping link 3 fixed and
rotating links 2 and 4 about their respective pivots on link 3 until they are both
collinear with the line joining the coupler-crank joint and the coupler-rocker joint.
Then a line that will eventually contain link 10, a side of link 9, and link 8 is drawn
parallel to one side of link 3 as shown. Another line that will eventually contain link
5, a side of link 6, and link 7 is drawn parallel to a side of link 3 as shown. This is
followed by extending two sides of link 3 until they meet the two lines that were
just generated as shown. This results in a large triangle consisting of four paral-
lelograms and three triangles forming the Cayley Diagram. The top apex of the
large triangle will relocate when a similar triangle to the large triangle is constructed
with the line joining the original ground pivots as the base of that triangle. This
similar triangle construction is shown as a dotted line in Fig. 6 wherein link 1 is one
side, and the other two sides meet at the third ground pivot (which is seen over link

Fig. 5 A symmetrical linkage
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3 in this example). Roberts Diagram then follows as seen in Fig. 7. To construct
this, while not allowing the common point between the three triangles (each one
which is a ternary link of each of the three cognates) to move, links for the cognates
are moved to their appropriate locations to synthesize the cognates. That is, link 8 is
connected to the new ground pivot, and link 10 is connected to the original ground
pivot on the left. Link 9 will rotate to its correct orientation. Thus, the original

Fig. 6 Cayley diagram showing all three eventual cognates

Fig. 7 Robert’s diagram for cognate #2

296 P. Ravikumar et al.



ground pivot at the bottom left and the new ground pivot are part of the ground for a
cognate (say Cognate #2) and other links of Cognate #2 are 8, 9, and 10. Similarly,
the original ground pivot at the bottom right and the new ground pivot are part of
the ground for Cognate #3 and the other links for Cognate #3 are 4, 5, and 6. To
illustrate that true cognates have been synthesized, Solid Models of Cognate #1 and
Cognate #2 were assembled as mechanisms and superimposed using SolidWorks as
shown in Fig. 8. Coupler curves were traced using the motion analysis tools in
SolidWorks to compare the coupler curves which must be identical to qualify as
cognates. Motion animations in SolidWorks confirm that they are cognates. Only
discrete point or points on the coupler curve can be shown on paper being reached
by each cognate’s coupler curve point. Figure 8 shows that the coupler curve is
touched by each cognate’s coupler curve point in some general or arbitrary
positions.

2.4 Content and Methodology of Using CAD for Fatigue
Failure

2.4.1 Fatigue Diagrams in 2D

The 2D Fatigue Diagram representing various failure criteria such as the Soderberg
Line, the Modified Goodman Line, the Gerber Line, the ASME Line, and the Yield
(Langer) Line are well-known in the literature [6] and is shown in Fig. 9.

The fatigue diagram of Fig. 9 shows the limiting value combination of
Mid-Range Stress (x-axis) and Alternating Stress (y-axis) for each of the failure

Fig. 8 Frontal plane view of SolidWorks assembly of solid models of two cognates and the
identical coupler curves traced by them

Enhancing Learning of Kinematics … 297



criterion for infinite life. For example, any point represented by a particular value of
Mid-Range Stress and Alternating Stress that is inside the bounds formed by the
Soderberg Line, the x-axis, and the y-axis is considered to be safe for infinite life by
the Soderberg criterion. (Looking at the figure, it can also be seen that the
Soderberg Line is the most conservative). Failure theories, vitally important in the
design of mechanical components and systems, must be clearly understood by the
graduating student to be able to apply them skillfully in industry practice. The 2-D
Fatigue Diagram is the culmination of significant theoretical as well as experimental
developments and equations in failure analysis wherein many aspects such as the
S-N Diagram, infinite life, fully reversed stress, and fluctuating stress are involved.

2.4.2 Fatigue Diagrams in 3D

When the discussion is further extended to finite life under fluctuating stresses, it is
often done so with theory and equations and only. Just as a 2D Fatigue Diagram is a
very useful supplement to learning the underlying aspects for infinite life, it will be
greatly helpful if finite life fatigue failure aspects can be represented diagrammat-
ically to relate finite life to Mid-Range Stress and Alternating Stress values for
various failure criterion. This results in a 3D Fatigue Diagram as shown in Fig. 10
(created in SolidWorks) which has been created using the theoretical basis and
equations for finite life for each of the failure criterion. The x-axis represents the
Mid-Range Stress and the y-axis represents the Alternating Stress. The information
in the third direction has been presented along the negative z-axis so as to show the
2D Fatigue Diagram clearly as a special case of the 3D Fatigue Diagram on the
nearest x–y plane in the front. The failure criteria are now surfaces in the 3D
diagram instead of 2D curves in the 2D diagram. Any point in the y–z plane

Fig. 9 2D fatigue diagram
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represents a particular value of completely reversed stress for a particular value of
finite life for a specific failure criterion. Such a point is achieved by replacing the
endurance limit (for infinite life) in any specific failure criterion’s well-known
equation with the completely reversed stress and calculating it for a given combi-
nation of mid-range stress and alternating stress. Once that value of completely
reversed stress is found, the S-N diagram’s equation in the high-cycle range
between 1000 cycles to 1,000,000 cycles can be used to find the finite life.
Although the numbers are best found by using equations to calculate them as just
described, the 3D Fatigue Diagram is very useful for student’s understanding of the
concepts.

The above approach is discussed below through the modified Goodman theory
as an illustration, best applicable for ductile steels:

Completely reversed stress = Alternating Stress/(1 – Mid-Range Stress/Tensile
Strength)

Finite Life = (Completely reversed stress/a)(1/b), where
a = (Fraction of strength at 1000 cycles to tensile strength � tensile strength)2/

Endurance limit
b = −(1/3) log (Fraction of strength at 1000 cycles to tensile strength � tensile

strength/Endurance Limit).

3 Results and Discussion

The use of CAD modeler such as SolidWorks as described in this paper was
adopted in ENGR 321 Mechanical Design I and ENGR 322 Mechanical Design II
courses that are taken by students majoring in mechanical engineering and general

Fig. 10 3-D fatigue diagram
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engineering. Student evaluations showed that the strategy and methods of using
CAD modeler were very effective. Other evidence of the effectiveness was observed
through the application of the CAD modeler by students on projects in kinematics
in the ENGR 322 course. The productivity and outcome capabilities for kinematics
that CAD modelers provide serve as incentives for students to learn and apply the
concepts much more effectively.

Cited references include excellent content in the areas of kinematics and fatigue
theories. Supplementing the teaching of the concepts in them using 3D CAD
modelers as described in this paper to emphasize synthesis of mechanisms and
extend 2D fatigue diagrams to 3D fatigue diagrams has been a novel, productive,
and practical approach.

4 Conclusions

This paper discussed the use of SolidWorks CAD modeler to develop learning tools
that support the understanding of concepts of mechanical engineering topics such as
kinematic synthesis, kinematic analysis, and fatigue failure theories. Effective use
of sketch, drawing, and solid model tools with solid modeler were discussed. The
productivity of CAD tools in significantly enhancing learning was recognized
through the discussion.

Compared to using earlier 2D CAD modelers or using only the 2D aspects of 3D
CAD modelers, the approach of using the 3D capabilities of 3D CAD modelers
provides benefits such as better visualization of geometry, checking for
interference/collision, and simulating advanced kinematic and kinetic aspects. As
for fatigue failure theories, 3D CAD modeler has been demonstrated here to show
concepts in new ways.
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Performance Analysis of Special Design
Single Basin Passive Solar Distillation
Systems: A Comprehensive Review

D. B. Singh, Ashok Kumar Singh, Kumar Navneet, V. K. Dwivedi,
J. K. Yadav and Gajendra Singh

Abstract Solar desalting systems are used for maintaining the shortage of fresh
water in distant areas where sunlight is available in great quantity. These solar stills
are working on the principle of evaporation and condensation for generating potable
water. These systems are about maintenance-free requiring minimum manpower
and can be made-up by materials voluntarily available in local market. A variety of
designs of single basin passive solar stills are used to enhance the efficiency and rate
of fresh distillate output. It helps in fulfilling the existing gap between the demands
against the fresh water supply. Guarantee of freshwater availability for the world is
an immense challenge. In the present work, various types of specially designed
single basin passive solar distillation systems have been reviewed and concluded on
behalf of economic, self-sustainable, and production rate with some new
challenges.

Keywords Single basin solar distillation systems � Efficiency � Productivity

1 Introduction

Water is very important for life on Earth. Out of the total estimated water on the
earth, 97% salty water and 3% potable water is available for use. Day by day, the
demand for potable water increases which cannot be fulfilled by conventional
sources of water especially in remote areas. There are various systems available for
desalting the brackish and saline water form solar energy like active distillation
system, passive distillation system, single basin, double basin, multi basin, wick
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type, diffuser type, cascade type, fin type, heat exchanger type, flat plate collector
type, evacuated tubular collector type, thermal storage material type, additional
condenser type etc. and all these systems are based on the simple working principle
of evaporation of water and condensation of vapor by utilizing solar radiation
energy. Out of those, there are some special designs of single basin passive solar
stills which have very important role among all other solar stills in comparison with
performance and productivity which is highlighted in the present work with
appropriate discussions and conclusions.

Solar stills are very easy to fabricate by using easily available materials in the
local market. Malik et al. [1] showed the past conditions of solar distillation also
revealed the work of passive solar distillation systems in their book. Solar still was
first ever utilized by Arab alchemists in 1551 and further a Swedish engineer
Charles Wilson had developed the first conventional solar still in 1872 [2].
Al-Hayek and Badran [3] studied the various designs of solar still and its effects
also. Lost minerals during distillation process were recovered by providing marble
bed while trickling the distillate. The past background of solar distillation was
presented by Nebbia and Menozzi [4]. After that Garg and Mann [5] showed the
different aspects of design, working conditions, climatic parameters based on daily,
monthly and annual routine of passive solar stills.

2 Solar Still

Solar still is a brackish water desalting device which utilizes solar radiation comes
on the inclined glass cover of still. Solar radiation is absorbed by water surface and
still basin liner after that evaporation happens from the top cover of still basin. Then
after by releasing its latent heat to the glass cover, vapor gets condensed and
condensed water trickles to the glass cover and collected in container through a
particular passage under gravity [6]. A review of different solar distillation systems
has been presented by different reviewers [7–9].

2.1 Passive Single Basin Solar Still

Passive solar distiller receives direct solar heat from sun which is directly used to
vaporize the brackish water. It is configured as single slope, double slope or other
special design type solar distillation systems without connecting any external or
internal, direct or indirect power source and if external power source like photo-
voltaic modules, etc., are used than those systems are called active solar stills as
reviewed by Singh et al. [10]. Generally fiber-reinforced plastic and transparent
glass cover (readily available in the local market) is used to prepare solar distillation
system. Still basin liner is painted dark black for better solar absorption [11, 12].
Such type of passive solar stills as shown in Fig. 1 produces 2.1 l/m2 per day
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maximum distillate and 34% efficiency for 2 cm basin water depth based on the
experimental results revealed by Phadatare and Verma [13].

2.2 Special Design Single Basin Passive Solar Still

Special designs of solar still came into picture for further improvement of con-
ventional solar distillation systems which needs many improvements because of
much heat losses, less productivity, and high cost of distillate and these are most
often not recovered. Such type of stills performed with maximum efficiency up to
40% and yield up to 6 l/m2, revealed by Kunze [14]. So stills which are modified
with new designs with enhanced productivity are called special designed single
basin passive solar still.

Abdallah et al. [15] studied three types of modified designs for the performance
of single basin passive solar still as shown in Fig. 2 and found incremental
improvement in the performance like first system with internal mirror showed 30%
improvement, second system with stepped basin showed 180% improvement and
third system with solar radiation tracking system showed 380% improvement.

Velmurugan et al. [16] studied and experimented on fin type, sponge type, and
wick type solar still as shown in Fig. 3 to find the productivity deviation. The
productivity was found 29.6% for solar still with fins, 15.3% for solar still with
sponge and 45.5% for solar still with wick.

Fig. 1 Schematic view of
Passive single slope solar still
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Shanmugan et al. [17] experimented on solar still with boosting mirror installed
just above the top glass cover of still as shown in Fig. 4. This boosting mirror
improves the reflection of solar radiation toward basin water, in this way perfor-
mance improvement appeared as 35% (without boosting mirror) and 45% (with
boosting mirror).

Tiwari and Suneja [18] presented the experimental analysis of solar still with
inverted absorber as shown in Fig. 5 which improves the solar radiation trans-
mission to basin water at its lower side directly. This improves the heat gain to
basin and ultimately performance gets improved.

Kabeel [19] presented a pyramid type solar still along with wick as shown in
Fig. 6 and showed the improved performance of about 45% and 4.0 l/m2 per day
productivity because wick increases the effective evaporative surface area.

Dhiman Naresh [20] presented a spherical solar still as shown in Fig. 7 and
found better efficiency than conventional solar still. Basel [21] revealed the new
concept of hemispherical solar still transportable type and found 33% average

Fig. 2 Line diagram for single basin solar still with internal mirrors [15]

Fig. 3 Schematic diagram for fin-type solar still [16]
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efficiency. Arunkumar et al. [22] presented a solar still with hemispherical top
covering as shown in Fig. 8. They have experimented with and without the flow of
water over the top cover and the result found as 34 and 42% efficiency without and
with water flow over the top cover of still basin.

Ahsam et al. [23] presented the new design of tubular solar still which have more
exposure for solar radiation hence more evaporation as 77% produces more dis-
tillate. Tiwari and Kumar [24] experimented on tubular solar still during off light
time at night and found better performance than conventional solar still. Kumar and
Anand [25] presented tubular solar still of tray type with multi-wick. In this system,
due to overall higher heat gain more evaporation and ultimately more distillate
output. Arunkumar et al. [26] studied a tubular solar still with rectangular tray type

Fig. 4 Schematic diagram of solar distillation system with boosting mirror [17]

Fig. 5 Schematic diagram of solar still with inverted absorber [18]
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Fig. 6 Schematic diagram of pyramid solar still [19]

Fig. 7 Schematic diagram of spherical solar still [20]

Fig. 8 Schematic diagram of hemispherical solar still [22]
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water basin and with water and air flow through basin top cover as shown in Fig. 9.
The result was found as 2.05 l/day distillate output for without cooling condition,
3.05 l/day productivity for air-cooled condition and 5 l/day productivity for
water-cooled conditions.

Selva Kumar et al. [27] investigated the performance of V-type solar distillation
system associated with charcoal absorber as shown in Fig. 10 and found 24.47%
and 11.92% overall efficiency without and with the boosting mirror, respectively.
The next experiment was done with charcoal along with and without boosting
mirror and found 14.10% and 30.05% distillate output, respectively.

Fig. 9 Schematic diagram of tubular solar still with reflectors [26]

Fig. 10 Line diagram of
V-type solar distillation
system with boosting
mirror [27]
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3 Result and Discussions

In the above study, various types of specially designed single basin solar stills have
been carried out and found overall productivity and efficiency as 2.1 l/m2 per day
and 34%, respectively, for conventional single basin solar still with plastic cover
which is further improved by specially designed solar stills. Still with internal
mirrors, with stepped basin along with solar tracking device showed better results
like first system with internal mirror showed 30% improvement, second system
with stepped basin showed 180% improvement and third system with solar radia-
tion tracking system showed 380% improvement in comparison with passive solar
distillation systems. The third combination of still gives the best performance
because this combination has the maximum possibility to receive excessive solar
radiation energy. Solar still with wick type found better result (45.5% higher pro-
ductivity than conventional solar still) than fin or sponge type (29.6% and 15.3%
productivity, respectively) because of greater effective evaporative and condensa-
tion surface area is provided by fins in still basin. V-type solar still with boosting
mirror produces 30.05% yield but tubular still reflectors performs better and pro-
duces 5 l/day distillate output due to better solar gain for smaller basin water depth.

4 Conclusion

In the present study, on the basis of performance analysis for specially designed
single basin passive solar stills have been reviewed and the conclusions have been
represented as follows:

• A brief review have been done for specially designed single basin solar stills
with plastic cover, with internal mirror, stepped basin, and solar tracking device,
with fin, sponge, and wick, with boosting mirrors, with inverted absorber,
pyramid-type solar still, spherical and hemispherical solar still, tubular solar
still, and V-type solar still.

• Tubular solar still with compound parabolic concentrator produces maximum
distillate output.

• It is observed that productivity, efficiency, and overall performance of a solar
still depend on solar collector surface area, effective evaporative area, basin
water depth, and design of solar still, which influences heat transfer coefficients
and ultimately affects the performance of solar still.

• Solar still with special design are having maximum possibility to trap and utilize
the thermal energy of solar radiation (direct, indirect or diffused solar radiation)
along with larger evaporative surface area and better effective condensation area,
hence produce better distillate.

• The present study emphasizes the further improvement of solar still with new
designs that shows better performance and efficiency with great economy. In
this way, it is difficult to find out most economic and efficient solar still among
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the all studied stills as conventional single basin solar still itself is not much
economic due to lower production of distillate. So, there is much scope available
for preparing more economic, self-sustainable and efficient solar distillation
system onwards.
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The Advancement of United
Acceleration–Brake Pedal: A Review

Rahul Garjola , Rohit Yadav , Ravi Yadav
and Dinesh Chawla

Abstract In the modern time, vehicles are equipped with the dedicated accelerator
and brake control pedals. Right foot is mostly engaged in operating the pedals
having contrasting and dissimilar behaviour. To operate a pedal, a driver needs to
leave the other. The switching time between the pedals in various situations has
been determined by the ability and response time of the driver. Another critical
parameter for safety is the time required for the vehicle to stop completely.
Switching foot between the pedals takes time, and consequently, the vehicle will
travel more distance before stopping. The delay between the shifts from one pedal
to the other reduces the effective stop time of the vehicle and leads to serious
accident sometimes. In recent years, automobile designers have developed several
coupled accelerator–brake pedal systems to reduce the response time in braking and
to eliminate the possibility of pressing the incorrect pedal during panic situations.
This study aims to summarize and discuss the recent development of combined
acceleration–brake pedal and its usefulness for future vehicles.

Keywords Ergonomics � Combined acceleration–brake pedal � Automobile

1 Introduction

There are three foot pedals employed for the smooth and safe functioning of a
vehicle. These three pedals are named as the clutch, brake and acceleration pedals
placed customarily at left, middle and right, respectively. Therefore, right foot is
mostly engaged in operating the accelerator and the brake simultaneously. This
arrangement also ensures the release of throttle while braking. There is a predefined
distance between an accelerator and brake pedals always evidently increase brake
reaction time. In case of a panic situation during driving, foot might incorrectly
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place on the brake or it may wrongly hit the throttle instead of the brake [1, 2].
Inaccurate foot placement on brake leads to the poor braking performance of the
vehicle. As per Schmidt’s [1] study, unintended acceleration is even worse in case
of the cars running on automatic transmission due to the absence of clutch pedal.
On the other hand, the driver is able to discover the mistake quickly in case of
manual transmission because the vehicle will gain race when clutch released.
Automakers implemented levelling difference between the acceleration and brake
pedals to minimize the danger of mishandling. These two pedals are typically
placed at different heights; the brake pedal is usually mounted higher than the
accelerator one. On the contrary, this arrangement further escalates foot switching
time between pedals. An easy solution for such type of problem is to use combined
accelerator–brake pedal in place of traditional pedals [3]. In recent times, several
models of united accelerator–brake pedals were proposed, but most of them were
more or less impractical. Some interesting designs were also proposed and
implemented at laboratory scale but not commercialized yet. A lot of work is still
needed to make this design safe and ergonomically suitable for the use of general
public. This study aims to comprehensibly summarize the research contributions of
various peoples in the field of the combined acceleration–brake pedal system.

2 Standard Pedal Drive System

A vehicle is able to dodge the collision with moving or stationary obstruction by
proper braking. Sometimes drivers misjudge the actual situation on the road and
apply the brakes too late to stop the car at a required distance. Unfortunately,
collision is unavoidable in such type of situation. As per the Johansson and Rumar
[4], if the brakes were applied 0.4–0.8 s earlier, the collision could be prevented.
A delay in braking is due to the driver’s reaction time and foot movement time from
the accelerator to brake. Automaker might not change the driver’s response time but
time spend during foot movement could be reduced using some innovative designs.
As suggested in some literature, the time lag could be reduced by the optimization
of a vertical and horizontal position of the two pedals. Additionally, the clearance
between the pedals should also be optimized for preventing the accidental hit of the
wrong pedal in emergency situations. Again, the foot travel time is a critical issue in
such type of arrangement and minor improvement in the braking is expected.
Davies and Watts [5] suggested that if the vertical height difference between the two
pedals is 152 mm the foot movement time varies in between 0–16 s at different
situations. Snyder [6] found that the optimum foot movement time could be
achieved when the brake and accelerator are situated at similar height with 62.5 mm
horizontal separation. From the studies, it was found that the placement of
the pedals at optimum distances did not provide required braking efficiency.
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Therefore, people worked on innovative pedal designs which can minimize or
eliminated foot travel time. Konz et al. [7], Poock et al. [8] and some others have
proposed designs of combined accelerator–brake pedal operated by the heel-toe
movement for a significant reduction in braking durations.

3 Combined Pedal Drive System

In combined pedal, the acceleration is achieved by the forefoot movement in the
forward direction. Whereas, brakes are applied if whole foot is hitting the pedal in
the forward direction. Therefore, instant acceleration or brake can be engaged by
the movement of the foot in one direction. Additionally, when brake applied, the
accelerator will switch to idle condition instantly. The horizontal movement of the
right foot is completely eliminated if combined accelerator–brake pedal is utilized
instead of conventional pedal arrangements in the vehicle for safe driving. It was
reported that incorporation of Winkelman’s pedal model reduced the brake reaction
time up to 0.2 s [7–9]. As the single pedal is employed and foot is always placed on
it, there is no possibility of misapplication or accidental hit of accelerator instead of
the brake [1]. The manoeuvre of foot in the combined pedal is mostly up and down
whereas, in case of conventional pedal it is up, down, right and left. Therefore,
driving fatigue is reduced efficiently for extended driving sessions. All these
advantages are encouraging researchers to propose or devise innovative configu-
rations of combine accelerator–brake pedal.

Glass and Suggs [10] studied the foot movement time between stimulus and
incidence of braking. They divided their study into two sections. In the first part of
the study, relative vertical heights of conventional pedal systems were considered,
and its effect on effective braking was discussed. They proposed if the accelerator
pedal was located 25–50 mm higher than brake pedal, the foot travel time is
reduced by 12.5% as shown in Fig. 1. The second part of the study explained the
effectiveness of a new design in which acceleration and braking can be done by a
single pedal. They found 74% reduced braking time with this new design. The
comparison of braking efficiency of conventional and combined accelerator–brake
pedal is shown in Fig. 1. It can be clearly understood from the figure that the
effective braking could be achieved using combined accelerator–brake pedal. There
is no height difference exist in the combined pedal system (CPS) that is why zero
foot movement time is shown in Fig. 1.

Poock et al. [8] studied the braking efficiency of a single pedal drive and con-
ventional pedal drive system as per the ergonomic point of view. They designed
their study in two parts. The first part is to derive optimal parameter settings for
seating posture. The second part is to compare the reaction time of braking in one
pedal drive and conventional pedal drive system.

The Advancement of United Acceleration–Brake Pedal: A Review 313



The average reaction time of conventional and one pedal system was 0.468 and
0.256 s, respectively, for the optimal seating arrangements as listed in Table 1. It is
around 45% better than the conventional brake system. It means if a car is running
at 96 kmph, the margin of safety provided by the single pedal drive system is
around 5.8 m.

Nilsson [3] studied the human behaviour towards accepting the combined
accelerator–brake pedal system. He divided his study into five different sections.
Eighteen participants have participated in his study. Out of 18, nine were male, and
nine female of age group ranges from 18–79. They were asked to perform specific
tasks over the 9 months of time in all the five sessions and instructed to document
the necessary feedback in their diaries. The five sections of the test were included
the basic functioning of the CPS, asked to do first manoeuvre test, provided training
for a period of time, asked to drive alone in several terrains, asked to perform
second manoeuvre test, and finally, they have to share the experience with the
investigator. He also recorded the reaction time for prepared braking. The feedback

Fig. 1 Effect of foot pedal
heights on reaction time in
conventional and combined
accelerator–brake pedal
(Reconstructed from [10])

Table 1 The optimal parameters of driving posture [4]

S.no. Parameters Setting limits

1. Seat distance from pedal As per the driver’s comfort level

2. Seat height Around 8–11 in. above heal end of pedal

3. Seat tilt angle 0–5° tilt toward back

4. Ankle angle 85–95° at zero acceleration

5. Floor angle Around 60° in most vehicles

6. Knee angle Around 150°

7. Angle of twist 5–10° to the right vertical
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diaries were collected, and the recorded data were analyzed. On the basis of data
analysis, some important conclusions were drawn by him.

The main conclusions drawn by the Nilsson [3] from his study are summarized
below:

• Transition from the conventional pedal systems to the combined brake–accel-
erator system is comparatively stress-free and unproblematic and adopted easily
by all the categories of drivers irrespective of age and gender.

• The initial mistakes committed by the drivers owing to unfamiliarity of the
system are quickly abated. In most cases, the problems were rectified on or
before completing 500 km of driving as shown in Fig. 2.

• Women and older men drivers struggled most to get acquainted fully with the
new system. Besides, they managed well in normal traffic conditions after
experience.

• Sometimes erroneous driving behaviours were also reported by the drivers. In
some cases this erroneous driving behaviours of drivers continued even after
they gained significant experience.

• The outcomes of misapplications were not fetal because of high level of
awareness and braking response time provided by the new pedal design.
Therefore, combined brake–accelerator pedal provided better safety with fewer
inconsequential accidents with respect to standard braking system.

The problems of transition between pedal systems are surprisingly low. The
drivers are adopting the new system really quickly. Additionally, the higher braking
efficiency provided by the design prevented the accidents successfully. Therefore,
the survey provided by Nilsson supports the replacement of standard brake system
by more advanced combined brake system.

Fig. 2 Number of reported
errors per 1000 km for
driving stretches of 200 km
(Reconstructed from [3])
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3.1 Different Designs of Combined Pedal Drive System

Various designs of combined accelerator–brake pedals have been proposed and
patented. Some innovative designs are explained in this section.

Winkelman Design. Winkelman Design. It is mainly based on the heel–toe piv-
oted movement of plungers as shown in Fig. 3a. It is a simple design in which rare
ends of a flat board is attached with cylindrical plunger rods. It consists of some
locking arrangement for one plunger when the other one is moving and vice versa.
The vehicle will get accelerated when the driver presses the plunger using toe. In
that case, the plunger below the heel is non-operative. On the other hand, the
vehicle will stop when the driver presses the plunger using the heel. Likewise, the
plunger below the toe is non-operative. Therefore, simultaneous acceleration and
brake could be achieved using a single pedal [11].

Naruse Design. In his design, clockwise movement of right foot accelerates the
vehicle whereas, pushing down the same pedal applies the brake (shown in
Fig. 3b). This idea was fascinating, but it created the problem as per the ergonomic
standpoint especially for extended driving sessions [12, 13]. Matsunaga et al. [14]
examined the effectiveness of Naruse pedal system during emergency or panic
braking situation. They observed that the car housed Naruse pedal system is
stopped 1.6 m earlier than the car with the conventional pedal system at a speed of
40 km/h.

Gustafsson Design. The combined pedal devised by Gustafsson consist of two
distinct gestures of the foot for acceleration and brake (shown in Fig. 3c). In his
design, a single pedal was used, and acceleration was achieved when the pivoted
motion of foot took place with respect to heal, i.e. when forefoot was pressing the
pedal in the forward direction while heal was at rest. On the other hand, the brake
was applied when the whole foot was moving toward forwarding direction [15, 16].

Fig. 3 Combined accelerator–brake pedal design aWinkelman’s pedal (Reconstructed form [11])
b Naruse’s pedal (Reconstructed from [12]) c Gustafsson’s pedal (Reconstructed from [15])
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3.2 Modelling Based Approach for Combined Pedal Drive
System

To analyze the performance of combined pedal system (CPS), CAD modelling and
FEM analysis were also performed in some studies. Arora [17] prepared a pivoted
design of a CPS in CATIA V5. A prototype of this 3D model was manufactured
using mild steel (AISI 1018) and tested accordingly. They claimed that the pro-
posed design significantly reduced the interference between two contrasting actions,
i.e. acceleration and braking. Pawar et al. [18] studied the robustness of the CPS
using ANSYS 14. The comfort level as per ergonomic consideration was also
investigated. The pressure on different components of the pedal was also studied.
The materials were selected by considering cost, strength and availability.
However, the fasteners used for the design optimization were selected on the basis
of loading condition results.

3.3 Combined Pedal Drive System for Electric/Hybrid
Electric Vehicle

In electric and hybrid electric vehicle, mostly advanced regenerative braking
technology is employed for charging the batteries using braking power. Schmitz
et al. [19] investigated the standalone design of combined accelerator–brake pedal
equipped with an electronic brake which is shown in Fig. 4. The simulator used by
them consists CPS with an additional hydraulic brake pedal. They observed that
drivers preferred the CPS more often for stopping the vehicle over the hydraulic
brake. The driving efficiency was also improved with combined accelerator–brake
pedal. Constant observation of power gauge is a prerequisite for monitoring
acceleration, deceleration or sailing of the vehicle when CPS is utilized. On the

Fig. 4 A new design of
combined accelerator–brake
pedal for electric or hybrid
electric vehicles
(Reconstructed from [19])
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contrary, the braking process is more predictable and easy when strong electronic
brakes are incorporated in the CPS. Again, the comfort level of the driver increased
because of no foot movement involved while braking. The use of hydraulic brake
pedal along with CPS guaranteed the additional safety since the driver can use the
hydraulic brake in the state of confusion [19].

The development of electric vehicles (EV) or hybrid electric vehicles (HEV) has
got pace in recent years. The way of driving has been completely changed due to
the incorporation of the regenerative brake system in electric vehicles. The
regenerative braking system stimulates the charging cycle of batteries while brak-
ing. To fully extract the potential of regenerative braking, the EVs or HEVs are
fitted with one pedal drive system. The model and make of the cars running on one
pedal drive configuration is summarized in Table 2. These cars housed advanced
design and configuration of a combined accelerator–brake pedal for full regenera-
tive energy absorption during deceleration.

3.4 Risks Associated with Combined Pedal Drive System

The main risks associated with the CPS are listed here [3, 10].

• Switching cars of the different pedal system may create a state of confusion in
drivers mind. He/She can move his foot away from the combined pedal when
brakes are required because of already instilled habits.

• The reduced brake reaction time may provoke the drivers to compensate with
smaller safety-margins. He/She might drive fast or maintain shorter distance to
the leading vehicles.

• The new or radical design includes economic considerations for automakers.
Changing already instilled habits and learning new procedures are some other
more significant challenges. Also, the availability of data related to performance
and public acceptability is not up to the mark.

Table 2 Utilization of one
pedal drive system in various
car models

S.no. Automobile company Model References

1. Nissan Leaf [20]

2. Toyota Cresta [14]

3. Tesla Model S [21]

4. Volkswagen eGolf [22]

5. Chevrolet Bolt EV [23]

6. BMW i3 eV [24]
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4 Conclusions

In this article, a review on the significance of combined accelerator–brake pedal is
presented. In the discussion, several aspects of one pedal drive and its importance is
enclosed. It was reported in the literature that the problems with the separate pedal
system such as accidental hit of accelerator pedal instead of brake, poor braking and
high foot switching time between pedals could be eliminated using combined pedal
system (CPS). Additionally, the foot switching time is eliminated and breaking
efficiency is improved around 45% when conventional pedals were replaced by
CPS. The effect of driver’s seating posture on average reaction time is improved
significantly for CPS resulted in higher margin of safety. The CPS is recently
incorporated in several electric or hybrid electric vehicles for encouraging one pedal
drive and it was branded as an additional safety feature in the cars.
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Additive Manufacturing and 3D
Printing: A Perspective

Kunal Govil, Vinay Kumar, Divya P. Pandey, R. Praneeth
and Ajay Sharma

Abstract Additive manufacturing is another word for Rapid Prototyping (RP).
Rapid Prototyping in its earlier form was done using Stereolithography (a term
coined by Chuck Hull in 1984). According to a variety of literature, additive
manufacturing (AM) is incontestable to bring about a revolution in the way
products are designed, manufactured, and supplied to end users. AM technology
has gained significant academic as well as industry interest due to its ability to
create complex structures with customizable features and materials. The goal of this
review paper is to organize this body of knowledge surrounding AM, and present
current barriers, findings, and future prospects for manufacturers and researchers.
The evolution due to AM in areas such as material, design, and production also has
been discussed.

Keywords Rapid Prototyping � 3D printing � Additive manufacturing � CAD

1 Introduction

Additive manufacturing (AM), also referred to as 3D printing has gained popularity
in media and captured the imagination of the public as well as researchers in many
fields. With recent interests, this technology is continuously being changed,
reimagined and customized to a wide domain of applications ranging from auto-
motive, aerospace, engineering, medicine, biological systems, and food.
A historical analysis of AM reveals its roots lie in photo sculpture (in the 1860s)
and topography (in the 1890s) [1].

An earlier form of additive manufacturing included photopolymer curing
(Stereolithography), filament deposition (FDM) and sheet lamination (laminated
object manufacturing, LOM). With literature and experiments performed in the
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past, additive manufacturing now includes processes like powder metallurgy, laser
sintering, electron beam sintering/welding, binder jetting, etc. The significant
amount of interest and investment in development AM technologies does not come
as a surprise, as its capability for layerwise additive fabrication method is an
innovative concept that is different from conventional material removal process and
its ability to build complex shapes and patterns using a wide variety of materials.
The recent boom in electronics and automation resulted in a reduction in the cost of
programmable controllers, lasers, ink jet printing, and computer-aided design
(CAD) software has enabled variation in conventional design limitations, allowing
individuals to innovate, utilize and tinker with new design concepts. The current
technology is being used by companies to create prototypes and concept parts for
visualization and testing and small parts that require less amount of mechanical or
structural integrity. Companies that use 3D printing technology currently range
from General Electric (world leader in mechanical and electrical appliances),
Boeing, Koenigsegg, and Ford Motors (automobile manufacturers) and Hasbro
(world leader in toy manufacturing).

The goal of this review paper is to organize the body of knowledge we have
culminated and present our understanding and observations on this large spectrum
of AM technology. We believe that this technology is at a critical stage as
advancements in material science and engineering are putting the stepping stones
towards the future of manufacturing. For example, advancement in related tech-
nologies (such as new material, or topology optimization) can significantly affect or
sometimes give rise to advancements in AM technology. This paper starts by
describing fundamental of AM processes in Sect. 1. We also put forward an
overview of all types of AM technologies with illustrations. In Sect. 2, we present a
literature review of older and most recent scientific papers on Additive
Manufacturing. Next, in Sect. 3, we provide an overview of the attributes and
barriers of AM technology and help give perspective on how to improve upon
them. Section 4 summarizes developments in the industries like Manufacturing,
Construction, and Education. We conclude our paper by outlining important future
trends in Sect. 5.

1.1 Additive Manufacturing

Working principle of a 3D printer is very simple and in relevant with the current
CNC operated manufacturing systems. Like all other systems, 3 coordinate axes are
used to move different motors (x and y usually being the extruder and z being the
bed). Conventional material removal processes require metal to undergo a primary
form of manufacturing (casting and forging), whereas in AM the material is directly
placed in regions that require structure (based on CAD design).

AM processes fabricate parts by creating successive cross-sectional layers of an
object. The model is sliced into thousands of layers (depending on the resolution)
by slicing software (for example Cura). Each layer is created via the selective
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deposition of material (and/or energy to fuse the material) to form a printed surface
as shown in Fig. 1.

1.2 Fused Deposition Modeling

As depicted in Fig. 1. Fused Deposition Modeling (FDM) is one of the most basic
forms of 3D printing. Filaments of thermoplastics like PLA (polylactic acid) or
ABS (acrylonitrile butadiene styrene) are used in FDM. A hot extruder head with a
very fine nozzle is used to lay down layer after layer till the part is complete.
Most DIY home printers work on FDM technology and while most extrusion
systems process thermoplastic materials, efforts have been made in processing
ceramic and metal pastes. The FDM printing process can be seen in Fig. 1a.

1.3 Powder Bed Fusion

Powder bed technology generally requires a high powered energy beam (Laser or
electron Beam) to selectively melt a bed of metallic powder, for example, Stainless
steel, titanium, etc. After each scanning process, a fine layer of powder is spread
with the help of a roller. Processes like Direct Metal Laser Sintering (DMLS),
Selective Laser Melting (SLM) and Electron Beam welding are a part of powder
bead type 3D printing, seen in Fig. 1b. This AM process has to be done in a
vacuum-like environment to avoid metal oxidization at higher temperatures and
requires high temp heating in post-processing.

Fig. 1 a FDM [2], b DMLS [3], c STL [4], d LOM [5]
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1.4 Photopolymerization

Photopolymerization is a new name given to Stereolithography (STL) and Digital
Light Projector (DLP). In photopolymerization, a UV light source is used to cure
photosensitive resins into solid objects. Some problems with STL are over curing
and cost of necessary supplies. Many improvements have been made to make use of
other resin materials like elastomers, nylons, etc. A revolutionary photopolymer-
ization printer, the Carbon M1 had been introduced into the market in 2015. Its
technological works on DLP and has brought advancement allowing a part that
usually took 3 h to make to be made in less than 15 min Fig. 1c.

1.5 Material Jetting

Material Jetting 3D printing is very similar to normal inkjet printing. In material
jetting, material such as wax or photopolymer is printed on a substrate and then
cured via heating or UV curing. This repeated deposition of material and curing
process results in a 3D solid object. Due to limitations in viscosity of the material,
most materials cannot be used as the material is sprayed on the substrate and thus
colloidal solutions cannot be used.

1.6 Binder Jetting

This process of additive manufacturing is very similar to powder metallurgy and
powder bed fusion technique. In this process, a binder is deposited on a powdered
bed. The binder adheres to the powder on the layer and the process continues. After
fabrication, the part is put in a furnace for post-processing to cure the binder and
melt the powder to form a structurally stronger part. This process is successful in
processing ceramics, metals, foundry sand (silica sand), concrete and polymer
materials.

1.7 Laminated Object Manufacturing

LOM is one of the earliest forms of additive manufacturing with its origination in
1987. In this, multiple layers of material are cut with a calibrated CO2 laser and
placed on top of one another to form a three-dimensional object. LOM provided
standardization, larger production size and a better surface finish than STL, and thus
was used to prototype metal parts Fig. 1d.
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1.8 AM in Current Industries

Nowadays AM technology is widely used in manufacturing, civil engineering, and
in education sector.

1.8.1 Manufacturing

Manufacturing is a field that is profiting with the addition of 3D printing machines
in their arsenal. General Electric (manufacturing giant) which had taken responsi-
bility to produce a new engine for the Black Hawke helicopter with the help of 3D
printed parts under the armies improved turbine engine program (ITEP), is under
testing. The parts are working as predicted and with lesser overall weight. Another
Manufacturing giant, Electrolux is developing spare parts for their electronics and
machines with 3D printers. This reduces their dependencies on suppliers, hence
increase part availability and reduces overall costs [6, 7].

1.8.2 Civil/Construction

With the ability to produce complex structures and without difficulty has sparked
interest of designers and architects all around the world. Amt-Spetsavia (a company
in Europe) has managed to build an entire home using a concrete 3D printer. Unlike
other printers, they produce blocks that interconnect to form a solid structure.
Sculptures, unlike the times when Michelangelo used to sit with a stone block and
hammers, are now easy to make. The artist just has to make a 3D model of the
sculpture sitting on a computer to produce the most exquisite pieces of art [6, 8].

1.8.3 Education

With the younger generation growing up in a modern time with the ultimate form of
technology makes the older generations feel how their parents did when they used
their first television. Most countries imply keeping vocational training on 3D
printers, a part of their curriculum. Using 3D printers in education will improve the
basic understandings of subjects like engineering fundamentals with focus on
materials and their properties, and manufacturing process, pragmatic approach to
skills development, problem-solving and critical thinking, design principles tools,
etc.
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2 Literature Review

Gao and Zhang [1] give an overview of 3D printing technology and its applications
in industries like Automobiles, Medicine, Engineering, Education, etc. In the paper,
they describe different materials along with their construction characteristics like
max particle size, minimum size, layer thickness, tolerances, and applications.

Cheng et al. [9] they give requirement and reason for topology optimization.
This term, according to them, has its origin in casting. Due to complexities in
design, certain design changes have to be made in order to obtain a specific output.
Increase in complexity may lead to reduction in both material and production costs.
With experimentation, they gave forward constraints, faced during fabrication.

Scaffold structures for overhanging structures, Curling and Warping in metal
printers (at high temperatures), Building accuracy, Surface finish, Size constraint,
and Inability for multi-material printing.

Brackett and Ashcroft [10] State the concept of Additive Manufacturing and the
processes through which a part is fabricated. They explain each and every step
starting from the modeling in CAD software to slicing into layers. Their paper
emphasizes more toward the post-processing aspect of 3D printing in which they
give an overview of processes like sanding, heat treatment, and finishing.

Doubrovski et al. [11] worked on electromechanical systems that has lead the
science of rapid prototyping to the next level. Their success in building a
3D-printed stepper motor has built up a storm in the department of aerospace
engineering. This process improves volumetric efficiency, with reduced production
costs and leads the path to on-demand production of specialized parts. Their tests
show that because of limitations in production quality, the motor cannot match with
the market produced motors, but may in the future.

Aguilera and Ramos [12] is on multi-material 3D printing technology, especially
integration of electronic circuits. In their industrial study, they observed that cost of
a material is dependent on “Time to market” aspect of production. To counter
multi-stage manufacturing and assembly, they introduce printed electronics. With
success in building a flashlight (leaving out the bulb and battery), they suggest this
type of manufacturing as the technology of the future.

Goh and Agarwala [13] gave forward a practical paper based on the basic
mechanical models like linkages, slider crank mechanism, and gears, etc. Inspired
by the old mechanisms present in museums all across the world, they recreated the
mechanism with 3D printing to find problems such as clearance between surfaces,
warping, and friction in joints due to the resolution of current printers.

Ang [14] revolve around the designing process of an additive manufactured
part. Talking about Cellular Models, they put forward how minimum material can
be used to produce more structurally stable parts taking under consideration
properties like design factor, stress concentration, and size effect. Cellular structure
(truss) design or topology optimization focuses on creating porous materials to
minimize weight and to maximize strength, stiffness, thermal conductivity. Their
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conclusion statement accentuates on improvements in the interconnected domains
like material science and structural engineering.

Hwa and Rajoo [15] did a study on power consumption, when any kind of
manufacturing process is to be considered, energy input and consumption becomes
a priority. Their study presents an overview of electricity consumption in different
AM technologies. According to their study, AM is more transparent and can be
easily monitored. Their conclusion states the consumption characteristics of a
system are dependent on Build Volume, the requirement of heat (according to
material requirements), Pre and Post heating, Layer Thickness, quantities produced
per cycle.

Reference [16] Paper on Cost of AM focusses on the current aspects of AM
technology and the monetary costs associated with part production. The aspects
focused on in the paper are Impact on Health, Energy consumption, and
environment.

Supply chain improvement, Incomplete utilization of AM technologies, harmful
nature of natural binding materials, build time and energy consumption are aspects
due to which this process of manufacturing is still not used for mass production.
According to their finding, only positive of AM is reduction in operating costs,
elimination of fixed costs of dies, tooling and promotes innovation in design.

Junk and Kuen [2] give insight on challenges and the future of AM technology,
characterize the challenges of AM technology like the ones mentioned below

Lack of comprehensive design principles.
Cost and quality of marketed machines.
Variables like extrusion, curing, and geometrical positioning.
Dependencies on other domains like material modeling, tool design, computing,

and process design.
Some barriers that need to be overcome for the success of this technology in the

future are Personal and Mass production, Scalability and Layer Resolution, Material
heterogeneity and Structural Reliability and Standardization.

3 Fundamentals of AM Technology

3.1 Attributes of AM

Design flexibility—a distinguishing feature of Additive manufacturing that differs
from conventional manufacturing processes. In relation to subtractive manufac-
turing, traditional processes imply constraints like inability to produce complex
geometry, diverse tooling, and design. Secondary manufacturing techniques (con-
touring, stamping, thread cutting) impose additional constraints. Unlike Subtractive
manufacturing, AM gives the advantage of multi-material objects as well as
topologically complex structures.
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On-demand manufacturing—most current manufacturing industries focus on
automation of their industry as well as increasing the flexibility of the preexisting
setup. AM technology or 3D printing is one of the most flexible systems that are
present in the market today. It can make anything and everything, and may not even
require assembly. On-demand makes the part customizable according to customer
demand and this intern increase profit and reduces requirement of tertiary machines
or systems.

Design complexity and cost—current 3D printing technology has allowed
freedom to designers to make more complex structures. Complexity does not
increase additional expenses, whereas to make complex structure with casting, there
is a direct relationship between complexity and die/mold costs.

Dimensional characteristics—properties like accuracy, resolution, and bias are
some of the basic properties that allow standardization of manufactured parts. Older
rapid prototyping technologies like LOM and STL lacked resolution and hence
produced mere prototypes. With the improvement in AM technology, parts being
produced are both according to ASME standards and functional. One property that
current AM technologies are unable to achieve is tentative tolerance of assembly
parts.

Assembly—unlike most manufacturing processes, 3D printed parts may or may
not require assembly. Printing technologies like metal sintering produce very
high-resolution and therefore the parts which need to be assembled can be printed
together. Taking an example of meshed gears, both the gears can be simultaneously
made. This reduces “time to market” as mentioned above which intern reduces both
production fixed costs (conveyer lines) and final cost of product.

Efficiency in production—other plastic forming and molding technology include
injection molding, which is faster than 3D printing but uses excess material. In
production scenarios, AM can lower inventory and storage as well as reduce cost
related to supply chain management. A term “buy-to-fly” ratio is the ratio of raw
material bought and the material that ends up in the part is very low in AM
techniques, which makes it feasible in terms of economics of manufacturing.

3.2 Barriers of AM

Build time—build time is a very important aspect of any manufacturing setup, i.e.
more time means more cost. In 3D printing, the time to finish is dependent on many
variables such as layer thickness, printing speed of printer and in general the total
height of the part. Part orientation, resolution, quantity of parts printed per cycle,
distance from origin can also impart to total build time.

Resolution and surface finish—high-resolution of a printer allows printing of
very fine and subtle intricacies present in the design. Extrusion type AM tech-
nologies usually have larger deposition (in terms of size) with a minimum layer
thickness of 0.25 mm whereas other systems like Metal Sintering and Vat pho-
topolymerization have more concentrative binding features which allow layers as
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fine as 0.1 mm. Surface finish is interlinked with resolution, the finer the layer
thickness the better is the surface finish of the produced part. When compared FDM
type printers produce distinctive layers which give rise to a rougher texture against
LMS which gives very smooth surfaces (much smoother after post-processing).
Other factors like vibrations, belt tautness and calibrations also affect resolution and
surface finish.

Support structures—extrusion based printed parts require support structure for
overhangs (most printers require support in angles upwards of 30°), and water
solvable infill material to produce gaps between assembled parts. This support and
infills are removed during post-processing and end up in waste. Material jetting
printers do not require supports as excess powder present around the piece provide
support. Metals printer do require supports to inhibit curling and warping, which are
caused due to high temperatures and residual stresses.

Post-processing—current AM processes require post-processing to produce more
stable and hard parts. STL requires ultraviolet hardening, FDM requires annealing,
Metal Sintering requires heat treating, etc. In most cases, the post-processing requires
more energy than the actual printing process. This imparts both time and cost to the
final product. Curing time is also a part of post-processing. Different materials take
their own distinct time to harden/solidify, this indirectly affects total build efficiency.

Material selection—with improvements in printing processes, materials that are
printer ready are restricting the flexibility of the entire system. Binder Jetting being
the most flexible in incorporating newer materials (due to its emphasis on
post-processing) and FDM being the least flexible with only a few materials that are
currently present in the market (in most cases PLA and ABS). Each material or
composite provide different material characteristics, in order to make
requirement-specific products, field of material science has to develop and improve.

Software—with DIY and the Maker movement has influenced the production of
smaller/personal printers. As most printer work on a software interface to make
CAD models and their STL counterparts, the software is required to be more
user-friendly. To make these interfaces less complicated, some aspects of design
have to be neglected. This neglect results in lesser quality of produced parts. Other
printers like the CubeX from 3D systems work on proprietary software which
constricts the flexibility of the printer.

Mass manufacturing—the printers that exist in the market today, personal or
industrial, require time to print individual parts let alone when printing in bulk.
Mass production is a form of manufacturing that produces large quantities of similar
parts (same or from the same family of parts) at very high rates, in order to meet
customer demand. The reason for this drawback is the less responsiveness and
accuracy of current servo motors.

Scalability—printers have to trade one property over another to make scalability
possible. Printing with thinner layer thickness produce very smooth surfaces, but
intern ends up increasing the total build time. To make larger models, the machines
have to print faster and thus have to sacrifice resolution and surface finish. Most
printers today can easily make smaller prototypes within standards but their success
is not scalable for large dimensional objects.
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Structural reliability—most parts produced by AM method of manufacturing
lack structural strength and material properties due to discrepancies in the fusion of
the multiple layers and infill ratios. Some properties like density and malleability
also change due to building parameters and high temperatures which the material is
subjected to during printing. This problem can be solved by creating Heterogeneous
parts, but most printers can only work with one material at any given moment.

3.3 Improvements Required

With our research, we have observed that most of the barriers mentioned above are
due to dependency of Additive manufacturing on other fields of manufacturing like
Material Management, Structural Engineering, Topology Management, Material
Sourcing, Supply chain management and most importantly Electronics and Software
Design. Some of the improvements that are required are mentioned below –

Material limitations can be reduced by development in the field if Material
Sciences. Newer substitutes for standard materials can lead to better structural
properties.

Development in Electrical and Electronic components like Fast acting servos,
Position correction accelerometers for servo feedback, Artificial Intelligence for
better algorithm controllers.

Topology optimization for determining the maximum strength that can be
achieved using minimum raw material.

Network connectivity to the internet for improvement in machine capability by
training Artificial Intelligence to learn and reduce time as well as improve
productivity.

Setting Standards of design for 3D printed parts. Most current manufacturing
standards are for metallic parts. Standards have to be introduced to increase relia-
bility of the produced parts. These standards require material and design testing to
introduce a universal guideline (Fig. 2).

Olson 3 link model (1997) is a diagram that correlates or shows linear rela-
tionship between performance, properties, structure and process of a manufactured
part.

Fig. 2 Olson’s three-link
model [17, 18]
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Table 1 Types of AM technologies, their positives and drawbacks [2–6, 9–15, 17, 19–28]

S.no. Process Findings

1. Fused deposition • Cost of raw material is least, compared to other processes
• Ease of manufacture and post-processing
• Machines are much compact, thus ideal for small spaces
• Parts can be recycled to produce filaments
• Adhesion is easy with the use of acetone
• Annealing process of PLA makes the part as strong as other
materials like Bakelite

• Material deposition is slower when compared to other
technologies

• Layers are distinct and visible
• Reliability of layer binding is low
• Structural integrity is influenced by infill ratios
• Correct temperature has to be maintained for proper material
and layer properties

• Composites are difficult to produce
• Limitations on size of produced part
• Restrictions on materials. Only heat meltable or light curable
materials can be used

• Poor surface finish

2. Metal sintering • Fully dense parts can be produced
• Quality and Resolution is very high
• High accuracy and detail
• No requirement of support structures
• Dependent on the field of Powder Metallurgy
• Raw material can be recycled
• Parts produced have to be heat treated within a matter of days to
avoid reduction in intra-particle adhesion

• Post-processing requires high heat and thus consumes more
power

• Higher physical properties than some traditional manufacturing
processes like casting (with practical results)

• Poor surface finish before post-processing
• Very sensitive to oxygen, have to be done in enclosed space/
chamber

• Properties of metal may change due to high temperatures
• Special alloys can be produced using this process

3. Steriolithography • Least power consuming AM technology
• Very High build speeds
• Moderate-resolution of produced parts
• Problems faced in STL technology–
– Over curing
– Irregular deposition
– Bumps and drops
– Irregular hardening
• Low structural strength
• High cost of raw material, due to their photo-curable properties
• Materials like rubber, nylons, and resins can be used to made
dampers, shock absorbers, and flexible meshes

• Require time in post-processing to cure the material throughout
(continued)
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4 Result and Discussion

The Table 1 is the compilation of all the observations made by the authors. Study of
the various forms of additive manufacturing processes, their positives as well as the
drawbacks are also mentioned.

5 Conclusion

Additive Manufacturing or 3D printing had become the new field of manufacturing
starting from the late 1980s. Many manufacturing, aerospace, and industrial sectors
are investing heavily in AM processes. The current AM process requires

Table 1 (continued)

S.no. Process Findings

4. Binder jetting • Very high-resolution parts can be produced
• Full-color objects can be manufactured
• Requires infiltration during post-processing
• A wide variety of materials can be used in this type of AM
technology

• Most of the fusion of material and layers happen in
post-processing

• Current binders produce harmful fumes during post-processing
•. Parts produced have high porosity
• Ideal for smaller parts like Jewelry, ornaments etc

5. Laminated object
manufacturing

• Able to produce large models
• Raw materials in inexpensive. Usually PVC sheets or pape
• Medium to high-resolution of built parts
• Moderate Strength
• Does not require post-processing
• Extra material cut left around the cut section acts as support
• Requires decubing (the process of removing excess material)
which is labor intensive

• Produces fumes which contain carbon dioxide and carbon
monoxide

• Requires an open system to avoid environment contamination
• May lead to fires (as paper is highly combustible at high laser
temperatures)

• Cannot make very complex geometrical structures due to
inability of making hollow parts

• Prototypes or parts produced are not functional, they normally
form a cast

• Low machining cost and high surface finish
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advancement, for problems mentioned above, which will make the process faster
and more efficient in the near future. Advancements such as in the field of elec-
tronics, material sciences, and standardization of the production process, as per our
research will pave the way to AM being the future of production.

References

1. Gao W, Zhang Y (2015) The status, challenges, and future of additive manufacturing in
engineering. Elsevier

2. Junk S, Kuen C (2016) Review of open source and freeware cad systems for use with
3D-printing. Elsevier

3. Campbell I, Bourell D (2012) Additive manufacturing: rapid prototyping comes of age.
Emerald Insight

4. Compton BG, Lewis JA (2014) 3D-printing of lightweight cellular composites
5. Baumers M, Tuck C (2011) Energy inputs to additive manufacturing: does capacity utilization

matter? ResearchGate
6. Upadhyay M, Sivarupan T (2017) 3D printing for rapid sand casting
7. Haria R, BJ (2017) 3D printing industry. https://3dprintingindustry.com
8. Imaterialise. https://i.materialise.com/blog/going-strong-how-3d-printing-in-ceramics-really-

works/
9. Cheng Y, Pu H, Dongping D (2013) Modeling and fabrication of heterogeneous

three-dimensional objects with AM
10. Brackett D, Ashcroft I (2011) Topology optimization for additive manufacturing
11. EL. Doubrovski, Verlinden JC, Geraedts JMP (2011) Design methods for on-demand additive

manufacturing (Retrieved from Research Gate.)
12. Aguilera E, Ramos J (2013) 3D printing of electro mechanical systems
13. Goh GL, Agarwala S (2017) Additively manufactured multi-material free-form structure with

printed electronics. Springer
14. Ang KC (2006) Investigation of the mechanical properties and porosity relationship in FDM

structures. Emerald Insight
15. Hwa LC, Rajoo S (2017) Recent advances in 3D printing of porous ceramics
16. Manufacturing Guide. https://www.manufacturingguide.com/en/laminated-object-manufacturing-

lom
17. Mahindru DV, Priyanka Mahendru SR, Ganj T (2015) Review of rapid prototyping-

technology for the future
18. Carbon. Carbon 3 (https://www.carbon3d.com/)
19. Ramya SL (2016) 3D printing technologies in various application
20. Pîrjan A, Petroşanu D-M (2011) The impact of 3D printing technology on the society and

economy
21. Roberson D, Shemelya CM (2015) Expanding the applicability of FDM-type technologies

through material development. Emerald Insight
22. Lipson H, Moon FC (2005) 3D-printing the history of mechanisms
23. Jaideep Shuklaa, AM (2012) Review of development in 3D printing and its impact on

industrial
24. Lee J-Y, An J (2017) Fundamentals and applications of 3D printing for novel materials.

Elsevier

Additive Manufacturing and 3D Printing: A Perspective 333

https://3dprintingindustry.com
https://i.materialise.com/blog/going-strong-how-3d-printing-in-ceramics-really-works/
https://i.materialise.com/blog/going-strong-how-3d-printing-in-ceramics-really-works/
https://www.manufacturingguide.com/en/laminated-object-manufacturing-lom
https://www.manufacturingguide.com/en/laminated-object-manufacturing-lom
https://www.carbon3d.com/


25. Yang L, Harryson O (2016) Design for additively manufactured lightweight structure. Solid
Freeform Fabrication

26. Baumers M, Dickens P (2015) The cost of additive manufacturing: machine productivity,
economies of scale & technology push. Elsevier

27. Samer Mukhaimar, SM (2014, March 16). 3D Printing (Retrieved from Research Gate.)
28. Yang L (2017) Microstructure, mechanical properties & design considerations for AM.

Springer

334 K. Govil et al.



Design Issues in Multi-finger Robotic
Hands: An Overview

Eram Neha , Mohd Suhaib and Sudipto Mukherjee

Abstract Multi-finger Robotic hands (MFRH) are desired similar to human hands
in order to perform stable grasping and fine manipulation of different objects. Their
industrial applications including material handling fulfills the requirement of unique
end-effector tool empowering specific reach, payloads, and flexibility. The design
and control of dexterous and prosthetic robotic hands is of important concern these
days. The performance of these hands depends on their mechanical design, pros-
thetics etc. The mechanical range of movement must be properly controlled and
monitored to get the best performance of the robotic hand. In order to obtain the
desired outcome from these robotic hands, various design parameters are discussed.
The control issues of the multi-finger hand-arm system in order to interact with the
human environment are also discussed. The objective of this paper is to evaluate
multi-finger robotic hands capable of grasping a large variety of products. An
overview of the relations between the designing features for the robotic hand, its
anthropomorphism and dexterity is reported. Also, the best known robotic hands
developed so far are reviewed emphasizing on their ergonomics and mechanical
features. Based on these parameters, a newly designed four fingered tendon actu-
ated robotic hand is discussed along with its mechanical structure.

Keywords Multi-finger gripper � Grasping � Manipulation � Dexterity �
Exoskeletal
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1 Introduction

The robot grippers or end effectors are aimed to provide an interaction of the robotic
arm with the near environment in order to replace manpower and perform a task
similar to human beings. The robotic grippers which resemble the human hand are
known as anthropomorphic robotic hands. The human hand is capable of adapting a
task, as it is a sensory and communicating organ. Multi-finger robotic hand is an end
effector located at the free end of the robotic arm such that the robot can hold parts,
tools, and materials for performing a variety of task [1]. A multi-finger robotic
gripper is a dexterous hand aimed for grasping and manipulation of various items. It
is examined that a lot of investigators attempted to design a MFRH resembling the
human hand. Since beginning robots have been used for industrial purposes exe-
cuting monotonous tasks like the pick and place operations [2]. Newly developed
and commercialized robotic hands are now days utilized as service robots, huma-
noids and rehabilitation prosthetics [3]. The MFRH are designed to perform various
tasks which are difficult to perform by human hands. A prosthetic hand is vital to
give rehabilitation for persons with disability in hand. It offers cosmetic as well as
functional support [4]. The compact design of these multi-finger robotic grippers
made it possible to acclimatize the hand to the wounded wrist. The new prosthesis is
able to firmly grasp objects having a variety of sizes and shapes. The anthropo-
morphic human scale robot hands are also used for space-based works [5].

Numerous technical and scientific concerns are associated with the development
and advancement of anthropomorphic robotic hands possessing dexterity and
flexibility of high level [6]. Furthermore, the kinematic structure of the robotic
hand, newly designed sensors and their unification in the hand, newly designed
actuators with specific abilities of torques/velocities and given dimensions plays a
crucial role in the growth and development of the advanced technology of dex-
terous robot hands [7]. In this paper, the design parameters along with the control
issues of multi-finger robotic hands are discussed. A standard review of dexterous
robot hands is conducted. Then, the new Four Fingered robotic hand is developed,
based on the study which is presented with more details.

2 Design Characteristics of Robotic Hands

2.1 Actuation

For modular robotic hands, it is ideal that the actuators are placed within the hand or
should occupy least possible space. The solution comes in the form of tendons,
driven by DC motors and mini motors coupled with gear reductions. A very
compact design can be achieved using tendons but it is coupled with the problem of
friction, compliance, etc. [8]. The Hill’s muscle model presented a muscle actuator
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design made up of conventional DC motors with cable tendon transmission [9].
Commonly used actuation consists of DC motors driving tendons or using gear
reductions. Improvement in same was conceptualized and presented various shape
memory alloy actuators on the basis of the functioning of biological muscles for
driving a five-fingered hand [10, 11]. SMA wire actuators can be applied to control
hand prosthesis wherein two actuators are used to control a single degree of free-
dom [12]. A miniature pneumatic McKibben artificial muscle is also developed and
applied to actuate a robotic hand [13]. Ionic polymer-metal composite (IPMC)
based muscle were also developed which are actuated by EMG signals [14].

2.2 Sensing

Sensors are used in robotic hands in order to identify the type of object which
comes in its contact. It is difficult to replicate sensing mechanism of human hand
due to its great redundancy; however, some sensors need to be placed on the surface
of the prostheses, for providing appropriate feedback. Research on the subject is
directed towards creating new sensors and to incorporate and integrate the different
sensing capabilities in the hand tasks. Embedded sensors [15] are one of the options
for hand prostheses. Another kind of sensor is a slip sensor which can be applied to
hand prostheses to obtain grasping information [16]. Transmitting sensory feedback
to the prosthetic hand user is another major research area [17].

2.3 Grasping and Manipulation

Grasping is defined as restricting any object from moving relative to the hand on the
application of disturbing forces. Fingertips are used for finer manipulation and
distal phalanges are used to grasp the object in human hand. Such grasp is called
precision grasp and manipulation is dexterous and nonprehensile. Inner phalanges
are used to hold larger objects by enveloping. Such grasp is called power grasp or
enveloping grasp and manipulation are prehensile. The robustness of grasp is
defined by form closure and force closure grasps. The ability of grasp to completely
or partially constrain the motions of the manipulated object and apply arbitrary
contact forces on the object without violating friction constraints at the contact is
determined based on it. Researchers investigated that 4 fingers are necessary for
grasping any 3-D object and 3 fingers for 2-D objects [18]. These results hold good
provided that friction coefficient is non-zero.

Manipulation is defined as the ability of robotic hands to vary the position and
orientation of any grasped object securely. It is desirable that the designed hand
excel in a particular job or replicates human hand in performance. This is achieved
by incorporating various sensors to detect forces, vibrations or pressure distribu-
tions. A number of technologies which support the general-purpose manipulation
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are present these days [19]. These robotic hands are incorporated as end effectors of
robotic arms for grasping and manipulation tasks. This combination enables the
robot to add compliance and fine motion due to small inertia at the hand, along with
an increase of the overall range of motion with the arm [20].

2.4 Dexterity

The dexterity of any hand is its capability of manipulating an object in order to
change its configuration from initial to a final one. A number of techniques
developed by researchers for object manipulation are finger gaiting and regrasping
[21]. In this process, a firm grasp is attained by performing a number of grasping
operations. As a result, a large amount of time is wasted in order to get a perfectly
secure grip. Regrasping of irregular and 3D shaped objects are more concerning
because they possess very limited secure grasp positions. All these processes
involve a number of tasks to be controlled including kinematics and dynamics,
slipping of object, contact points monitoring etc. This requires the hand to enhance
its degree of flexibility by making the hand to slide some contacts with the grasped
objects as in case of human hands [22]. The modeling of friction and synthesis of
contact points is a challenging problem for the researchers. It is always desirable to
choose the simplest engineering process in terms of mechanical structure, sensors,
number of actuators etc. in order to obtain any dexterous robotic hand. The mini-
mum no. of actuators in any robotic hand for dexterous manipulation is nine, but for
a complex hand structure, the number of actuators can go up to 32 [23].

3 Overview of Robotic Hands

A number of factors are responsible for the design and proper utilization of robotic
hands in order to achieve a dexterous and anthropomorphic robotic hand. This is
resolved by calculating the kinematics, the exact size of links, contact surface
smoothness etc.

In 1979, the Okada Hand was built consisting of two fingers and an opposable
thumb having eleven controlled DOF possessing exoskeleton structural design. The
hand is equipped with motor, joint position sensors and motor effort sensors [24]. In
1983, Stanford/JPL Hand was developed consisting of nine actuated joint and three
fingers having an integrated design. This hand is designed for tip prehension and
the contact surface is not very smooth. The size of this gripper is equal to human
hand having exoskeletal design and tendons offer remote transmission. Sensors are
equipped with the hand to check the motion position and tension in the tendon
wires [25]. The Utah/MIT hand was developed at Utah University in 1988, and it
comprises of 4 fingers having a total of 16 joints which are controlled by an
integrated exoskeletal design. The size of the hand is equal to a hand of human and

338 E. Neha et al.



the whole hand including the palm is designed to grasp different objects offering
good smoothness on the surface of objects. It comprises of remote actuation system,
pneumatic actuators, different motors and sensors to monitor joint position, tension
in tendons etc. [26]. In 1988, the Barrett Hand was developed comprising of three
fingers, out of which two the fingers rotate synchronously in a symmetric manner
about the base joint in a spreading action [27]. A single DC brushless servo motor is
employed to drives the two joints of each finger. In 1999, NASA Johnson Space
Center developed the Robonaut hand for space-based operations having an
endoskeleton design. This hand consists of five fingers having 22 joints and 14 of
them having controlled DOF. The hand aims to approximate an astronaut’s hand in
terms of environment, strength, and kinematics [28]. Research on DLR hand started
in 1997 when the two multisensory dexterous robot hands: DLR Hand I and II were
developed. It consists of 4 fingers having a total of 17 joints with 13 number of
actuation. This hand is an extremely integrated mechatronic device which is more
powerful and accurate. The hand and main microprocessor are connected by eight
cables. A fingertip force of around 30 N is exerted with the accumulation of BLDC
motors, harmonic drives, belt transmission and differential bevel gear transmission.
The thumb of this hand contains one extra degree of freedom due to which it can
exert a good amount of grasping power along with fine manipulation. The DLR
Hand II is considered one of the fine robotic hand developed so far. Since 2001,
research is being conducted to build a smaller hand that can be easily fabricated and
mimics the human hand [29]. The Ultralight hand was developed in 2000 com-
prising of five fingers and 18 joints having 13 actuated joints making it an integrated
exoskeletal designed hand. The size is much bigger than a hand of human having a
frictionless, smooth contact surface. The hand consists of motor sensors, tactile and
joint position sensors. The Gifu Hand was developed in 2001, with the aim to
perform dexterous object manipulation similar to human hands [30]. It is a
five-fingered hand having twenty joints with sixteen degrees of freedom. Each
finger of this hand has four joints but three degrees of freedom whereas its thumb
comprises of four joints with four degrees of freedom. In 2013, a robotic hand
having 4 fingers along with an opposing thumb was developed known as the
anthropomorphic hand [31]. Each finger has 3 joints similar to human hand. These
finger joints are controlled by the tendon routing mechanism.

4 Results and Discussion

The robotic hands developed in past are unable to replicate the motor capabilities of
the human hand as the kinematic characteristics similar to human hand are difficult
to achieve. Dexterity, anthropomorphism, grasping, manipulability and control
were the main focus of research. They aimed at achieving one or two specific
properties based on the area of application of the particular robot hand. The efforts
made to increase dexterity and manipulating capability of the hand requires more
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number of fingers and joints resulting in more complex control system of the hand
which lead to decrease in load carrying capacity.

The multi-finger hands having jointed fingers like human hand possess the
properties of dexterity. Multi fingered hand research so far has focused on grasping
control and manipulability of the grasped object. Most of the research on grasping
and synthesis carried out during last two decades resulted in complex and bulky
mechanisms which are partially applicable to the real world applications and
unstructured environments. Along with dexterity and manipulating capability, there
is an apparent gain in the need of low friction, small volume and light weight
grippers with an efficient and simple actuation and transmission system for
improving manipulator performance. The anthropomorphic design of the hands is
not paid much attention which is also an important factor for rehabilitation appli-
cations of hand. The palm of most of multi finger hand designs is developed as a
non-flexible part, however, the palm of human hand is flexible and plays very
important role in grasping very small objects. Most of the work done on grasping
planning strategy for different type grasps considering the number of contact points
only. Not much work is found in the area of force exerted by the fingers at the
contact points on the object for grasping and the stress distribution over the fingers
due to these forces. The kinematics of full-actuated tendon mechanisms have been
analyzed and classified but kinematics of under-actuated tendon mechanisms has
not been analyzed clearly.

Therefore, based on the above literature the Four-fingered tendon actuated
robotic hand is developed as shown in Fig. 1.

The purpose of this hand is to perform various grasping and manipulation tasks
[32]. Each finger and thumb has one actuator for their movement. The working
principle of this hand is to transfer the movement of actuators from one link to
another simultaneously due to which the gripper can make partially wrap-around
grasp. This hand is designed with aim of simplicity of mechanisms and lightness of
weight. For this purpose, tendon transmission is used with a simple arrangement of
one tendon per finger. The structure of the hand is kept in close proximity with the
human hand to expand its area of application. The hand is designed with three
fingers identical in all aspects and with the separate design of thumb. The placement
of thumb opposite to fingers makes the precision gripping easy and possible.

Fig. 1 Four-fingered robotic hand [32]
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With this design sensor and actuators can be easily incorporated for testing pur-
poses. The tendon selection is done on the basis of high tensile strength and
subsequently, its load carrying capacity is calculated with safety margins. The pin
joints of fingers are incorporated with torsion springs for retraction. Since twisting
moment about each joint is not same, therefore a different number of springs are
used at different joints, one at proximal, two at middle and four at distal joint.
A string passes through each finger, one end of the string is attached to the fingertip
and other end is left free for connection with actuator. The mechanism of the
gripper allows the phalanges to contract when the force (tension) is applied on the
free end of the rope. The finger is released to its home position by torsion springs
provided at each joint. In absence of specific task and usage of the gripper for
general purpose while human hand taken as model, and various dimensions are
approximately taken double the size of human hand.

5 Conclusions

It has been observed from the past research that human hand is the main point of
inspiration and design follow up to develop a multi-fingered robotic hand. The
multi-fingered hands are used as the end effector in a robotic system, where each
individual finger is considered as an open loop kinematic chain or independent
robot manipulator. After reviewing the various multi-finger robotic hands, it can be
concluded that a large number of efforts are being made in the field of robotics to
develop these multi-finger robotic hands with the aim to mimic a human hand. It is
desirable that the hands provide motions and perform the task with maximum
accuracy and precision. To fulfill these demands these hands employ various
methodologies of control with a different number of fingers and degrees of freedom.
Based on this study the four-fingered multipurpose robotic hand is developed
consisting of three fingers and one thumb. It has total eleven joints. The working
principle of this gripper is similar to human hand with ability to handle various
shaped work pieces. Various researchers are still working in this area to overcome
the problems related to the size of the hand, accuracy and resolving the weight
issues by choosing appropriate materials etc., as there is a lot more to achieve in
robotic hand to fully replicate a human hand. The flexibility of the human hand is
still a big challenge for the researchers in this regard.
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Structural Analysis of Pechora Missile
System’s Launcher Beam

Daamini Visaalaakshi, Gouresh Sood, Vishakha Baghel
and Anupam Tiwari

Abstract Pechora missile system is an old and vintage system used for launching
surface-to-air missiles. The launcher beams of the Pechora missile system undergo
fatigue over time due to structural load, wear and tear, and ageing. This results in
crack propagation which ultimately leads to the failure of the launcher beam
structure. In this research work, the structural integrity of the launcher beam is
investigated by performing analysis of launcher beam using Finite Element Method
(FEM). The paper concludes by suggesting methods to optimize the design of the
launcher beam to overcome structural failure.

Keywords FEM � Structural � Analysis �Missile � Beam � Fatigue � Optimization

1 Introduction

Pechora missile launcher beam is a missile launcher for SAM (Surface-to-Air)-3
Missile. The weight of launcher is approximately 13 tonnes. The launcher can be
operated manually as well as functionally through launcher cabin. It has a guide rail
and roller support to hoist the missile. Four missiles are kept on this launcher and
two missiles can be launched together within 0.5 s. Based on the field performance,
the kill probability of the missile is 98%. It can achieve velocity up to 900 m/s.
Targets can be engaged even in extreme and severe conditions of environment
using the Pechora.
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For the operation of Pechora missile launcher, there are two gears: one is azi-
muth and the other is elevation gear. The launchers provide pre-launch preparation
of missiles in azimuth and elevation angles. Rotation (azimuth movement) is 360°
and elevation angle is 3° 25’—65° 55’. There is also an azimuth receiver, elevation
receiver and a transmitter in the launcher. Four cables are connected to launcher for
power, control, communication and signal. A separate Bogey is used for the
transportation of the launcher. It can pull the launcher and carry it for longer
distances [1]. The major problem in the old and vintage Pechora missile launcher
beam was the occurrence of cracks and crack propagation around welded areas.
This paper focuses on addressing this issue. Alternate methods have been studied
and suggested to reduce the cracks and minimize the occurrence of new cracks
beside the welded cracks.

1.1 SAM-3

SAM-3 Missile is a surface-to-air guided missile system used by the Indian air
force. BRD-7 specializes in working on missiles, their servicing, relay change, seal
change and repairs the defects. The missile consists of six sections, namely, radio
fuse, control surface, warhead, all airborne equipment (electrical), sustainer motor
and booster motor. Radio fuse contains all the radio and transmission equipment
[1]. Control surface contains rudder and elevator and is controlled by servo motors.
Warhead contains heavy explosives containing 4800 fragments which explode
when the target is within 300 m range of the missile. The airborne equipment
contains RCG, autopilot, two relays and turbine which produces electricity with the
help of compressed gas. The blast radius is 300 m of the missile. The range of the
missile is 25 km. The velocity that it approximately achieves is 1100 m/s.

1.2 MGR—Missile Guidance RADAR

MGR is a complex radar used for searching and tracking with a range of 85 km
approximately. It has three antennas and all are semi-parabolic type. It has a 100 kV
generator to supply power. For noise reduction, there is a superheterodyne receiver.
RF waves are converted into intermediate frequencies.

2 Methodology

The methodology adopted for structural analysis of Pechora missile launcher beam
can be explained with help of a process flow [2] diagram as shown in Fig. 1.
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Fig. 1 Process flow diagram of structural analysis
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2.1 Geometry Creation

The Pechora missile launcher beam was modelled using UniGraphics NX 8.5.
A simple sketch was created and the sketch was extruded. Rectangular slits were
modelled on the surface of the beam using ‘subtract’ command. These rectangular
slits or guide rails are the areas of importance for the analysis. They are the
structural members where the maximum load is applied as the Pechora missile is
hoisted here. There are smaller rectangular protrusions which are modelled on the
top surface of the box beam (Fig. 2).

On the front portion of the model, a trapezoidal-shaped structure was modelled
by sketch creation and then extrusion. To this surface, a wing-like section was
created and mirrored on both sides. The two mirrored wings like structures are
connected using a rectangular rib to give support at the free end as it behaves like a
cantilever beam. The entire box beam is hollow inside and was modelled accord-
ingly. Two rectangular boxes were modelled inside the hollow beam. These boxes
are used to store the electrical equipment of the launcher (Fig. 3).

2.2 Mesh Creation

After creating the geometry, the CAD model is imported as igs format into Altair
hypermesh tool. Once the geometry is imported, ‘Mixed’ option is selected to show
the topology from visualization toolbar. The edge edit option in the geometry is
then used to suppress the free edges or incorrect edges using the toggle option for
the purpose of cleaning the model topology [3]. Cleaning is an exhaustive but an
important process before the creation of mesh.

Fig. 2 Schematic of a Pechora missile launcher beam
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Disconnected nodes are joined, additional lines are removed or stitched to one,
irregular edges are smoothened and many such modelling errors which will affect
the smoothness of a mesh are removed through cleaning. Split-surf node from
Quick edit is also used to create edges/surface lines.

3D meshing was done to create an appropriate mesh for the Pechora missile
launcher beam [4]. After the selection of the 3D option, ‘tetramesh’ was selected to
create mesh made of tetrahedral elements. Selecting ‘Volume tetra’, the ‘use
proximity’ and ‘use curvature’ boxes are checked to improve the mesh refinement
and quality. It helps to lower the element size as per the shape of elements [4]. Now
the important properties which determine the mesh are selected. First ‘the minimum
element size’ which is given as 0.001, the ‘feature angle’ is 45° and lastly the
‘element size’ is given as 0.03. The enclosed volume of the Pechora missile
launcher beam is selected and the mesh is then generated. The element size is
selected by convergence. Convergence is widely used to obtain the most accurate
single solution. The multiple numbers of solutions are iterated till it converges to a
single point. Hence, at least two solutions are required to determine convergence.
The word convergence is used because the output from the finite element pro-
gramme is converging on a single correct solution. The solution from the finite
element programme is checked with a solution of increased accuracy. If the more
accurate solution is different from the original solution, then the solution is not
converged. If the solution does not change much (less than a few percent differ-
ence), then the solution is considered converged [4, 5].

Fig. 3 Isometric view of a Pechora missile launcher beam CAD model
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Once the mesh is created, the quality of the mesh can be checked and refined by
modifying various parameters which define the mesh structure, mesh quality can be
checked by changing from 3D to tool option and then select ‘check elems’ or
simply by using F10 shortcut key [5].

The different mesh quality checks are done using this option [6]. In the 3D
option here in the check elems tab, it is made sure that ‘Warpage’ is less than 5.
Aspect ratio is a dimensionless parameter which is obtained by dividing the
maximum length by the minimum length of the element. Irrespective the number of
faces in an element the aspect ratio is calculated in the same manner. For a refined
mesh the aspect ratio should be less than 5, the maximum aspect ratio of the mesh
was 3.68. Skewness of elements is calculated in the units of angle. The maximum
skew angle is 62.90.

Tet collapse should be greater than 0.1. The minimum Tet collapse of the model
is 0.24. The Jacobian ratio is a measure of the deviation of a given element from
−1.0 to 1.0, where 1.0 represents a perfectly shaped element. Jacobian has to be
always positive for the mesh to have quality elements. The ideal shape for an
element depends on the element type. The check is performed by mapping an ideal
element in parametric coordinates onto the actual element defined in global coor-
dinates. For example, the coordinates of the corners of an ideal quad element in
parametric coordinates are (−1, −1), (1, −1), (1, 1), and (−1, 1). The minimum
Jacobian is 0.96.

If any of these properties have failed, then the mesh needs further refinement [5].
Until all the properties of the mesh are within the range repeat the procedure of
meshing. This is done through trial and error.

The component collector is created after achieving a refined mesh by performing
quality checks. Here various components within the model can be assigned indi-
vidually. The beam component is named as ‘aluminium beam’ and a colour is
assigned for the particular component. Even properties can be assigned to each
component if required.

The material properties can be assigned through the material collector.
Respective materials are assigned based on the design of the model. The materials
used in the Pechora missile launcher beam are aluminium and steel. Aluminium
material is selected for the beam and a colour is assigned for the particular com-
ponent. MAT1 can be selected for metals. Once the required material is selected,
properties like density, modulus of elasticity and Poisson’s ratio which are inbuilt in
the software are displayed. Any changes to be made to the values of the physical/
mechanical properties can be done if required. The material is then updated.

Next properties are assigned using the property collector. The type is here the
type is selected as 3D and the property is selected as PLSOLID. The material is then
given to the property.

To apply the loads, the main option is changed from ‘3D’ to ‘tools’. Using the
force option nodes where the force is applied in the structure is selected. The system
of axis is changed to local system. The magnitude of the force can be varied
accordingly here.
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The model is constrained using the constraint option. For any point in space,
there can be six possible degrees of freedom of motion: three translational motion,
namely, motion about x-axis, y-axis and z-axis, and three rotational motion about
x-axis, y-axis and z-axis. The Pechora missile is mounted on the beam till the
missile is launched. It remains stationary and does not undergo any motion on
application of load. Hence, the beam model is constrained in all the degrees of
freedom (Fig. 4).

The next step after completion of modelling and meshing is to validate the model
through FEM validation check. This is to check how accurately the model repre-
sents the governing equations. For example, to validate the deflection of a spring
system on application of force, the model is checked if it obeys the underlying
equation F = kx. This vital step enables to calibrate the model and achieve accurate
results. For the Pechora missile launcher beam under the equilibrium check,
free-free modal check (SOL 103) or a rigid body static analysis check (SOL 101)
was done. This helps to verify load paths, stress distribution and displacement of the
FEA model [6].

3 Results and Discussion

The solver is used to run the mesh model and provide results. These results are then
post-processed to get the following plots.

The structure will appear on the system with deformed shape and we will get the
deflection value (Figs. 5 and 6).

The observations were in line with the problem statement. The stresses are high
in the region where cracks are developed. Even when those cracks are welded the

Fig. 4 Pechora missile launcher beam mesh
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stress will still be similar so different ways of optimizing the Pechora missile
launcher beam are given.

Different types of stiffeners are placed at the high-stress location so as to provide
support to the load carrying member.

The load path shifts to the stiffener so the member can avoid developing cracks.

Fig. 5 Displacement plot

Fig. 6 Stress plot
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3.1 Placing Stiffener I.E. Structural Members in Weakened
Areas

There are various shapes and size of stiffeners which are used to provide structural
strength. Z, T and I are the basic shapes of stiffeners which are connected to the
main structure by rivets. When stiffeners are placed along the length of the struc-
ture, its load-carrying capacity increases and it reduces bending. Considering this
approach of using stiffeners, we will calculate the load-carrying capacity of the
given structure when stiffeners of various shape made up of same material and same
dimensions are introduced with the body

• Buckling stress for a stiffener is given by

Cu ¼ K � E� t=b½ �2 ð1Þ

where

Cu = buckling stresses (N/m2)
K = end fixity constant
E = Young’s modulus of elasticity (GPa)
T = thickness (cm)
B = length (cm)

• Load carried by stiffeners is given by

ð2Þ
where

P = load carried (N)
Ƣc = bucking stresses (N/m2)
W = width when both sides are simply supported (m)
W1 = width when one side simply supported and one side fixed (m)
A = area of stiffener (m2)
T = thickness (m)

Fig. 7 Placement of Z-, T- and I-shaped stiffeners on surface (with dimensions)
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Here W and W1 are given as

ð3Þ
ð4Þ

Now, by making an arrangement of stiffeners in manner as shown in Fig. 7 we
will calculate load-carrying capacity of each stiffener.

The dimensions and material of stiffeners are assumed to be same for Z, T, I
sections so same buckling stresses will develop on the structure, which are as
follows.

4 Conclusion

The Z section/Z-shaped stiffener has a maximum strength among all the three
stiffeners. The load-carrying capacity of the structure increases at its maximum
level with the help of Z-shaped stiffener. So as to increase the structural strength of
the weakened region of the launcher beam, it is suggested to place Z-shaped
stiffeners in the manner as shown in Fig. 8. An optimized design modification was
suggested to improve the structure and load-bearing characteristics of the launcher
beam.
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Design of Microfluidic Paper-Based
Device for the Detection of Nitrogen
Dioxide in Atmosphere

Surya Tiwary, Yameen Hassan and Rajeev Kumar Singh

Abstract Pollutant gases from industries and certain processes like welding,
exhaust of internal combustion engines, use of explosives, use of nitric acid, etc.,
are the sources of sulfur dioxide (SO2) and nitrogen oxides (NO2 and N2O5) which
become the part of atmosphere. The heterogeneous reactions of atmospheric aerosol
convert these gases to sulphuric, nitrous, and nitric acids which precipitate as acid
rain and thus severely affect human health. In this paper, the design of colorimetric
paper-based microfluidic device is presented to detect and quantify nitrogen dioxide
(NO2). In order to reduce the cost of device and ease of fabrication, wax printing for
fabricating paper-based analytical device (µPAD) is proposed.

Keywords Microfluidics � µPADs � Nitrogen dioxide

1 Introduction

Microfluidics involves the manipulation of very small volume of fluids in devices
having micron-sized channels and features. Microfluidic devices are used as micro
total analysis system (µTAS), point-of-care diagnostic systems, etc. Traditional
substrates like silicon, glass, and polymers are used in the past to fabricate these
devices due to low cost and simple fabrication techniques. During the last decade,
chemically patterned paper is widely used to fabricate microfluidic devices as it
offers unique advantages like power-free fluid transport due to capillary action, easy
disposability, lightweight, long shelf life, and high surface area-to-volume ratio
availability for chemical reaction. Since paper is porous hydrophilic material, it can
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store reagents in active form within fiber network [1]. The paper-based device can
be easily disposed of without any harm to the environment apart being the low cost
of material (i.e., paper in this case).

2 Materials and Methods

Variety of techniques like wax patterning, inkjet printing, flexographic printing,
photolithography, paper cutting and shaping, indelible ink stamping, screen printed
polydimethylsiloxane (PDMS), lacquer spraying, and vapor phase polymer depo-
sition are developed by various researchers to pattern the paper. In order to define
the flow, the flow barriers are made. This can be accomplished by making
hydrophobic and hydrophilic regions in the paper. The hydrophobic region prevents
the flow and is used as boundary of flow while the flow takes place through the
hydrophilic region. Photoresist was used earlier to define flow boundaries in µPADs
but its use is limited due to the high cost of fabrication and potential for background
reactivity. Due to this limitation, other low-cost techniques were developed making
use of wax and other materials in place of photoresist. Wax is a low cost, relatively
inert material that can be used for patterning paper by the application of available
fabrication techniques. After patterning, the paper is heated so that wax melts and
forms three-dimensional barriers. A variety of methods like metallic stamp, wax
dipping, screen printing, manual wax application, etc., are available for wax
application on paper but all these suffer low throughput and resolution. An alter-
native to this is the use of a commercially available office printer. This printer uses
wax based ink offering high throughput and resolution. In this case, user is not
required to generate new mask of each different design and can print the design in
less than a minute on paper. After printing, the paper is heated so that wax melts
through the paper and forms open, hemi, or fully enclosed channels [2]. The fab-
rication flowchart and associated equipment are shown in Fig. 1.

Wax printing technique is capable to print 100–200 µPADs in the paper of size
8.5 inch � 11.5 inch in less than 5 min including heat cycle. The device cost
mainly depends on the quality of paper used and is generally less than $0.001. The
resolution obtained by wax printing is not as high as obtained by the pho-
tolithography technique because while heating wax spreads in both vertical and
lateral directions. Since paper is anisotropic and more fibers are laid in horizontal
direction than in vertical direction, the wax spreads more in horizontal direction
than vertical direction while heating cycle and this deteriorates the resolution of
channel produced. Along thickness of paper, the channel width in top portion of
paper (where printing is done by printer) is more than bottom portion due to this
reason. So µPADs are designed for intended flow taking into consideration of this
spreading of wax in vertical and lateral directions [3].
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3 Model for Spreading of Molten Wax

The wax in molten state represents the capillary flow in porous materials if it
spreads in the paper. Washburn’s equation best describes the lateral flow of wax in
the paper which is as follows:

L ¼
ffiffiffiffiffiffiffi
cDt
4g

s
ð1Þ

where L is lateral flow of liquid of viscosity g and surface tension c, respectively, in
porous material having average pore diameter D in time t:

If wax and paper temperature is maintained constant, it will furnish reproducible
results. The width of hydrophobic barrier after heating step can be represented by

X ¼ L þ 2 N ð2Þ

where L is the width of original printed line using office printer, and L represents
lateral spreading of wax on one side of the printed line. If two parallel lines are
printed on paper having initial distance W, then on heating the hydrophobic barrier

Fig. 1 Schematic of fabrication flowchart of wax printing on paper using commercially available
office printer
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distance will be increased, and consequently, the hydrophilic distance will be
reduced as is clear from Fig. 2. The average width of hydrophilic channel after
heating will be [4]

U ¼ W � 2 N ð3Þ

4 Result and Discussion

The µPADs are designed for Whatman no. 1 chromatography paper (thickness
180 µm) because it is homogeneous, biocompatible, hydrophilic, and easily
available. The design involves wax printing method. In wax printing, the patterns
are printed on paper, and then, it is heated to penetrate wax to entire thickness and
after cooling step the µPAD are ready for use. These are having a long shelf life. In
wax printing, the line width cannot be kept less than 300 µm as sufficient wax will
not be available to cover the entire thickness. In this design, line width and channel
width are taken as 350 µm and 5 mm, respectively. The final dimension of the
channel after wax melting will be 4450 ± 50 µm. At that end of the channel, a
circular test zone with inner diameter 8 mm is provided. The aim to keep channel
dimension and test zone dimension large is to make reagent loading and subse-
quently color change measurement with ease and without any optical aid. The
reagents for the assay which are in liquid form will be supplied at the base of
channel, which will flow to the test zone due to capillary action. The NO2 gas
present in the atmosphere will react with reagent and thus color change will take
place in the channel and test zone. This µPAD is designed for colorimetric detection
so the color intensity will be measured at the test zone. There are 10 test zones in
the µPAD to overcome any bias and error. The average value of all test zones will
be the final value. One µPAD dimension is 250 mm � 30 mm. The paper sheet
dimension that can be directly fed to the printer is 215 mm � 280 mm. So in one
printer sheet, 7 µPADs can be printed [3]. The µPAD with dimension is shown in
Fig. 3a and b.

Fig. 2 Wax spreading after heating cycle
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Reagent most suitable for this device may be prepared by dissolving sulfanilic
acid in water containing glacial acetic acid and adding N-(1-naphthyl)-ethylene-
diamine dihydrochloride to it [5].

5 Conclusion

A design of paper-based µPAD for the detection of NO2 using wax printing is
presented in this paper. The fluid flow takes place due to capillary action in the
paper (substrate) so no external pump is required. The µPAD is disposable as it is
printed on paper and no threat to environment is created. The fabrication time is
within a few minutes, and it is a low-cost device because of the low cost of paper
and materials used. In the further work, this µPAD will be fabricated in paper using
wax printing method and real-time detection of NO2 will be done.
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Fig. 3 a Single µPAD; b an array of µPAD. All dimensions are in mm
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Free In-Plane Vibration of a Cracked
Curved Beam with Fixed Ends

Soumajit Talukdar and Sankar Kumar Roy

Abstract Curved beam is extensively used in different engineering fields, presence
of crack weakens the curved beam and introduces local variation in stiffness. This
leads to varying dynamic responses of the beam. Therefore, analysis of dynamic
behavior of a cracked curved beam is an important issue in order to identify the
crack. Hence, in this paper, the curved beam has been modelled by Timoshenko
beam model and in plane free vibration of the cracked curved beam with both end
fixed conditions has been numerically studied.

Keywords Curved beam � Crack � Free vibration

1 Introduction

Curved beam has many engineering applications in bridges, railways, roads,
buildings etc. The curved beam can readily be used where the curved structure is
required. However, straight beams are mostly used in engineering applications as it
is simple from user point of view and analysis point of view. Due to geometrical
reason, the analysis of curved beam becomes more complex as compared to straight
beam as it considers rotational and radial displacements and coupled tangential
displacement due to its curvature effect. The literature review reflects that studies on
curved beam are less as compared to straight beam. Wolf [1] used Euler-Bernoulli
beam segments for free vibration analysis of curved arches. Petyt and Fleischer [2]
developed three different finite element model for radial vibration of a curved beam
for different boundary conditions. Austin and Veletsos [3] determined natural fre-
quencies of a curved arches without considering rotary inertia and shear defor-
mation effect. Davis et al. [4] investigated that shear deformation and rotary inertia
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can be neglected for thin curved beam with constant curvature. Auciello and Rosa
[5] reviewed free vibration of circular arches. In which, they did not consider the
shear deformation and rotary inertia. So far researchers [1, 3, 5] simplified the
curved beam as uniform circular arc, where curvature effect was hardly considered.
However, analysis of thick curved beam needs to consider effects of shear defor-
mation and rotary inertia and coupling of radial and tangential displacement. Hence,
Timoshenko beam theory will be much more appropriate as it considers those
effects. Eisenberger and Efraim [6] used Timoshenko beam theory for the analysis
of curved beam. Friedman and Kosmatka [7] applied Ritz method to estimate
stiffness matrix with the help of two noded curved beam using trigonometric
function. The interpolation function meets the homogeneous form of the governing
differential equations. Thus it makes free from shear and membrane locking. Also
they investigated that this element meets to a shear deformable straight beam with
reducing thickness. Kang et al. [8], Irie et al. [9] used differential quadrate technique
and transfer matrix method, respectively to solve the equation of motion for a
curved beam. Litewka et al. [10, 11] investigated the static and dynamic responses
of a curved beam with the help of similar trigonometric interpolation functions
developed by Friedman and Kosmatka [7]. The stiffness matrix is determined for
static analysis using trigonometric functions and result matches with the analytical
solution. Further, they used the consistent mass matrix for free vibration analysis
and studied explored the effects of shear and axial forces together with rotary and
tangential inertia on natural frequencies. Yang et al. [12] modelled tangential dis-
placement in terms of polynomial function of order five. Recently, Yang et al. [13]
have reviewed in plane vibration of a curved beam. In which, the review detailed
the analysis of curved beam with and without taking axial deformation, rotary
inertia, shear deformation.

Based on above literature review, very less amount of work has been done on
dynamic analysis of curved beam. During working condition, the crack may gen-
erate in the curved beam. The generation of crack reduces the local stiffness of the
beam. Reduction of stiffness will affect the dynamic behaviour of the beam. Hence,
in this paper, in plane free vibration of a cracked curved beam has been analyzed.

1.1 Equations of Motion

Modelling of curved beam has been done based on the paper [7]. The Fig. 1 shows
the geometry of curved beam with constant cross section. The radius of curvature of
the beam is R and angle subtended by the beam is /. Here, among the three
different axes x, y, and z, x is directed along centroidal axis and y, z is showing the
two principle direction of the beam cross section. Hence, u, v, h are tangential,
radial and rotational displacements, respectively. w is the displacement in the z
direction which is at out of plane direction.

364 S. Talukdar and S. K. Roy



F and Q are the externally applied loads in axial and transverse directions and
M is the externally applied moment.

Hence, Modelling has been done based on following assumptions:

• The material of the beam is homogeneous and isotropic.
• Out of plane displacement and rotations are assumed to zero.
• The modelling has been done without considering damping.
• Effects of rotary inertia and shear deformation are significant.

The deflection of the curved Timoshenko beam can be written as

uðx; y; z; tÞ ¼ uðx; tÞ � yhðx; tÞ ð1Þ

vðx; y; z; tÞ ¼ vðx; tÞ ð2Þ

wðx; y; z; tÞ ¼ 0 ð3Þ

The strains for the curved beam in curvilinear coordinate system can be written
as

exx ¼ @u
@x

� v
R
� y

@h
@x

ð4Þ

cxx ¼
@v
@x

� hþ u
R

ð5Þ

Hence, the system is conservative as damping is not considered for the mod-
elling. Therefore, according to Hamilton principle

Fig. 1 Geometry of curved beam
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Z t2

t1

½dðT � UÞþ dWe�dt ¼ 0 ð6Þ

where, T, U, We are kinetic energy, potential energy, and work done by the external
forces, respectively. Here, T, U, We can be written as

T ¼ 1
2

Z L

0
qA

@u
@t

� �2

þ qA
@v
@t

� �2

þ qI
@h
@t

� �2
" #

dx ð7Þ

U ¼ 1
2

Z L

0
EA

@u
@x

� v
R

� �2

þEI
@h
@x

� �2

þ kGA
@v
@x

� hþ u
R

� �2
" #

dx ð8Þ

We ¼
Z L

0
uFþ vQþ hM½ �dx ð9Þ

where F, Q, M is axial force, transverse force, moment along the length of the
beam. Hence, the equation of motion can be written as

qA
@2u
@t2

þ EA
@2

@x2
� kGA

R2

� �
u� EAþ kGA

R
@v
@x

þ kGA
R

h� F ¼ 0 ð10Þ

qA
@2v
@t2

� EAþ kGA
R

u� kGA
@2

@x2
� EA

R2

� �
vþ kGAh� Q ¼ 0 ð11Þ

qI
@2h
@t2

� kGA
R

u� kGA
@v
@x

� EI
@2

@x2
� kGA

� �
h�M ¼ 0 ð12Þ

1.2 Finite Element Formulation

The finite element formulation has been done by considering 2-Node, 6 DOF
curved beam element. Trigonometric shape function is used for the analysis [7].
The shape functions are

v ¼ a1 þ a2xþða3 þ a4xÞcos xR þða5 þ a6xÞsin x
R

ð13Þ

h ¼ b1 þ b2xþðb3 þ b4xÞcos xR þðb5 þ b6xÞsin x
R

ð14Þ

u ¼ c1 þ c2xþðc3 þ c4xÞcos xR þðc5 þ c6xÞsin x
R

ð15Þ
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Finally, the kinetic energy and potential energy can be written as

T ¼ 1
2

_d
� �TZ L

0
T½ �T N½ �T P½ � N½ � T½ � _d

� �
dx ð16Þ

T ¼ 1
2

_d
� �T

ma½ � _d
� � ð17Þ

U ¼ 1
2

df gT
Z L

0
T½ �T B½ �T D½ � B½ � T½ � df gdx ð18Þ

U ¼ 1
2

df gT ka½ � df g ð19Þ

where,

ma½ � ¼
Z L

0
T½ �T N½ �T P½ � N½ � T½ �dx ð20Þ

ka½ � ¼
Z L

0
T½ �T B½ �T P½ � B½ � T½ �dx ð21Þ

1.3 Crack Modelling

Presence of crack changes the local compliance of the beam [14–16]. The local
compliance matrix for the crack can be written as

Cij ¼ @Ui

@Pj
¼ @2

@Pi@Pj

Z a

0
Jda ð22Þ

where, Ui is the strain energy due to displacement in the direction of Pi and J is the
strain energy release rate. Which can be expressed as

J ¼ 1
E

X6
k¼1

KIk

 !2

þ
X6
k¼1

KIIk

 !2

þ
X6
k¼1

KIIIk

 !2
2
4

3
5 ð23Þ

Here KI, KII, KIII are stress intensity factor for Mode I, II, III, respectively and 1–
6 shows 3 forces and three moments in three directions (x, y, and z directions).
Hence, in case of in-plane problem, three forces have been considered for the
analysis. The forces are axial force (P1), shear force (P2) and bending moment (P6).
Hence, stress intensity factor [15, 16] can be written as
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KI1 ¼ 0:278P1

2
ffiffiffi
h

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2 a=hð Þ½ �3

a=hð Þ 1� a=hð Þ3

s
ð24Þ

KI6 ¼ 6P5

bh3=2
0:482ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a=hð Þ3

q ð25Þ

KII2 ¼ P3
ffiffiffiffiffiffi
pa

p
bh

0:725ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a=hð Þ 1� a=hð Þp ð26Þ

Hence, a is depth of crack, b and h are breadth and height of the beam,
respectively. The compliance matrix can be derived with the help of Eq. (9). Due to
presence of crack, it requires force equilibrium and additional crack across the crack
[14]

� Pf gþ¼ Pf g� ð27Þ

wf gþ� wf g�¼ C½ � Pf gþ ð28Þ

Combining above two equations, it can be written as

Pf g�
Pf gþ

� �
¼ C½ ��1 � C½ ��1

� C½ ��1 C½ ��1

	 

wf g�
wf gþ

� �
ð29Þ

Pf g ¼ K½ � wf g ð30Þ

2 Results and Discussions

The analysis has been performed on a curved beam whose physical parameters are
given below [17]

Modulus of Elasticity (E) = 200 GPa = 2 � 1011 Pa
Modulus of Rigidity (G) = 76.9 GPa = 7.69 � 1010 Pa
Shear Correction Factor (k) = 0.85
Cross Sectional Area (A) = 0.005 m2

Area Moment of Inertia (I) = 4.16 � 10−6 m4

Radius of Curvature (R) = 0.5 m
Density (q) = 7850 kg/m3

Angle subtended by beam (/) = 90 deg

Based the above values, the mass and stiffness matrix have been evaluated for
each element by using the Eqs. (20) and (21). Further, global mass matrix has been
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formed and global stiffness matrix has been formed by incorporating local stiffness
for the crack by using the Eq. (30). The equation of motion for the beam will be

ma½ �global €d
� �

global þ ka½ �global df gglobal¼ 0f g ð31Þ

Now, the solution of {d} assumed as

df gglobal¼ Xf gejxt ð32Þ

where, {X} and x are mode shape and natural frequency, respectively. The Eq. (32)
has been solved to find out natural frequencies. Obtained natural frequencies of a
cracked and without cracked curved beam with different edge crack depth ratio (a/
h) have been shown in Table 1. The crack depth ratio has been considered for
analysis are 0.2, 0.4 for first 10 modes. The results show that the natural frequency
of the cracked beam decreases as crack depth increases

Further, the equations of motion (31) are decoupled by multiplying modal vector
and each equation has been solved for free vibration analysis. Next, v, u, h are
formed by using appendix (1.5)–(1.7). The mode shape results for the radial dis-
placement ‘v’ for first ten modes of a cracked beam under clamped—clamped end
conditions are shown in Fig. 2.

The mode shape results for the tangential displacement ‘u’ for first ten modes of
a cracked beam under clamped-clamped end conditions are shown in Fig. 3. The
mode shape results for the rotational displacement ‘h’ for first ten modes of a
cracked beam under clamped-clamped end conditions are shown in Fig. 4. The
crack introduces discontinuity and it is modelled as a spring. Therefore, higher
displacement in different modes have been observed at the vicinity of the crack.

Table 1 Natural frequencies of a curved beam with edge crack of varying crack depth ratios
under clamped-clamped end condition

Mode Natural frequency
without crack (Hz)

Natural frequency with
crack depth ratio 0.2 (Hz)

Natural frequency with
crack depth ratio 0.4 (Hz)

1 770.90 693.27 638.23

2 1690.84 1552.98 1393.15

3 2721.50 2697.13 2609.42

4 3451.10 3266.94 2898.41

5 3959.06 3711.43 3669.19

6 4988.19 3963.25 3684.97

7 6564.81 6069.61 5968.50

8 8446.74 6340.42 6027.41

9 9781.79 9412.24 9314.93

10 9854.49 9444.93 9333.16

Free In-Plane Vibration of a Cracked Curved … 369



Fig. 2 Mode shapes for radial displacement ‘v’ for a cracked beam under clamped—clamped end
conditions for first ten modes
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Fig. 2 (continued)
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Fig. 3 Mode shapes for axial displacement ‘u’ for a cracked beam under clamped-clamped end
conditions for first ten modes
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Fig. 3 (continued)
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Fig. 4 Mode shapes for rotational displacement ‘h’ for a cracked beam under clamped—clamped
end conditions for first ten modes
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3 Conclusions

An edge crack was introduced in the curved beam and the natural frequencies were
evaluated under varying crack depths. It is seen that the natural frequency decreases
with increasing crack depth. It is also seen from the mode shape results for a
cracked beam that there is a discontinuity at the crack location for the displacements
and rotations. Both of these results are expected. The decrease in natural frequency
suggest a decrease in stiffness of the beam with increase in crack depth and there
will be a sudden change in deflection at the location of the crack.
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Planar Vehicle Dynamics Using Bicycle
Model

Akshay Mistri

Abstract There is a limit to which a vehicle will remain directionally stable during
a steering maneuver. Vehicle configuration factors like position of center of gravity
and vehicle state factors like velocity and steer angles have a huge influence on the
stability of a vehicle in motion. A lot of investments are made during a vehicle
design process to make it stable and safe for occupants, which include study of
dynamics of the vehicle configuration. This study of dynamics can be achieved by
studying the equations of motion for that vehicle configuration and by performing
actual road tests which could be expensive sometimes. Thus, the bicycle model
discussed further is a quick and inexpensive way to analyze a vehicle configuration
for its stability. Along with stability, the model can provide useful information like
velocity vectors, yaw rates for a given input wheel torques, and steer angles. The
model is developed by deriving equations of motion for a simple two-wheel vehicle
setup. The paper discusses in detail the process of deriving equations for a bicycle
model and the way in which various factors affect the vehicle turn responses.

Keywords CG—Center of gravity � d—Steering angle � a—Sideslip angle �
x—Angular velocity � Ca—Cornering stiffness � Gacc—Lateral acceleration gain

1 Introduction

Primary forces which influence the dynamics of a motor vehicle are developed at
tire–road interface patches which are nearly the size of a human hand. By motor
vehicle, it is meant that further discussion will be applicable to automobiles like
cars, buses, and trucks. The tire patches are the only contact between the vehicle
and the road which if analyzed properly could give an insight to vehicle handling
characteristics.
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To analyze the dynamics of vehicle while making a turn, bicycle model was
developed which was relatively easy to understand. It can provide useful infor-
mation for a given vehicle configuration like velocity of the center of gravity
(CG) of vehicle in longitudinal and lateral directions and the vehicle’s yaw rate for
a given steering angle. It could also be used to judge the steering response of a
given vehicle configuration and how the turn radius of a vehicle changes with
vehicle speed when the steering angle is kept constant. The bicycle model also
includes the sideslip phenomenon occurring in high-speed maneuvers. Sideslip is
developed in tires due to the friction force acting on tire to counteract the centrifugal
forces acting on the vehicle during a turn. Thus, a bicycle model is an analytical
method of understanding various vehicle handling characteristics in a relatively
simple way and could be used in initial vehicle design phase.

One ground-based stationary frame (X−Y) and a body-fixed reference frame
(x−y) with x-axis as the longitudinal axis of the model are chosen. Origin of the
body-fixed reference frame is taken as the CG of the vehicle configuration.

The velocity of the bicycle model is described in the body-fixed reference frame
and then its time derivative is taken to get the equation of motion. Forces acting on
tire are first described in body-fixed reference frame and using their relationships
with slip angles and torque equations of motion are resolved into required control
variables.

These equations of motion were simulated in the software Simulink (The
MathWorks, Inc., Massachusetts, USA) and were validated by supplying
time-varying inputs and getting the desired pre-validated outcomes for those given
inputs, discussed further in the paper in detail.

2 Method

2.1 Model Setup

Consider the two reference frames and the bicycle model as shown in Fig. 1.

Fig. 1 Bicycle model setup
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X−Y shows the ground reference frame while x−y represents the body-fixed
reference frame. Velocity vector V is shown in blue, and force vectors acting on
front and rear tire from ground are shown in body-fixed reference frame. Distances
“a” and “b” are from CG of the model to the centers of the front and rear tire,
respectively. “W” is the angle between the x-axes of the two reference frames.

2.2 Equations Used

Velocity vector

V
!¼ Vxi0 þVyj0 ð1Þ

Using the differential operator on vector V,

d
dt

¼
ed
dt

 !
þ xð Þ x½ �

We get

dV
!
dt

¼ dVx

dt
� xz:Vy

� �
i0 þ dVy

dt
þxz:Vx

� �
j0 ð2Þ

where xz is the angular velocity of model about z-axis.
Also, this gives us the acceleration vector

dV
!
dt

¼ a!¼ axi0 þ ayj0 ð3Þ

Now, for getting equation of motion, we can use

Fnet ¼ m : a!

Using Eqs. (2) and (3),

m Vx

� �xz:Vy

� �
¼ Ff i0 þFri0 ð4Þ

m Vy

� þxz:Vx

� �
¼ Ffj0 þFrj0 ð5Þ
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Considering Izz as the inertia of the model about z-axis, we can write the moment
equation as

Izz xz
� ¼ aFfj0 � bFrj0 ð6Þ

Now, we can disintegrate the forces acting on tires into the body-fixed reference
frame

Ff ¼ Fxfcos df � Fyfsin df
� �

i0 þ Fxfsin df � Fyfsin df
� �

j0 ð7Þ

Fr ¼ Fxrcos dr � Fyrsin dr
� �

i0 þ Fxrsin dr � Fyrsin dr
� �

j0 ð8Þ

where df and dr are the front and the rear wheel steering angles (dr ¼ 0 if the rear
wheel cannot be steered) (Fig. 2).

Slipping of tires occur since there is a difference in direction of tire travel and the
direction of vehicle travel. The angle between these two directions is the slip angle
for that tire, shown in Fig. 3 as af .

Slipping can also be understood as the wheel want to travel in direction of the
vector Vf but is dragged in direction of the vector V by the vehicle CG.

For getting an expression of the slip angle, velocity of the wheel in its own axis
system (x-wheel and y-wheel, see Fig. 2) must transformed to body-fixed reference
frame using normal vector from CG to wheel center r f as shown below:

Velocity vector of wheel, Vf = (Velocity vector of CG, V) + (Angular rotation
about CG)

Vf ¼ V þ XX r f
� �

¼ Vxi0 þVyj0 þ
i0 j0 k0

0 0 W
�

a 0 0

2
64

3
75

¼ Vxi0 þ ðVy þ _WaÞj0

ð9Þ

Fig. 2 Forces on front wheel
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Now, the ratio of the x and y components of vector Vf obtained above can be
expressed as

tanðdf � afÞ ¼ Vf
y=V

f
x ¼

Vy þ W
�
a

Vx
ð10Þ

Using small angle approximations (for simplicity),

af ¼ df � Vy þ _Wa
Vx

ð11Þ

Similarly, for rear tire,

ar ¼ dr � Vy � _Wb
Vx

ð12Þ

Now, the relationship between the slip angles af , af and the lateral tire forces
Fyf , Fyr can be established by linearizing the forces,

Fy ¼ @Fy
@a

:a ¼ Ca:a ð13Þ

where Ca called as cornering stiffness coefficient.

Fig. 3 Bicycle model
showing slip angle
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Using (11)–(13),

Fyf ¼ Caf :af ¼ Caf df � Vy þ _Wa
Vx

 !
ð14Þ

Fyr ¼ Car:ar ¼ Car dr � Vy � _Wb
Vx

 !
ð15Þ

For the longitudinal forces, Fxf , Fxr relationship between input torque to wheels
and their effective radii can be established as

Fxf ¼ Qf

Rfe
ð16Þ

Fxr ¼ Qr

Rre
ð17Þ

Finally, the equations are disintegrated into require control variables. To sum up
the bicycle model equations:

Inputs:

1. Front wheel torque, Qf [N-m].
2. Rear wheel torque, Qr [N-m].
3. Front wheel steer angle, df [rad].
4. Rear wheel steer angle, dr [rad] (taken 0 in our case).

Outputs:

1. Velocity in x-coordinate axis, Vx [m/s].
2. Velocity in y-coordinate axis, Vy [m/s].
3. Yaw rate in x-y plane, _W [rad/s].
4. Yaw angle, W [rad].

Equations Modeled in Simulink:

1: Fxf ¼ Qf=Rfe

2: Fxr ¼ Qr=Rre

3: Fyf ¼ Caf df � Vy þ _Wa
Vx

 !
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4: Fyr ¼ Car dr � Vy � _Wb
Vx

 !

5: m Vx

� � _WVy

� �
¼ Fxfcos df � Fyfsin df þ Fxr

6: m Vy

� þ _WVx

� �
¼ Fxfsin df � Fyfcos df þ Fyr

7: IZZ _W ¼ a Fxfsin df � Fyfcos df
� �� b:Fyr

3 Nonlinear Tire Models

Several nonlinear tire models exist and are developed by various automotive
bodies.

1. The linear relationship discussed in Eq. (13), Sect. 2.2, is valid for small slip
angles (<5°). For higher slip angles, the relation becomes nonlinear and is given
as

Fyf ¼ A: sin B: tan�1 Caf :af=AB
� �h i

ð18Þ

Fyr ¼ A: sin B: tan�1 Ca r:ar=AB
� �h i

ð19Þ

where
A and B are shape factors

• A ¼ l:Fzf or l:Fzr, respectively, for Fyf and Fyr.

• Fzf ¼ bmg=L Fzr ¼ amg=L

Fig. 4 Lateral force variation
with slip angle [1]
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• B = 2; L is the wheelbase for the given configuration, = a + b. The variation
of lateral force vs. slip angle can be seen in Fig. 4.

2. Model developed by General Motors (GM), Michigan, USA [2] (Fig. 5).

Equation for the model:

y xð Þ ¼ ym sin b: tanh cxð Þ½ �

b ¼ p� arcsin
yasym
ym

� �

c ¼ arctanh p
2b

� 	
xm

4 Directional Stability

For analyzing the directional stability of the model, lateral dynamics of the body
should be observed. Hence, the longitudinal forces are taken as negligible and rear
wheel steer angle is taken as zero. Therefore, Eqs. (5) and (6) will reduce to

m Vy

� þxz:Vx

� �
¼ Fyf þFyr ð20Þ

Izz xz
� ¼ aFyf � bFyr ð21Þ

Fig. 5 GM nonlinear tire
model
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Using Eqs. (14), (15) in (20), (21),

m Vy
� þxz:Vx

� �
¼ Caf df � Vy þ _Wa

Vx

 !
þCar dr � Vy � _Wb

Vx

 !
ð22Þ

Izz xz
� ¼ aCaf df � Vy þ _Wa

Vx

 !
þ bCar

Vy � _Wb
Vx

 !
ð23Þ

Taking

a1 ¼ Caf þCar

Vx
; a2 ¼ mVx þ aCaf � bCar

Vx

a3 ¼ aCaf � bCar

Vx
; a4 ¼ a2Caf þ b2Car

Vx

Equations (22) and (23) reduce to

mVy

� þ a1Vy þ a2 _W ¼ Cafdf ð24Þ

Izz xz
� þ a3Vy þ a4 _W ¼ aCafdf ð25Þ

Reducing the above equations to eigenvector—eigenvalue problem, we get

mVy
� þ a1Vy þ a2 _W ¼ 0

Izz xz
� þ a3Vy þ a4 _W ¼ 0

Solving the above differential equations using,

Vy ¼ A1ekt and _W ¼ A2ekt

we get

mkþ a1 a2
a3 Izzkþ a4










 ¼ 0

For stability,

a1a4 þ a2a3 [ 0
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which reduces to

Lþ V2
x

g
KUS [ 0 stability conditionð Þ

where KUS is called as the understeer coefficient,

KUS ¼ Wf

Caf
� Wr

Car
ð26Þ

where the front and rear axle weights are used as

Wf ¼ b
L
mg Wr ¼ a

L
mg

The understeer coefficient is useful factor to understand the dynamic response of
a given vehicle configuration. It provides the steering response of a vehicle when it
is accelerated as follows:

@f ¼ L
R

þKUS
ay
g

ð27Þ

where ay lateral acceleration of vehicle and is R turn radii (Fig. 6).

4.1 Effect of Understeer Coefficient KUS

When KUS [ 0, the configuration is said to be understeer:

• Steering angle required for a given turn radius increases with the square of
vehicle speed.

Fig. 6 Steering geometry for
bicycle model
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• Due to lateral acceleration of the CG, front tires will have greater slip than the
rear ones.

@f ¼ L
R
þKUS

ay
g

[
L
R

• For understeer situation, characteristic speed Vchar ¼
ffiffiffiffiffiffiffi
gL
KUS

r
is the speed at

which the steer angle required to make a turn of a given radii doubles.

When KUS ¼ 0, the configuration is said to be neutral steer:

• Steer angle required for a given turn radii is independent of the vehicle speed.
• The lateral acceleration of CG induces an equal amount of slip on front and rear

tires.

@f ¼ L
R

When KUS\0, the configuration is said to be oversteer:

• To maintain a constant turn radius during acceleration, the steering angle should
be reduced.

• More slip occurs at the rear tire than the front due to the lateral acceleration of
the CG.

• For oversteer situation, a critical speed is present, Vcritical ¼
ffiffiffiffiffiffiffiffiffiffi
gL

�KUS

r
at which the

vehicle would become directionally unstable (Fig. 7).

Fig. 7 Effect of understeer
coefficient on directional
stability
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4.2 Yaw Rate Response Versus Understeer Coefficient KUS

Figure 8 shows the variation of yaw rate response with velocity of vehicle for
different understeer coefficients.

Gyaw ¼ V

LþKUS
V2

g

ð28Þ

4.3 Lateral Acceleration Response Versus Understeer
Coefficient KUS

A typical figure below shows the variation of lateral acceleration of vehicle for
different vehicle speeds, for different values of understeer coefficient (Fig. 9).

Gacc ¼ V2

gLþKUSV2 ð29Þ

Fig. 8 Yaw rate versus
vehicle speed for different
KUS

Fig. 9 Lateral acceleration
versus vehicle velocity for
different KUS
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5 Results

The bicycle model was validated using various input and output sets which were
taken from the official website of MathWorks [3]. The model showed accurate
outputs for given inputs which are discussed below (Fig. 10).

5.1 Inputs Used

See Fig. 11.
Model Configuration Factors Used:

Sprung mass, m [Kg] 3090

IZZ ½Kg:m2� 5980

a [m] 1.65

b [m] 1.37

Caf ½N=rad� 76666

Car ½N=rad� 186300
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Fig. 10 Wheel steer angles
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Fig. 11 Wheel input torques
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5.2 Outputs Obtained: Dynamic States

See (Figs. 12, 13).

5.3 Lateral Force Versus Sideslip (Linear and Nonlinear
Relationship)

The first thing to observe is the variation of lateral tire forces with sideslip angles
for linear and nonlinear case. It is quite evident that in the first two linear models,
the variation is linear, and for the nonlinear, it is linear at the vicinity of zero but as
sideslip angle increases, the variation is nonlinear (Fig. 14).

Fig. 12 Output velocities

Fig. 13 Output yaw angle and yaw rate
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5.4 Lateral Acceleration Gain

For analyzing the lateral acceleration gain of the model for a situation involving a
sudden lane change is considered. A sudden change of front steer angle (0.1 rad) is
provided as the input keeping longitudinal force on front wheel constant. Lateral
acceleration gain is found from both sides the equation: LHS to show dynamic
behavior of sudden steer angle change while RHS to show the theoretical aspect.

Gacc ¼
ay
�
g

df
¼ V2

x

g:LþV2
x:KUS

� �

Inputs taken:
Input 1: df See (Fig. 15).
Input 2: Fxf See (Fig. 16).
Input 3: Fxr ¼ 0 Input 4: dr ¼ 0
Output: See (Figs. 17, 18).

Fig. 14 Linear versus nonlinear case: lateral force versus sideslip
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Fig. 15 Front steering angle as a time (sec) input
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Fig. 16 Longitudinal front tire force as time (sec) input

Fig. 17 Lateral acceleration gain

Fig. 18 Longitudinal velocity: linear versus nonlinear tire model—1
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5.5 Dynamic States of Linear Versus Nonlinear Tire Models

Velocity of CG in x-coordinate axis: Linear and nonlinear.
These velocities clearly show the differences due to nonlinear sideslips.

Variation in nonlinear case is more realistic in the end as shown (Fig. 19).
Note: These outputs were obtained keeping:

• Front steer angle df ¼ �0:2 to 0.2 for both linear and nonlinear model.
• Front wheel torque Qf ¼ 2200 Nm for both models (Figs. 20, 21).

Fig. 19 Lateral velocity: linear versus nonlinear tire model—1

Fig. 20 Yaw angle: linear versus nonlinear tire model—1
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6 Conclusion

The bicycle model obtained from equations of motion can provide dynamics states,
i.e., velocities for given input wheel steer angles and wheel torques. In the model,
nonlinear tire models developed experimentally can be added for a more realistic
behavior. Effect of adding nonlinear tire models to the basic bicycle model can be
seen by observing changes in wheel velocities. Finally, the condition for directional
stability for a given vehicle configuration is derived by focusing on lateral dynamics
of the body. Eigenvector and eigenvalue equation lead to the concept of understeer
coefficient which is based on weight distributions on front and rear axles of the
vehicle and has a huge influence on the stability of a vehicle. The model could be
used for analyzing different vehicle configurations for their:

• dynamic states for various steering and speeds as inputs;
• lateral forces being generated for different sideslip angles;
• directional stability;
• understeer coefficient.
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Evaluation of Tensile Properties of Hot
Rolled Carbon Steel Using Finite
Element Analysis

Joginder Singh , M. R. Tyagi , Abdul Ahad , Abhinav Chawla ,
Dinesh Kashyap and Vinay Prabhakar

Abstract The steel undergoes rolling above the recrystallization temperature is
termed as hot rolled steel. In this process, steel billet is transformed into a thin sheet
with some specific properties. These thin sheets are easy to form or work with for
several applications. Finite element analysis (FEA) technique is a powerful
numerical method for solving several engineering problems. This technique not
only reduced the experimental testing cost of materials but also provided the reli-
able test results for the same. In this article, the commercial HR1 steel was analyzed
for tensile properties using FEA technique. The specimen dimensions were adopted
from ASTM E8M standard. The 3D design of the specimen was created in CATIA
and analyzed in ANSYS. When the applied load is 14 kN, the maximum stress
obtained from the virtual analysis is matching well with the numerically obtained
values. The maximum stress and strain in the gauge length were 279 MPa and
0.0014, respectively. Also, the calculated value of the maximum elongation was 7%
for a 14 kN load.

Keywords Hot rolled steel � FEA � CATIA � ANSYS � Stress � Strain

1 Introduction

In the automobile industry, the steel has been a favorable material for the manu-
facturing of motorized vehicle parts from the early development stage. It has an
ability to achieve required stiffness and strength by alloying, hardening, and work
hardening processes. However, it has drawbacks like poor corrosion resistance and
high weight. An adequate profile of a material could be achieved when it has been
subjected to various metalworking processes. A thin and flat sheet of a metal is
formed using a suitable rolling process as per the application need. If the rolling
was carried out at a temperature ranges 0.50–0.75 Tm (melting temperature), it is
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termed as hot rolling. This process has several advantages like low power con-
sumption, the low pressure required for deformation, better deformation achieved,
able to deform near brittle material, etc. An instilled malleability of hot rolled steel
is providing freedom to manufacture a variety of different shapes. Therefore, it is an
ideal material for the fabrication of structural components in various industries [1,
2]. In the past, several models using different algorithms were proposed to check the
possible behavior of the materials during different loading conditions. Liu et al. [3]
established a model using the artificial neural network (ANN) to precisely predict
the mechanical properties of hot rolled C-Mn steels. They observed a close
agreement between predicted and experimentally observed results. Ozerdem and
Kolukisa [4] used ANN-based model for predicting the mechanical properties of
hot rolled carbon steel bars (AISI 10xx series). They noticed that the model had
predicted the mechanical characteristics within an acceptable accuracy under pre-
scribed conditions. Apart from ANN, another dominant method to predict the
possible mechanical behavior of hot rolled steel is finite element analysis
(FEA) technique [5, 6]. FEA technique is frequently employed for examining the
behavior of materials in several operational parameters. It is further helpful to test
the materials and predict their behavior under different loading conditions even
without destroying it. It is not only minimizing the product design time but also
enhancing the quality and performance. The increased computing speed of modern
computers boosted the utilization of FEA in several domains. As time passed by,
the FEA software equipped with more advanced and sophisticated features.
Currently, powerful FEA packages are available for modeling and simulation
purpose. These packages are not only improved the modeling practices but also
helped in sound interpretation of the obtained results [7, 8]. The present investi-
gation aims to study the tensile behavior of the HR1 hot rolled steel using the FEA
package. A 3D model of the flat tensile specimen was developed in CATIA and
imported into ANSYS for tensile property analysis. A comparison of theoretical and
numerical analysis was also carried out for a better understanding of the approach.

2 Experimental Procedure

The HR1 grade of the hot rolled carbon steel was selected for the investigation. The
chemical composition of the same is given in Table 1.

The design of flat plate tensile specimen was chosen from the standards provided
in ASTM E8M [10]. A 3D drawing of flat plate tensile specimen was prepared in

Table 1 Chemical composition of HR1 grade hot rolled carbon steel [9]

Designation Type C Mn P S Micro
alloy

Fe

HR1 Commercial 0.15 0.60 0.05 0.035 – Remaining
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CATIA V5R20 software. A 3D and 2D design is interlinked, and any change made
in 3D design is directly reflected in the 2D model or vice versa. A 2D drawing
along with all the necessary dimensions of the tensile specimen and its isometric
view is shown in Fig. 1a and b. The required dimensions are taken from ASTM
E8M standard.

Finite element analysis (FEA) was carried out using ANSYS R18.2 software. It
is a mathematical illustration of a physical object. The analysis is usually conducted
in two sections. In the first section, a model of the object is developed and analyzed
by collectively using material properties and necessary boundary conditions. It is a
preprocessed mathematical model related to the associated problem. In the second
section, the post-processing is carried out in terms of study and solution of the
predefined mathematical problem. The complete process of FEA is illustrated in
Fig. 2.

A 3D model of the flat plate tensile specimen developed in CATIA was saved
with a.stp file extension. This popular file format is mainly utilized for communi-
cating 3D graphical representation among several designing and analysis software.
The virtual analysis of the component was carried out using ANSYS. The 3D model
of the specimen is imported in ANSYS and discretized into a finite number of

Fig. 1 Flat plate tensile specimen drawing: a 2D drawing and b isometric view
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elements. This process is commonly known as meshing. The purpose of meshing is
to distribute the load equally on the entire body. A proper meshing leads to higher
accuracy in the results. A fine meshing of the specimen was chosen using 1648
elements and 9981 nodes (Fig. 3).

After meshing, the required constraints are imposed on the specimen in the form
of boundary conditions. There are six degrees of freedom used for a component in
ANSYS. In the present investigation, the movement of one end of the specimen is
restricted by fixed support as shown in Fig. 4a. Besides, an axial force of tensile
nature is applied to the other end of the specimen as per Fig. 4b.

After setting out the boundary and load conditions, the linear- and nonlinear-type
virtual analysis was carried out using isotropic hardening model as per the
requirement. In this model, von Mises yield criteria are utilized along with isotropic
work hardening assumption. In a bilinear isotropic hardening (BISO), the elastic
and plastic regions in complete stress–strain curve are facilitated by just two lines
(as shown in Fig. 5). On the other hand, several straight lines are used for the
analysis of stress–strain curve in the multilinear isotropic hardening (MISO)
analysis. The BISO is more or less as an approximation of the more realistic MISO
analysis. The material properties listed in Table 2 are entered as inputs for bilinear
isotropic and multilinear isotropic hardening analysis, respectively. Both BISO and
MISO analysis is carried out for examining the materials behavior under loading
conditions beyond yield point or in plastic region.

Fig. 2 Block diagram of
FEA steps

Fig. 3 Meshing of flat plate
tensile specimen of HR1
grade hot rolled carbon steel
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Fig. 4 a Boundary condition and b loading condition of tensile specimens

Fig. 5 Schematic diagram of uniaxial tensile loading behavior of a BISO and b MISO model

Table 2 Required material
properties for the analysis

Material properties Standard values

Ultimate tensile strength 440 MPa

Young’s modulus 2 � 105 MPa

Poisson’s ratio 0.3

Yield strength 250 MPa

Tangent modulus 1450 MPa
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3 Results and Discussion

3.1 Theoretical Calculations of Tensile Strength

The standard material properties are listed in Table 2. The theoretical calculation of
yield strength was done via Hook’s law:

r ¼ Ee ð1Þ

where r is applied stress, e is the resulting strain, and E denotes Young’s modulus.
The cross-sectional area of the flat plate tensile specimen employed in the

present investigation is 50.8 mm2. The tensile stress is calculated using the fol-
lowing equation for a particular applied load:

Tensile stress ¼ Applied load
Cross�sectional area

ð2Þ

For a load of 14 kN, the tensile stress is 275.5 MPa. Similarly, tensile stress can
be calculated for other loads such as 15 kN, 16 kN, etc. The strain aroused in the
specimen due to 275.5 MPa stress is calculated using Hooks law, and its value is
0.0014.

3.2 Stress–Strain Curve Analysis Using FEA

The BISO program in ANSYS was utilized for modeling the stress–strain behavior
of the HR1 steel for different loading condition. The results of the analysis are
summarized in Table 3. It was observed that if the load is below 20 kN, the
observed value of the UTS is lower than the experimentally observed value, i.e.,
440 MPa. Therefore, it can be concluded that the material is exhibiting better tensile
strength when the applied load is below 21 kN.

Table 3 Stress–strain curve
analysis using virtual analysis

S. no. Load (kN) Stress (MPa) Strain (mm/mm)

1 14 279.3 0.0013965

2 15 300.4 0.0015023

3 16 320.1 0.0016009

4 17 345.6 0.0017469

5 18 380.6 0.0019221

6 19 413.5 0.0020867

7 20 443.6 0.0022374

8 21 472.1 0.0023807

9 22 500.4 0.0025223

10 23 528.2 0.0026623
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3.3 von Mises Stress Analysis

Virtual analysis of the materials behavior was carried out in elastic and plastic
regions under different loading conditions. The von Mises stress profile of flat plate
specimen of HR1 material is shown in Fig. 6. The study of von Mises stress
reemphasized the suitability of the metal for defined loading parameters. As per the
figure, it can be observed that the maximum stress is distributed at the gauge length
of the specimen. The load is evenly distributed along the gauge length and extended
till the fillet region. Apart from the gauge length, these fillet radius regions are the
prone areas for the failure of the specimen when load distribution is not uniform.
But it could be reduced in the virtual analysis if the meshing of those corners were
intense than the remaining body. The load distribution in the grip section is rela-
tively lower than that of the gauge section. The maximum and minimum loads are
279 MPa and 119 MPa in the gauge length and grip section, respectively. The load
variation range in the gauge section of the specimen is 259–279 MPa. The reported
experimental yield strength value of HR1 steel in literature is 250 MPa. The results
obtained from the virtual analysis indicates that the yielding is just started for 14 kN
load. The material is entered into a strain hardening region for the applied load as
maximum stress is very close to yielding strength.

3.4 von Mises Strain Analysis

The strain profile of the HR1 steel is shown in Fig. 7. The maximum strain was
observed at the gauge region as expected. There is an almost uniform distribution of
strain was observed along the gauge length except the points near to the reduced
section. The maximum and minimum strain was 0.0014 and 0.00013 at gauge
length and fillet section, respectively.

Fig. 6 von Mises stress or equivalent stress profile in HR1 specimen
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4 Conclusion

In this article, the finite element analysis method is utilized to study the stress–strain
behavior of the commercially available hot rolled steel (HR1). The maximum stress
was observed in the gauge region of the specimen when the applied load is 14 kN.
Therefore, the maximum load distribution is around gauge length if fillet region is
not considered or considered after fine meshing in that region. This is the required
situation in the tensile test. The color contour of gauge region exhibits the maxi-
mum and uniform distribution of load in that section. The load variation in the
gauge section lies in between 259 and 279 MPa. The maximum strain in the gauge
section ranges in between 0.0013 and 0.0014. The specimen was elongated around
7% when 14 kN load was applied. The stress, strain, and elongation values indi-
cated that the material just started yielding when the applied load was 14 kN.
Therefore, the virtual analysis conducted in the present study is very consistent with
the calculated numerical values for low loading conditions.
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Serviceability Analysis of a Footbridge
Subjected to Pedestrian Walking

Prakash Kumar , Anoop Kumar Godara and Anil Kumar

Abstract The paper presents a methodology to study the vibration response of
beam-type footbridges subjected to loads due to walking of pedestrians in groups.
A simply supported concrete beam is modeled in Ansys, and modal analysis is
performed. Some of the natural frequencies of the bridge fall in the range of human
walking frequencies. The pedestrian load is considered only in the vertical direction
and represented as a Fourier series of five dominant harmonics. Identical individual
pedestrians walk on the bridge centerline with the same walking frequency such
that at any time there is a group of one, three, five, and ten pedestrians on the
bridge. Moreover, another case considers three parallel groups of pedestrians
walking in a row. The acceleration response of the bridge shows that the bridge
vibration is unstable at the resonance condition for the first mode. The bridge fails
to satisfy the pedestrian comfort limit defined in the design codes. It requires some
vibration mitigation measures or structural modification to reduce the vibration.

Keywords Pedestrian walking � Serviceability � Vertical vibration �
Pedestrian group

1 Introduction

Due to advancement in materials and construction technology, architects and
engineers can build modern civil engineering structures ever longer, taller, and
lighter. Some of these structures such as pedestrian bridges, grandstands, gymnasia,
and staircases are commonly subjected to dynamic loads due to normal human
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activities such as walking, running, and jumping [1, 2]. On the one hand, these
structures may very well satisfy the design strength criteria based on the ultimate
limit state. On the other hand, these light and slender structures have one or more
natural frequencies often below 5 Hz that are within the range of common human
actions, thus creating serious vibration serviceability problems [1–4]. Some notable
example of vibration serviceability problems is the London Millennium bridge [5],
the Paris Solferino bridge [6], and the Toda Park bridge [7] which triggered
research on human–structure interaction (HSI) [1, 8–10] and pedestrian loading in
various activities [3, 11].

Predicting the dynamic performance of these structures under pedestrian-induced
load has thus become a critical aspect of structural design [1, 12, 13]. To this end,
multiple practical design methodologies have been developed such as French guide
Sétra [14] and the European guide HiVoSS [15] that enable designers to check the
vibration serviceability of the footbridge based on the prediction of the maximum
acceleration levels for a different pedestrian number and crowd density.

The paper addresses the issue of evaluation of the dynamic response of a
beam-type pedestrian bridge subjected to group pedestrian loading. The group
activity is more severe for triggering of vibration than individual pedestrian load or
crowd load. Few practical examples are: (i) military personnel moving at the same
walking speed on a bridge and (ii) vandal loading generated by a group.

2 Serviceability Analysis of Footbridge

2.1 Modal Analysis of a Footbridge

To study the vibration serviceability of a footbridge, a simply supported beam
structure (see Fig. 1) is taken, which is equivalent to a concrete footbridge.
Geometric and material specifications of the beam are given in Table 1. The modal
analysis of the beam using Ansys 18.0 [16] shows that some natural frequencies lie
in the human walking range. Thus, the structure is prone to the serviceability
problem. Table 2 summarizes the first 10 natural frequencies (in Hz) and the mode
shape for the beam.

Fig. 1 A schematic
representation of simply
supported beam-type bridge
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Damping plays a vital role in the dynamic analysis of structures and foundations.
To make it easier and simple we treat the damping value as an equivalent Rayleigh
damping as follows:

C½ � ¼ a M½ � þ b K½ � ð1Þ

Here [C], [M], and [K] are damping, mass, and stiffness matrix of the physical
system, and a and b are constants. The orthogonal transformation of the damping
matrix reduces the matrix [C] to the form

2nixi ¼ aþ bx2
i ð2Þ

In which ni and xi are damping ratio and natural frequency for the ith mode. For
systems with large degrees of freedom, it is difficult to guess meaningful values of
Rayleigh damping coefficients a and b at the start of analysis.

Since the first few modes have a prominent effect on dynamic behavior, we
consider the first 15 modes. The average damping ratio for the concrete structure is
1.3% and light concrete footbridges excited by intentional loading can undergo
large vibrations and lead to higher damping ratios of around 5% [17–26]. Therefore,
we take the first modal damping ratio as 1.5% and fifteenth modal damping ratio as
5%. By modal analysis of beam, we get x1 = 9.688 rad/sec and x15 = 482.87 rad/
sec. Now putting values of n1 = 0.015, n15 = 0.05, and x1 and x15 in Eq. (2), we
get a = 0.2713 and b = 20.59 � 10−5.

2.2 Serviceability Criteria for a Footbridge

Due to the movement of pedestrians, the bridge starts vibrating in lateral or vertical
direction, depending on its natural frequency. A response of the bridge shows that

Table 1 Specifications of a beam-type bridge

Length
(m)

Width
(m)

Height
(m)

Young modulus
(GPa)

Poisson’s
ratio

Density (kg/
m3)

18 3 0.3327 27.3 0.18 2500

Table 2 First 10 natural frequencies of the beam

Vibration
mode

First Second Third Fourth Fifth Sixth Seventh Eighth Ninth Tenth

Vibration
frequency

1.54 6.15 12.96 13.81 24.47 25.92 27.13 38.06 38.89 45.90

Mode
shape
direction

Vertical Vertical Lateral Vertical Vertical Twisting Lateral Vertical Twisting Twisting
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whether it is suitable for pedestrian walking or not and what is the critical number
of pedestrians for safe walking. Comfort criteria due to bridge vibration are given in
Table 3.

2.3 Modeling the Pedestrian-Induced Load

The present study focuses only on the serviceability problem arising due to the
vertical walking force of the pedestrian. For sake of simplicity, human walking
force is considered as periodic force and it can be expressed in form of Fourier
series [27–32]

FðtÞ � W þW
X5

k¼1

Ck cos 2pkfwt � D/1;k

� � ð3Þ

Table 3 Comfort classes and related acceleration limits [14, 15]

Comfort level Maximum Average Minimum Discomfort

Vertical (m/s2) <0.5 0.5–1 1–2.5 >2.5

Lateral (m/s2) <0.1 0.1–0.3 0.3–0.8 >0.8

Table 4 Frequency, DLF, and phase difference of the Fourier force [27]

Speed
(km/h)

fw
(Hz)

C1 C2 C3 C4 C5 D;1;2
(rad)

D;1;3
(rad)

D;1;4
(rad)

D;1;5
(rad)

3.0 1.54 0.098 0.010 0.047 0.029 0.016 4.95 5.59 0.67 0.72

6.0 2.06 0.366 0.099 0.023 0.037 0.026 3.05 4.84 5.71 5.44
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Fig. 2 Fourier representation of vertical force generated by pedestrian at walking frequencies of
1.54–2.06 Hz
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Here, W is the mean value of the vertical force which is equal to the body
weight; Ck and fw are the dynamic load factor (DLF) and walking frequency. Here,
D/1;k is the phase difference of kth harmonic with respect to the first harmonic.

The Fourier components of a pedestrian (body mass = 63.1 kg) at two walking
speeds are provided in Table 4 [27] for serviceability analysis in this study. Using
the data of Table 4, a typical force plot for a vertical walking force for walking
frequencies of 1.54–2.06 Hz is shown in Fig. 2.

2.4 Analysis of a Beam-Type Bridge

The finite element model of the beam bridge is developed in ANSYS 18.0 using
beam188 element and modal analysis is performed to get natural frequencies and
mode shapes. To study the serviceability problem, two different types of pedestrian
groups, i.e., pedestrians walk in one row and three parallel rows, are analyzed for four
different conditions. In the first condition, a pedestrian walks on the structure such that
when he leaves from one end then a new pedestrian enters from another end. In the
second condition, a new pedestrian keeps on entering after covering L/3 distance such
that at any instant, there are three pedestrians present on the bridge. Accordingly, in
third and fourth condition, 5 and 10 pedestrians walk on the structure such that the gap
between pedestrian is kept the same throughout the simulation. For analysis purpose,
two different walking speeds are used: the first one is 3 km/h, i.e., slow walking, and
walking frequency is 1.54 Hz matching to the first mode of the structure. The second
walking speed is 6.0 km/h that is fast walking and walking frequency is 2.06 Hz. The
third harmonic of the fast walking that is 6.18 Hz is close to the second mode of the
structure. For dynamic analysis, a force represented by Eq. (3) is applied at a node for
one time period, and for the next time period, a load is applied to another nodewhich is
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Fig. 3 Vibration response of the beam and frequency spectra at a pedestrian walking frequency of
1.54 Hz for three different locations
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at a distance equal to the step length from the previous node. The acceleration and
displacement time history of the beam is recorded for 100 s at three points L/4, L/2,
and 3L/4 for all simulations with sampling rate 250 Hz.

3 Results and Discussion

Figure 3 shows vibration response and frequency spectra of the bridge when three
groups of ten pedestrians are walking on it at 3 km/h and the walking frequency is
1.54 Hz. In the first mode, the maximum deflection occurs at the mid-span.
Therefore, the maximum acceleration is obtained at L/2 distance from the end. FFT
of the acceleration signal for L/4 and 3L/4 shows spectra at 6.18 Hz but this is
unavailable for L/2 as at this location, node formation occurs for the second mode.

As the third harmonic (at walking speed of 6.0 km/h) is matched with the second
mode of the bridge, it also tends to excite the bridge excessively. Figure 4 also
shows vibration response and frequency spectra of the structure when ten groups of
three pedestrians are walking on it at 6 km/h at a walking frequency of 2.06 Hz,
and the third harmonic is equal to the second natural frequency of the structure.
Vibration response in Fig. 4 is lower than that in Fig. 3 as in earlier case resonance
occurred in the first mode whereas in this case, the resonance occurred in the second
mode. The maximum vibration occurred at L/4 and 3L/4 in the second mode so
FFT of the response shows the presence of 6.153 Hz frequency at L/4 and 3L/4
whereas at L/2 node formation takes place so 6.153 Hz frequency is not available at
L/2 span.
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Fig. 4 Vibration response of the beam and frequency spectra at pedestrian walking frequency of
2.06 Hz, i.e., one-third of the second mode at three different locations
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Vibration responses of all the simulated results are compiled in Tables 5 and 6.
Table 5 shows the root mean square (RMS) of the acceleration response for all the
eight cases and at all the three locations. RMS vibration response of the bridge
shows that the response is maximum at mid-span and increases with an increase in
the number of pedestrians. Similar trends are observed for the maximum vibration
response listed in Table 6.

4 Conclusions

The modal analysis of the beam bridge reveals that the bridge is susceptible to
vibration serviceability as its natural frequencies lie in the range of human walking
loads. To analyze the serviceability problem, two walking speeds (3–6 km/h) are
selected. The fundamental frequency of walking for 3 km/h is 1.54 Hz which
matches with the first vertical frequency of the structure. Therefore, large vibration
amplitudes of 0.357 and 1.072 m/s2 were observed at the midpoint of the structure
when 10 pedestrians walk in a single row and in three parallel rows, respectively.

Table 5 RMS vibration response (m/s2) of beam-type bridge at three points

No. of pedestrian Walking frequency of 1.54 Hz Walking frequency of 2.06 Hz

L/2 L/2 3L/4 L/2 L/2 3L/4

1 0.035 0.040 0.035 0.020 0.013 0.020

3 0.078 0.109 0.078 0.024 0.032 0.024

5 0.128 0.180 0.128 0.037 0.051 0.037

10 0.254 0.357 0.254 0.072 0.101 0.072

1*3 0.105 0.120 0.105 0.059 0.039 0.058

3*3 0.234 0.328 0.234 0.072 0.096 0.072

5*3 0.384 0.540 0.384 0.110 0.154 0.111

10*3 0.763 1.072 0.763 0.215 0.303 0.216

Table 6 Maximum vibration response (m/s2) of beam-type bridge at three points

No. of pedestrian Walking frequency of 1.54 Hz Walking frequency of 2.06 Hz

L/2 L/2 3L/4 L/2 L/2 3L/4

1 0.102 0.086 0.105 0.061 0.038 0.066

3 0.144 0.198 0.155 0.068 0.076 0.077

5 0.218 0.298 0.217 0.090 0.109 0.087

10 0.402 0.566 0.402 0.160 0.178 0.167

1*3 0.306 0.259 0.315 0.184 0.115 0.198

3*3 0.431 0.593 0.465 0.205 0.227 0.230

5*3 0.654 0.895 0.650 0.270 0.326 0.261

10*3 1.205 1.698 1.205 0.479 0.535 0.501

Serviceability Analysis of a Footbridge Subjected to Pedestrian … 411



For the second speed (6 km/h), the third harmonic of the walking force matched
with the second modal frequency of the structure and caused excessive vibration of
0.535 m/s2, i.e., beyond the comfort limit for a group of 10 pedestrians walking in
three parallel rows. In both cases, with the increase in the number of pedestrians in a
group, the vibration magnitude increases but a rate of increase is lesser in the
second case. The bridge requires some vibration mitigation measures or structural
modification to reduce the vibration.
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Development of AHP Framework
of Sustainable Product Design
and Manufacturing of Electric Vehicle

Zareef Askary, Abhishek Singh, Sumit Gupta, R. K. Shukla
and Piyush Jaiswal

Abstract In the present scenario, the success of an industry depends on its sus-
tainable manufacturing performance where competitiveness is followed by superior
performance. To remain competitive in the market, the manufacturing companies
need to evaluate their performance through the manufacturing sustainability. This
paper presents an AHP-based model for the enablers of sustainable manufacturing
evaluation in Indian manufacturing companies. A hierarchy structure is established
based on the proposed key enablers of sustainable. The company’s score is cal-
culated to assess sustainability in manufacturing against the enablers and the
companies rank is determined based on their scores.

Keywords AHP � Rank and weight � Sustainable manufacturing

1 Introduction

In these days, the reliance on fossil fuels and conventional sources of energy is not
sustainable for future generations. It is because of this necessity that adoption of
sustainability in each aspect of our life is required.

Sustainability is about meeting the needs of the present without compromising
the ability of future generations to meet their needs [1]. The categorization of
sustainability is divided into three classes economic, social and environmental.
With the population of over 1 billion people, there is enormous pressure on
transportation sector to meet the needs of the people, and as a result, the cheapest
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and most economical path is to use fossil fuels. According to the previous years’
data, it is expected that by 2030, about 40% of the population will live in urban
areas. As a result, the demand for transportation is bound to increase. This puts
pressure on the use of fossil fuels which has already shown signs of exhaustion. In
urban areas, emission from conventional powered vehicles has become a detriment
to human health, whereas in rural areas, distribution of fuels remains a challenge.

Although fossil fuels are the cheapest fuel for transport there are unwanted
consequences like emission of harmful gases and noise pollution. Diseases like
asthma, reduced lung function, pulmonary cancer are caused due to inhalation of
these harmful gases like CO, SOx and NOx. The combustion of fossil fuels also
leads to the release of greenhouse gases like water vapour and CO2, which is
harmful for the environment and causes global warming.

Ever since the industrial revolution has started, most of the world’s industrialized
nations have been hinged onto cheap fossil fuel energy. As developing countries are
rising in industrial sector, the global demand and price of fossil fuels will also
increase, as well as CO2 and greenhouse emissions. The continuous increase in the
prices of non-renewable resources is also a result of the increased demand.

As the demand of fossil fuels increases, in the coming years, there will be a
shortage of these resources. As a result, this leads to the importing of fossil fuels
from other countries which may add to the overhead and ultimately increase the
price of the fuel. This makes it difficult for an average man who will not be able to
afford transportation charges like they can do so now. As the above points have
highlighted the ill effects of non-sustainable technologies, it is paramount to change
our technologies to be sustainable and environment friendly. The aim of this
research is to find out the prominent enabler of sustainable product design and
manufacturing of electric vehicles.

2 Literature Review

After reviewing several papers, it is clear that the gaps of the research in this field
are in the area of key enablers. This is a new field so the research done here is
lacking the necessary amount of literature. Although some papers have highlighted
the enablers but it does not provide a clear view of the enablers.

Firms not only satisfy customer needs but also fulfil the expectation of other
stakeholders. It is necessary for the firms to understand these expectations and
define appropriate sustainability goals, strategies and objectives at both cooperate
and industrial level [2].

The researchers proposed that the electric vehicles have lowered the terrestrial
acidification potential and global warming potential and can also overcome many
other environmental impacts as compared to internal combustion engine vehicles.
They also suggested that the effectiveness of electric vehicles can be improved if
their power source is a renewable source of energy [3].
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The diesel consumption is a serious problem in Brazil. According to the paper
the diesel fuel consumption per day is reaching up to 40 billion litres per year. The
paper proposes that utilization of biodiesel instead of diesel would lower the
emissions of greenhouse gases and also gives advantages on environmental and
social aspects [4].

The researchers have highlighted the use of biofuels and sustainable energy
development in Brazil by assessing three decades of Alcohol Program. The paper
shows how policies regarding to production of biomass can cause direct benefit in
energy improvement, economic savings and reduction in emission of CO2 and
reduce pollution of air. They also suggested that there are certain government
policies to reduce the emissions of CO2 and to enhance the use of bio fuels [5].

It has been found that as the raw materials are depleting day by day a day may
come when these resources get exhausted. Therefore, investments are to be done in
R&D, in order to overcome different challenges. One of the biggest challenges in
EV is power source, i.e. battery. Designing green and sustainable battery units are
necessary, so replacing conventional energy resources have become critical [6].

As the manufacturing industry is becoming highly competitive, this necessitates
the implementation of cost-effective and energy efficient methods of manufacturing.
The paper aims to highlight the barriers for the execution of efficient energy in the
manufacturing industry of Sweden. They have also concluded that not much is
known about acceptance of new technologies in the non-energy intensive manu-
facturing industry and further research is needed. The major driving force in the
adoption of energy efficiency is the increasing energy prices from conventional
sources of energy. They have also concluded that the people with real drive to adopt
energy-efficient solutions are a key driver [7].

Researchers have proposed environmentally sustainable product innovation
through a framework and found the factors that drive product innovation. They
have concluded that the main factors are market; law and regulation knowledge;
inter-functional collaboration; innovation-oriented learning; and R&D investments
[8].

The author proposed in his paper that the demand for the vehicle has increased
specially for personal transport. So, with increase in the number of vehicles in
market, the demand for fuel also increases and hence, the global warming potential
gases will also increase. He also proposed that using battery-powered vehicle or
electric vehicle can overcome the energy crisis and global warming issues [9].

The author described the state of the automobile industry and urban road
transportation management in China. It highlights the fact that the state government
has invested heavily in the automotive industry. Foreign investment has also driven
their automotive industry [10].
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3 Problem Novelty

Even though there have been lots of researches done on the manufacturing process
to be sustainable, still, there are very small number of studies have verily applied
sustainability as a part of manufacturing process.

Sustainability has been integrated into manufacturing management areas such as
product development supply chain management, lean manufacturing, and supplier
evaluation and selection [11].

Based on several literature reviews, the purpose of our research is (i) to find the
enablers that drive the manufacturing company to adopt sustainability in electric
vehicle and (ii) to analyse these enablers and find out which factor has the highest
priority.

The objective of this research is to highlight the key enablers that drive the
manufactures and the customers to adopt sustainable practices in electric vehicles.

4 Methodology

This study begins with the identification of enablers of sustainable product design
and manufacturing for electric vehicles from literature. This study utilizes the expert
opinion collected for selected enablers. In the survey, the set of questions have been
framed and put forwarded after brainstorming session with experts.

An analysis of enablers of sustainable product design and manufacturing
breakdown into Environmental, Economical and Social categories and modelled
through AHP. Table 1 shows different categories and Table 2 shows different
number of enablers.

4.1 Analytical Hierarchy Process (AHP)

AHP is a structured approach for classifying and analysing complex decisions,
based on established from mathematics and psychology. It is a decision-making
technique which breaks complex problem into a hierarchy, in which each level
consists of specific elements.

Table 1 Different categories

Symbol Description

C1 Economical

C2 Social

C3 Environmental
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Research shows that different matrixes are made for different categories and then
value is given in the cells accordingly by deciding which factor will dominate over
other. And then, normalized weight is found out followed by global weight using
formula. The final objective of the decision will have the biggest value in the
hierarchy [12].

It has been found that some of the areas where AHP is used are the selection of
best alternatives from various other alternatives, optimization, strategic planning,
resolving conflict, forecasting, business process re-engineering, resource alloca-
tions, health care, public policy, etc. This methodology is used by various private
and public sector organizations, as well as individual practitioners. It can be easily
understood and is able to produce results that agree with expectations [13].

Some advantages of AHP are, it gives information how higher priority factors
affects lower priority one and instead of suggesting an exact decision, AHP helps
the decision makers to find out the best factors that meets their goal and their
understanding of the problem [14].

Since there are twelve enablers and this is a new field so we have chosen AHP in
our analysis. The analysis has been done from an Indian perspective as so the
research done in this field has not been adequate as compared to the research done
in developing countries so it is in our best interest to find the key enablers which
drive the automobile manufacturing companies to adopt sustainable practices and
enablers in which less weightage can be given.

Table 2 List of enablers

Sl no. Categories Symbols Enablers

1 Economical E1 Government policies [8]

E2 Increase of non-renewable fuel prices [7]

E3 R&D investment [8]

E4 Inter-functional collaboration [8]

2 Social E5 Stakeholder integration [2]

E6 Customer responsibility [12]

E7 Role of institution [8]

E8 Environmental impact on community [12]

3 Environmental E9 Emissions Standard

E10 Lower greenhouse gas [12]

E11 Reduction in carbon content [13]

E12 3Rs (reduction, recycling and remanufacturing) [13]
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5 Problem Analysis

On the basis of global weight, the ranking of the enablers has been done. It can be
concluded that E9 (Emissions Standard), E12 (3Rs (reduction, recycling and
remanufacturing)), E11 (Reduction in carbon content) and E1 (Government poli-
cies) have the highest weightage (Table 3).

6 Result

It can be concluded that the government plays an important role in propelling
people and companies towards the adoption of sustainable practices. They can give
certain guidelines and policies that give benefits to the customer and the manu-
facturers in the electric vehicle sector. They can make laws, which restrict the use of
conventional resources and can minimize the utilization time of them. They can also
enact policies which drives the automobile manufacturers to adopt sustainable
practices in their production.

As the government has the power to shift the conventional power transport
sector towards sustainability practices in their production, this also results in the
reduction of carbon content in the atmosphere. Presently, the government has
enforced the use of emission standard called Bharat Stage which is based on the
Euro standard to control the emission of air pollutants from conventional engines
and equipment. As the carbon content reduces in the air, the overall health of our
population also improves.

Another enabler is the use of 3Rs, which means reduce, recycle and remanu-
facture in the production process. Reduce means to use the raw materials in a

Table 3 Ranking of enablers

Categories Enablers Weight Rating Global Weight % Ranking

Economic E1 1.8678 1 1.4090 12 4

E2 0.6103 3 0.4604 4 9

E3 1.0663 2 0.8043 7 5

E4 0.4556 4 0.3437 3 10

Social E5 1.1835 2 0.5640 5 8

E6 0.3227 4 0.1538 1 12

E7 0.7280 3 0.3469 3 10

E8 1.7658 1 0.8415 7 5

Environmental E9 1.4644 1 2.5907 22 1

E10 0.4817 4 0.8521 7 5

E11 0.8906 3 1.5756 13 3

E12 1.1633 2 2.0580 17 2
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judicious manner, recycle means to the conversion of waste material into usable
form. It also means to salvage parts from one machine and using it in another.
Remanufacture means to build a product to specifications of the original product by
cannibalizing an old product, or reused, repaired and new parts (Johnson and
McCarthy 2014). Solely owning an electric vehicle will not contribute to sustain-
ability, its manufacturing must also be eco-friendly. The fabrication of the body
parts of the vehicle, for example dashboard, seat and seat cover and other aesthetics
of vehicle must also be made of such materials that contain less carbon content.

One of the barriers of an EV is power-to-weight ratio. Since there will be weight
(self-weight of vehicle and weight of passenger and luggage) of the vehicle and
other forces acting on it (drag forces, frictional forces between wheels and road,
etc.), this means a high powered battery would be required which is light to reduce
the self-weight of the vehicle. This is only possible if there are more investments
made in research and development (R&D). R&D will help in finding out better
product and better technology that would enhance the performance of the battery
and vehicle.

There are other advantages of using electric vehicle for example, conventional
vehicles have combustion chamber, lubrication unit, fuel unit and other rotating
parts (like camshafts, governors, etc.) whereas electric vehicles will have only
battery unit, motor assembly and transmission. This will lead in profit for manu-
facturing industries as it will avoid manufacturing and assembly of these units.
Also, the inventory and shop floor area to store these things will minimize to
transmission only.

7 Conclusion

Electric vehicles are a new technology and as with any new technology adoption is
slow. So, in order for adoption to take place in a faster rate, there should be other
enablers. The enablers make it easier for adoption of new technologies rather than
being adopted for the merits of the technology alone. We have concluded that E9
(Emissions Standard), E12 (3Rs (reduction, recycling and remanufacturing)), E11
(Reduction in carbon content) and E1 (Government policies) have the highest
weightage. These enablers will eventually lead to the adoption of electric vehicles
in a large scale.
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Design and Analysis of Steering
Knuckle Joint

Mohd Shuaib , Abid Haleem , Lalit Kumar , Rohan
and Divyam Sharma

Abstract The steering knuckle joint acts as a connection between wheels and
suspension system with the help of which the wheels of the vehicle are turned.
Here spindle-type steering knuckle of an ATV was taken as a specimen. It was
analyzed and redesigned according to specific external conditions with the help of
CAE. The point cloud data of the component in .STL file format was prepared with
3D scanning, and then this cloud data was used to get the CAD file with NX
software. The CAD data file is common input file which can be read easily by any
design and analysis software, so conversion was necessary for further processing
the collected data. The collected data was analyzed with ANSYS software for stress
optimization. The analysis was done while considering two main factors, which
were weight and failure. Then the CAD model was tested for different loading
conditions. After analysis, the steering joint was redesigned according to the results
obtained. The results show that redesigned knuckle has more curved edges, which
reduces the stress concentration, and also it was optimized further to improve its
performance.

Keywords Steering knuckle joint � SolidWorks � NX � ANSYS � 3D printing �
Scanning � CAE � Meshing
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1 Introduction

A spindle-type steering knuckle of ATV of Dirt Rangers (BAJA Team, SRM
University, Ghaziabad Campus, UP) was analyzed for mostly weight reduction.
Several minor changes of dimensions, compactness, cost cutting, etc., were also
done. The original knuckle taken as sample was made of cast iron (carbon content
greater than 2%) [1]. This knuckle was then scanned at JMI University laboratory
and STL file was generated. Using NX software, STL file was converted to CAD
file which was further processed for analysis. The analysis was done on ANSYS.
On studying stresses and deformations, optimization was done. On basis of opti-
mization values, steering knuckle was redesigned. Further, it is 3D printed in
gypsum (again in JMI University laboratory) for representation purpose only.

2 Steering Knuckle Joint

It is also called upright, hub, wheel carrier, or spindle. Steering Knuckle is a stub
axle which acts as a connection between wheels and suspension system. It helps in
turning front wheels. It comes in different shapes and sizes but can be mainly
classified into two categories, out of which a spindle-type steering knuckle is used
(other type is hub) [2, 3]. Table 1 and Fig. 1 show the data and the image of the
knuckle joint that was used.

3 3D Scanning, CAD Modeling, and Analysis

3.1 3D Scanning

3D scanning is a process of converting a specimen or environment into a
three-dimensional digital model. It takes data for making geometry, using 3D
scanner. The scanner is similar to a camera; the main difference is that it can also
take distance parameter into consideration, which generates a 3D view instead of a
2D image. It creates a bundle of points (point cloud) on the surface of the specimen.
These points are extrapolated to generated contours (reconstruction) which can be

Table 1 Steering knuckle
joint data

Parameter Value

Scrub radius (in mm) 118.618

King pin angle/inclination (in degree) 8

Camber +1.5

Caster −1.5

Ackerman % 72
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further processed into well-defined surfaces. For constructing a complete model,
hundreds of scans were done in different directions to obtain a dataset of all sides of
the specimen. These scans were then mapped according to a common reference
system (alignment) and merged to generate the whole model [4].

3.2 3D Scanning of Knuckle

Scanning of the steering knuckle was done at JMI University laboratory. 3D scanner
(Steinbichler Comet L3D) was used for scanning [5, 6], and then .STL format file was
obtained from scanning. The procedure of scanning is shown in Fig. 2.

Fig. 1 Steering knuckle in front suspension [11]

Fig. 2 Generation of 3D scanned model using Comet software
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3.3 CAD Model of Knuckle

CAD model of steering knuckle was prepared using the .STL file using SolidWorks
software [7, 8]. Images of Knuckle’s CAD design are shown in Fig. 3.

3.4 Analysis of Knuckle

The final generated CAD model was then analyzed using ANSYS (software of
Ansys, Inc. for realistic simulation). The software has many uses from designing
products to creating simulations that test its durability, temperature distribution,
fluid movements, and electromagnetic properties. Here analysis and meshing were
done in ANSYS. The obtained values of different stresses can be found in Table 2
and Fig. 4. For the boundary conditions for each kind of loads, the weight of ATV
vehicle was taken as 260 kg (inclusive of driver), kerb weight was 180 kg, load
division in front: rear axle is 2:3, load division among tires is 1:1, jump ht. is
considered as 6 feet (1.828 m) and the load and respective stress values are obtained
as in Table 2.

Fig. 3 First and second views of CAD model (cast iron material)

Table 2 Value of stresses in ANSYS

Sr. No Analysis type Load type von Mises Stress value (MPa)

1 Static structural Braking (420 N) 47.991

2 Static structural Bump (600 N) 83.062

3 Static structural Lateral (800 N) 257.36
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4 Topology Optimization

Topology optimization refers to finding the best solution of any problem with a
given set of constrains and objective function [12–18]. It is a systematic method to
optimize layout and material within limited design space. Here, the developed
model involves three parameters, namely, design variables (materials density),
design objective (weight reduction), and design constraints (volume). The topology
of any structure is its spatial arrangement of members of the structure and internal
boundaries. Optimizing topology means changing connectivity between structural
members of discrete structures or between domains of continuum structures. It can
be implemented using finite element methods for the analysis and techniques of
optimization using the method of moving asymptotes, optimality criteria method,
genetic algorithms, topological derivatives, and level sets [19–22]. The topology
optimization results can be seen in Fig. 5, and it shows that on an average, 3% of
mass was reduced using topology optimization. The assumptions were taken as
study is in static condition, and the material is flawless and homogeneous; no
cracks, blowholes, and other deformities present in it. The factor of safety is 2, and
the ultimate tensile strength is 260 MPa (gray cast iron). Also for the optimization
purpose, the meshing was used with the following specifications, i.e., element type:
quadratic, mesh Size: 2.25e-002 m, no. of elements: 1,45,059, no. of nodes:
2,28,728, finer meshing at edges, holes to obtain stresses more accurately. Also, the
thickness of the high stress point on calliper mount was increased and several other
dimensions were changed in get result.

Fig. 4 Analysis in ANSYS
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4.1 Optimized Cad Model

By putting the constraint of stress (UTS) in ANSYS of less than 250 MPa,
important points on knuckle were found and shape was optimized. Fillets were
added to make stress concentration uniform. Unlike sharp edges and more curved
edges (Fig. 6) to delocalize the stresses, hence lesser chances of sudden failure in
improved design. The weight of Knuckle is almost similar after optimization. This
is due to the reason that in one portion thickness was increased while the material
was removed from some other portion. From the comparison in Table 3, we can
conclude that there is a considerable reduction in failure due to lateral loading
condition (−26 MPa) in the expense of a slight increase in stress during bump
(+2 MPa).

5 3D Printing

It is also called as Additive Manufacturing because the specimen is created using an
additive process. The 3D specimen is produced by laying down thinly sliced suc-
cessive horizontal layers of binder material over top of other. Either from the 3D
model or from additive manufacturing file (AMF), the specimen of any kind of

Fig. 5 Topology optimization

Fig. 6 Shape optimization
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geometry can be created. Before feeding it into the 3D printer, slicing has to be
performed. Slicing is basically splitting 3D model into thousands of horizontal
layers. Then printer understands every sliced image (almost 2D) and prints it layer
by layer [9, 10].

ASTM (American Society for Testing and Materials) F42—Additive
Manufacturing developed a set of standards which classify the AM processes into
different types according to standard terminology for AM, but here 3D printing was
used.

5.1 3D Printing of New Design of Knuckle

After optimization, steering knuckle was redesigned in Dassault’s SolidWorks.
Several parameters were changed to enhance knuckle according to the needs. It can
be seen from the above image that redesigned knuckle had more curved edges
which reduces stress concentration. Several dimensional changes have also been
incorporated. Thickness was changed at several points. This modified design was
printed to verify the changes using the three-dimensional printing machine.

6 Conclusion

Three important factors for optimization of any design are cost, weight, and failure.
Design should be such that it helps in reducing the above three. Steering knuckle
comes under unsprung mass. Its weight reduction helps greatly in the reduction of
overall weight of the suspension system. This results in lesser fuel consumption.
Using the above analysis, the design was optimized according to these three factors.
However, some companies even optimize the joint further for abovementioned
reasons. This analysis helped in achieving the required suspension characteristics.
Further in future with the help of metal 3D printer, the actual model of the steering
knuckle can be printed and used in the real ATV with more improvements. The
future improvements can be in material selection as different materials have

Table 3 Comparison of first and optimized model

Analysis type Load type Stress von misses Values of von Mises
Stress after optimization

Static structural Braking (420 N) 47.991 MPa 31.724 MPa

Static structural Bump (600 N) 83.062 MPa 85.79 MPa

Static structural Lateral (800 N) 257.36 MPa 231.15 MPa

Weight – 653.28 grams 639.30 grams

Material – Gray cast iron Gray cast iron
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different mechanical and chemical properties, and the effect of material is seen in
knuckle’s strength and its weight. The low weight of materials can help in opti-
mizing fuel level consumption.
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Assembly of Mechanical Parts in Virtual
Environment

Anuj Kumar Sehgal, Vineet Kumar, Nitesh Kumar and Aman Gupta

Abstract A virtual reality headset device is developed to get the virtual environ-
ment of a real world with the help of VR convertor software. The virtual headset is
used to assemble the 3D design of automobile engine part in virtual environment
using Autodesk Fusion 360, VR headset, VR convertor (Trinus VR software),
Arduino IDE software, ATMEGA 320P, hand gesture reader device, gyro sensors,
magnetometer sensor, and 5.7-inch screen display. The programming language
used in the present study is Arduino IDE software is C++. The computer read the
gesture of gyro sensor with the help of selected codes. The assembly simulation of
the costly products can be carried out before actual practice and the financial loss
pertaining to accidents and monitory damages can be minimized.

Keywords CAD � VR convertor � Virtual environment

1 Introduction

Virtual reality is a new technical device like other electronics device, for example,
mobile, computer, camera, etc. The birth of VR headset technology in the market
was considered in 2016. But the Oculus Rift Company made the first prototype in
2010, and then after that, Sony, HTC, PlayStation, and Samsung company released
their own VR headset in the market. Virtual reality headset is very capable to give
the users a new experience of a 3D virtual environment by immerging it into that
world with giving the vision, hearing, touch, and smell types of senses. This type of
feel can be done by wearing VR goggles or by standing in VR room/cave. From VR
room and VR goggles, a person can get two types of virtual effect,
Computer-Generated-based and Reality-based VR effect, Computer-Generated VR
is generally used for gaming, watching movies (best for Sci-Fi movies because it
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give the best VFX), and for reality based is used for treating people from phobia, for
scientific visualization, military training, virtual tourism, etc. Brough et al. [1]
discussed about the virtual training studio in virtual environment where the user
first learns a video and after that, they perform it. All these things were done by VR
headset, wireless wand, optical tracker, gyroscope, and the combination of C++,
Python, open CGI programming language, and WorldViz wizard for the transfor-
mation of VRML model.

Zhong et al. [2] mentioned about constrained-based methodology to work in
virtual reality environment precisely by mentioning the rule for designing and
assembling of parts. Arne et al. [3] mentioned about a new system CAD design
through VR called MEMPHIS system. This system is an improved version of
product data management (PDM) system, MEMPHIS system allow to synchronized
the CAD geometry to VR without storing the VR data on one computer. It can also
convert CAD data to VR data. Weidlich et al. [4] discussed about the virtual
training studio in virtual environment where the user first learns a video and after
that, they perform it. All these things were done by VR headset, wireless wand,
optical tracker, gyroscope, and the combination of C++, Python, open CGI pro-
gramming language, and WorldViz wizard for the transformation of VRML model.
Hilfert et al. [5] approaches a new designing method with the help of virtual reality.
By linking the VR system, CAD and navigation system together and also by using
some algorithm like CAD, java, C++, and Boolean subtraction method, the design
becomes possible through VR. Wang et al. [6] described his work of about making
virtual reality headset for engineering and construction purpose in low budget. The
system is worked with the help of VR headset (oculus rift) UE4 for programming,
BIM server, leap motion, and some other sensors also. Gao et al. [7] presents a
novel force rendering approach, which focuses on mechanical part assembly based
on three basic mechanical fit types, namely clearance fit, interference fit, and
transition fit. The algorithm to calculate the assembly force is formulated by ana-
lyzing the tolerance variation along the assembly length between two mating parts.
Mengoni et al. [8] focused on simulating and analyzing the influence of the human
factors involved in the assembly process, on the basis of performance done in
previous paper. Assembly operations are simulated in a virtual environment, and
the human factors including the visibility of an assembling part, posture, reacha-
bility, and fatigue of an operator are quantified. The new calculation methods of the
estimated final position and the assembly force are presented to perform a more
realistic assembly operation. Seth et al. [9] explores the potentialities of virtual
reality (VR) to improve the learning process of mechanical product design. It is
focused on the definition of a proper experimental VR-based set up whose per-
formance matches mechanical design learning purpose, such as assimilability and
tolerances prescription.
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2 Set up Requirements

The VR headset with virtual screen of 720 � 1440 pixels resolution and a USB
cable for connecting the headset with a computer for the data transmission.
Autodesk software for generating the mechanical part, while, Arduino UNO and
MPU 6050 gyro sensor with Arduino software are used for interfacing with the VR
headset device. The following steps were used for implementing VR headset.

• Connect the headset to CAD by Trinus VR software.
• For continuous communication between VR world and PC system, USB cable/

HDMI cable is used.
• Arduino software is used to control the VR world through the human hand,

which converts the hand gesture into a coded command acceptable to PC
system.

3 Result and Discussion

3.1 Trinus VR Software

Trinus VR software is used to provide the virtual effect by connecting the PC to
smartphone through Wi-Fi and USB cable. It uses the phone display and sensor of
the smartphone to convert it into a portal to software. Figure 1 shows the Trinus VR
Server software. The specification of software is as follows.

Fig. 1 Trinus VR Server 2.1.5 software
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• Maximum frame rate of 90.
• Reading of streaming scale 720 � 720.

3.2 CAD (Computer-Aided Design)

Autodesk Fusion 360 software is used for designing and assembly of V4 engine
parts as a case study, which is shown in Fig. 2.

3.3 Arduino

Arduino is an open-source physical computing platform based on a simple input
and output (I/O) system capable of implementing the processing language (C++
language is used in this study). Arduino is composed of two major parts, viz., the
Arduino board (hardware) and the Arduino IDE (software) which is used to develop
standalone interactive objects. The technical specifications of the microcontroller
board based on ATMEGA 328P Arduino are given in Table 1. Figure 3 shows the
Arduino UNO used in the present study.

3.4 Mpu 6050

It is a 6-Axis MEMS motion tracking device (3 gyro + 3 accelerometer) with an
onboard digital motion processor (DMP), which can process 6-axis motion fusion

Fig. 2 V4 engine assembly parts (case study)
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algorithm. Motion AppTM platform supported to Linux, Android, and Windows.
The size of this device is 25.5 mm � 15.2 mm � 2.48 mm. The specifications of
MPU 6050 motion tracking device are given in Table 2

Table 1 Microcontroller
board based on ATMEGA
328P specifications

Microcontroller AT mega 328P specifications

Length 68.6 mm

Width 53.4 mm

Weight 25 g

Operating voltage 5 V

Input voltage Recommended -(7–12 V), lim
it -(6–20 v)

Digital I/O pins 14 (of which 6 provide PWM)

PWM Digital I/O pins 6

Analog input pins 6

DC current per I/O pins 20 mA

DC current for 3.3v pins 50 mA

Flash memory 32 KB of which 0.5 KB used
by boot loader

SRAM 2 KB

EEPROM 1 KB

Clock speed 16 MHz

LED_BUILTIN 13

Fig. 3 Arduino UNO (microcontroller board)
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3.5 CAD to VR Implementation

The file format used in this CAD software are Archive Files (*.f3d), IGES Files (*.
igs*.iges), SAT Files (*.sat), SMT Files (*.smt), and STEP Files (*.stp *.step). For
the implementation of VR effect, head mount, image scale, capture mode, sensor
mode, and IPD are the main settings in Trinus VR software and were set in
accordance with the headset product. In this device, a normal homemade headset is
used; size of the screen is 5 inch and shows 2049 � 1096 streaming input notifi-
cation on Trinus VR after connecting to the CAD at 90 maximum frame rates.
Figure 4 shows the result of VR CAD screen.

3.6 Hand Gesture Recognition Method

Hand gesture recognition method is used with the help of hand glove-type gyro
sensor, which is attached with an aim to control the system by waving the hand in air.

Table 2 MPU 6050 motion tracking device specifications

Gyro full-scale range (º/sec) ±250 ±500 ±1000 ±2000

Gyro sensitivity (LBS/º/sec) 131 65.5 32.8 16.4

Gyro rate noise (dps/ Hz) 0.005 0.005 0.005 0.005

Accel full-scale range (g) ±2 ±4 ±8 ±16

Accel sensitivity (LSB/g) 16384 8192 4096 2048

Logic supply voltage (v) 1.8 V ± 5%

Operating voltage supply (V +/−5%) 2.375–3.46 v

Fig. 4 Results of VR CAD screen
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The hardware used in this method are MPU 6050, Arduino UNO, Arduino software,
male–female wire, switches ON/OFF button, 10 kΩ resistor, and breadboard. The
step of connecting the wire from Arduino UNO to MPU 6050 are VCC—5 V,
GND-GND, SCL-AREF, SDA-GND, respectively. After connecting the wire in
sequence connect the Arduino to PC through USB cable for uploading the code in
Arduino UNO, virtual reality headset device is developed to get the virtual envi-
ronment of a real world with the help of VR convertor software. The virtual headset
is used to assemble the 3D design of automobile engine part in the virtual envi-
ronment using Autodesk Fusion 360, VR headset, VR convertor (Trinus VR soft-
ware), Arduino IDE software, ATmega320P, hand gesture reader device, gyro
sensors, magnetometer sensor and 5.7-inch screen display. The programming lan-
guage used in the present study is Arduino IDE software is C++. The computer read
the gesture of gyro sensor with the help of selected codes. The assembly simulation
of the costly products can be carried out before actual practice and the financial loss
pertaining to accidents and monitory damages can be minimized

4 Conclusions

Virtual reality headset device is developed using Autodesk Fusion 360, VR headset,
VR convertor (Trinus VR software), Arduino IDE software, ATMEGA 320P, hand
gesture reader device, gyro sensors, magnetometer sensor, and 5.7-inch screen
display. In present work, the assembly of V4 engine parts is conducted by con-
necting VR headset to the Trinus VR software, CAD file, and hand gesture recog-
nition device. Figure 4 shows the actual VR image of CAD file which is converted
with the help of Trinus VR software. The maximum frame rate of this image is 90
and streaming input of 2049 � 1096 pixels with the help of hand gesture recognition
device using MPU 6050 (gyro) sensor is implemented on the user hand with
Arduino UNO and Arduino IDE software. The developed VR headset is imple-
mented in order to confirm its application with a case study involving assembling
and disassembling of V4 engine parts in the virtual environment offline prior to
performing the actual prescribed practice. Therefore, the study concludes that this
device can be very useful in the future for product design, research, and development
in industries before assembling and disassembling of product.
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Comparative Model Analysis of Brake
Rotors

Mohit Bhardwaj, Shivam Mittal, Vikas Kumar, Rohit Sharma
and Jaspreet Heera

Abstract Brakes in any vehicle are of an utmost important device. Since, brakes
by converting the kinetic energy of wheel to be precise that of the brake rotors to
heat energy and bring the vehicle to a complete stop. Computation of the stresses
and analysis of vibration characteristics of brake rotors considerably help to avoid
failure and possess the ancillary benefits of having optimal weight and cost. The
present paper deals with designing two different designs of brake rotors, conven-
tional and a periphery brake rotor using Solid Works software and its structural
analysis using ANSYS software. Modal analysis is done to enhance the natural
frequency of the brake rotors, so as to compare which design of the rotor, in
particular, shows the lesser deformation and much more susceptible frequencies.
Finite element analysis (FEA) is generally used to show the dynamic response of a
structure, and has the advantage that complex geometries can be modeled to high
accuracies. But accuracy of the FEA can be sketchy and the unwavering quality of
the FE model must be approved by looking at the anticipated outcomes of natural
frequencies and mode shapes of the FE model with the experimental results. The
results show that natural frequencies of original model and natural frequencies of
simplified model are in great concurrence with each other.

1 Introduction

In automobile engineering, the brakes are the topic of utmost importance and thus,
an appreciated level of attention is given to the problems arising in the speed
reduction of a vehicle with the help of brakes, since all automobiles use either drum
brakes or the disc brakes in order to shed their speed and momentum. Though, the
braking action for the drum brakes is achieved by the mechanical, pneumatic, or
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fluid actuation. While in the disc brakes, we can only use the brake fluid for
actuating the brake piston’s calipers.

Therefore, all designers need to acquire the most ideal performance with
agreeable condition (diminish the noise and vibration as much as could be
expected) for the brakes with less amount of brake fade and resistance over the
brake rotor. So thus, using two different designs for the brake disc or rotors, and
then analysis their deformation and reaching a conclusion which design stays till
last.

1.1 Periphery Disc

The disc brake rotors, wherein the disc is bolted through its outer perimeter and the
calipers are mounted from the inner perimeter of the disc. This is done so that a
larger size disc can be accommodated and a lesser torque has to be worked upon.

1.2 Conventional Disc

The disc brake rotor is generally used on the vehicle in which the screws are bolted
around the center hub of the disc brake. The calipers are mounted over the
perimeter of the disc and thus braking actions is achieved.

2 Methodology

2.1 Modeling of Brake Rotors

The brake rotor models have been entirely modeled by the Solid Works software.
The sketch command of the Solid Works is used to create 2D sketch, by the means
of various other geometrical commands. Then, the 3D model of clutch is extruded
from the recently created 2D sketch. Additional features can be incorporated using
revolve, copy, or mirror commands.

2.2 Modal Analysis

The modal analysis or modular investigation is viewed as a basic advance in the
planned procedure to gauge the vibration attributes of the planned structure. Thus,
the objective of a modular investigation is deciding the normal frequencies and
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mode shapes. The modular examination can likewise be taken as a reason for other
more nitty-gritty dynamic investigations, for example, a transient dynamic inves-
tigation, a symphonious investigation, or even a range examination in view of the
modular superposition system. The principle presumption in the modular exami-
nation is that the framework is direct and disregarded nonlinearity in the
framework.

2.3 Material Selection

Using structural steel as the material for both the designs, the research has been
conducted.

2.4 Comparing the Results

A comparison for the various natural frequencies observed for the different models
of the brake rotors. And check if the design and parameters fails or turn out to be
giving the positive results.

3 CAD Modeling of Brake Rotors

The brake rotor models have been entirely modeled by the Solid Works software.
The sketch command of the Solid Works to create 2D sketch is used. Then, the 3D
model of disc brake rotors is extruded from the recently created 2D sketch.
Additional features can be incorporated using revolve, copy, or mirror commands
(Figs. 1, 2 and Tables 1 and 2).

4 Meshing

For free vibration analysis, finite element-based software ANSYS is used. The
discretized FEA models of the conventional disc and periphery disc are shown in
Figs. 3 and 4, respectively. The mesh model consists of 23803 nodes and 12991
elements for the peripheral brake rotor and the conventional disc also consists of
23803 nodes and 12991 elements. The minimum edge length is 0.000635 mm,
while the element size is 5 mm. the meshing is coarse and the finesse is geometry
dependent.
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Fig. 1 Model of
conventional disc brake rotor

Fig. 2 Model of a periphery
disc brake rotor

Table 1 Properties of
conventional disc brake rotor

Properties Values

Radius of disc 0.2667 m

Thickness of disc 7.62e-003 m

Volume of disc 5.5622e-004 m3
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For free vibration analysis, finite element-based software ANSYS is used. The
discretized FEA models of conventional disc and periphery disc are shown in
Figs. 3 and 4, respectively. The mesh model consists of 23803 nodes and 12991

Table 2 Properties of
periphery disc brake rotor

Properties Values

Radius of disc 0.2667 m

Thickness of disc 7.62e-003 m

Volume of disc 5.5622e-004 m3

Fig. 3 Mesh model of
conventional disc

Fig. 4 Mesh model of
periphery disc
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elements for the peripheral brake rotor and the conventional disc also consists of
23803 nodes and 12991 elements. The minimum edge length is 0.000635 mm,
while the element size is 5 mm. The meshing is coarse and the finesse is geometry
dependent.

5 Result and Discussion

The FEA-based free vibration analysis evaluates both the discs for the first six
natural frequencies and mode shapes. Zero displacement constraint-based boundary
conditions were applied for the simulation. Table 3 shows the natural frequencies
for both discs.

The finite element analysis of both the designs of the brake rotors was done
using structural steel as the material of the construction, and the results obtained are
not much different when the brake rotors were designed for a wheel size of radius
12 inches. The frequencies vary from 2443.9 Hz to 2684.3 Hz for a conventional
disc brake rotor while from 2454.8 Hz to 2715.7 Hz for the peripheral disc brake
rotor.

The result of the frequencies are effective and very much distinguishable in a
way that from first to sixth mode, the frequencies observed for the conventional
discs are lower than that of the peripheral disc rotor for the deformation observed.

The total maximum total deformation observed is 1.5419 m for both conven-
tional and peripheral brake rotor. The total deformation and directional deformation
for the x-axis are exactly the same but the frequencies for the six modes observed
are higher for the peripheral rotor. The conventional disc which is bolted around its
inner perimeter makes for a bowl shape for maximum deformation and the
peripheral disc deforms in a way that waves are observed over its surface. This
surely does show that peripheral disc can take up larger frequencies and ever after
maximum deformation, it would not change the geometry of any other parts of the
automobile (Figs. 5, 6, 7, and 8).

Table 3 Natural frequency Mode Conventional disc Periphery disc

1 2443.9 2454.8

2 2462.6 2482.7

3 2471.8 2493.7

4 2560.4 2577.7

5 2571 2586.5

6 2684.3 2715.7
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Fig. 5 Deformation of
conventional disc brake rotor

Fig. 6 Deformation of
periphery disc brake rotor
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6 Conclusion

This study has showcased how the natural frequencies for the conventional brake
rotor disc and the peripheral brake rotor disc are made up of structural steel. The
natural frequencies observed for the conventional disc brake setup are lower than
the one observed on the peripheral disc. This translates that the peripheral discs can
be worked over at higher frequencies for lesser damages and deformations.

The maximum deformation observed for the conventional disc as well as
peripheral disc is exactly the same, since both the discs are designed for R14-inch
scooter tyres with a disc designed with a radius of 11 inches. The volume of the
material is also the same for both the disc rotors, thus, the maximum deflection is
also identical. But, there is a huge difference in the directional deformation of the
discs. The conventional disc has positive deformation in the z-axis or in other
words, the disc is deformed/bent on to just one side, while the peripheral disc has
observed deformation in both the directions of the z-axis generating a wave pattern.

The directional deformation observed in the x-axis is positive in both cases
means that disc is going to hamper the calipers in the case of conventional rotor,

Fig. 7 Natural frequencies
for conventional disc

Fig. 8 Natural frequencies
for periphery disc
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while the bolts by which the disc is mounted will be affected in case of a peripheral
rotor, which will lead the deformation to the rim.

Weight, natural frequency, and mode shapes of the two designs of the rotors for
the particular size of wheel rim have been evaluated based upon the simulation
results. This study will provide a reference in the design of brake rotors of both the
patterns for commercial vehicle and also for the theoretical aspect of NVH levels.
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Research on Braking Performance
Using Scaling Methodology on Disc Pad
in Disc Brake System

Pankaj Kumar, Pritish Shubham and Akshaykumar Vijayendernath

Abstract Automobile is a big invention in itself, which comprises of engine,
clutch, transmission, suspension brakes and other major components. Out of these
components, brakes are the only vital components over which not much research
has been done. Many advancements have been made in braking technologies over
the time. Among which, disc brake system is the safest and advanced braking
mechanism. The performance of a disc brake system depends upon parameters like
heat generated, speed of the vehicle, rotor and disc pad material and other envi-
ronmental conditions. Later on, these parameters result in stopping distance,
braking power, deceleration time and thermal gradient, which depend upon disc pad
and rotor contact region. If this contact region undergoes any change, parameters
like temperature distribution, contact pressure distribution, total deformation and
equivalent stress, it will ultimately get changed. This research paper emphasis on
the using scaling methodology in disc pad to analyze and simulate the outcomes of
changing measurements of disc pad in disc brake system. This paper aims to
determine disc temperature and to examine stress concentration, structural defor-
mation and contact pressure of brake disc and pads during single braking stop
event. The thermal-structural analysis is then used with coupling to determine the
deformation on both the assemblies. Temperature and equivalent stress analysis are
carried out in fluent. The designs have been made in SolidWorks and analyzed in
ANSYS workbench.

Keywords Smaller pad � Bigger pad � Rotor � Analysis
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1 Introduction

Disc brake system is the most popular and reliable type of braking system in an
automobile. Every vehicle comes with disc brake. In disc brake system, several
components come into play when brakes are applied by the driver during the
braking process, the main components which play a vital role in braking perfor-
mance which will govern the overall efficiency of the brakes are brake pads and
rotor. The brake rotor is being squeezed from both the sides by the brake pads,
which results into stopping of the vehicle.

This report aims on changing brake pad size on the same-sized rotor. The same
rotor will be assembled with a smaller pad and then with a bigger pad, and then
calculate the parameters which will decide its performance and efficiency. Structural
and thermal analysis will be performed on 3D models in ANSYS workbench and
temperature or pressure in CFD fluent of these two assemblies [1].

Here, are the literature reviews related to this paper: Viraj and Kunal (2014) [1]
designed a disc and simulated it for structural and thermal analysis for three dif-
ferent materials in ANSYS. The thermal properties of these materials were analysed
and concluded that stainless steel offers better braking performance. Prof. Mitpatel,
Mansi Raval, Jenish Patel (2016) [2] analysed the thermo-mechanical behaviour of
the brake disc during the braking phase. This analysis was done to determine
deformation established in the disc. Swapnil and Bhaskar (2014) [3] did the thermal
and modal analysis on a two-wheelers disc brake system to calculate the deflection,
heat flux and temperature of the disc brake model. Belhocine, Rahim Abu Bakar
and MostefaBouchetara (2016) [4] did an analysis on a disc brake to determine disc
temperature and stress concentration and structural deformation using ANSYS. The
thermo-structural later on used with coupling to determine the deformation.

2 Methodology

A normal disc brake system is selected and recorded all its dimensions, material and
properties and calculated its frictional surface area. All the calculations for braking
force, braking distance and heat flux are done using formulae and recorded the
results. Now, same calculations are done on the disc pad but after increasing its
length, dimension and area is recorded and used them in the calculations. Both the
smaller and bigger pads were assembled with a same-sized rotor separately. Now, a
3D model of both of the assemblies before and after increasing the disc pad length
is created. 3D design is simulated in ANSYS workbench for further analysis.
Temperature and pressure analysis was done in CFD fluent. Difference in the output
parameters were observed and stated in the report. The results will be discussed and
concluded.
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3 Design and Calculations

3.1 Input Data

(See Fig. 1 and Table 1).

(A) Rotor

Material – Carbon ceramic Mixture 
Internal Dia – 111.97 mm
External Dia – 240 mm 
No. of holes for studs – 4
Dia of each hole – 10 mm
Dia of central hole – 60 mm
Total Thickness of the Rotor – 15 mm 
Mass – 0.5 kg [3]

(B) Smaller Pad (C) Bigger Pad

Fig. 1 A Rotor, B Smaller pad, C Bigger pad

Table 1 Input data of
smaller and bigger pad

Properties Smaller pad (mm) Bigger pad (mm)

Material Asbestos Asbestos

Dimensions 51 � 58 71 � 58

Thickness 17 17

Outer radius 120 120

Inner radius 62 62
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4 Calculations for Smaller and Bigger Pad

4.1 For Smaller Pad

• Kinetic Energy of Vehicle = (M � V2)/2 = 269910.515 Joule
where

M = mass of the vehicle (kg)
V = Linear velocity of vehicle (m/s) = 100 kmph = 27.77 m/s

• Tangential force between pad and rotor (inner face), FTRI ¼ l1:FRI ¼ 1415:4N.
Where,

FTRI = Normal force between pad brake And Rotor (Inner)
µ1 = Coefficient of friction = 0.5
FRI = Pmax/2 � A (pad brake area) [Area = 5661.6 mm2]

• Brake Torque (TB) = FT. R = (FTRI + FTRO) � R = 339.69 N.m
where

R ¼ radius of rotor

• Brake Distance (x) = (mv2)/2 FT = 95.34 m
• Time taken to stop the vehicle, t ¼ V=a ¼ 5:66 Seconds

where

V = Linear velocity of vehicle (m/s)
a = F/M = (l � M � g)/M, (m/s2)

• Heat generated, Q = M.Cp. DT = 6000 J
where

M = mass of the disc, (kg)
Cp = Specific heat capacity = 800 J/kg°C DT = Developed temperature

difference

• Heat Flux = Heat Generated/Second/area = 42.576 kw/m2

• Thermal Gradient = Heat Flux/Thermal Conductivity = 1064.4 k/m
Thermal conductivity is assumed to be 40 W/m-k (Watts per metre-kelvin).

4.2 For Bigger Pad

• Kinetic Energy of Vehicle = (M � V2)/2 = 269910.515 J
• Tangential force between pad and rotor (Inner face), FTRI = µ1.

FRI = 1415.4 N. [Area = 6624.6 mm2]
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• Brake Torque (TB) = FT. R = (FTRI + FTRO) � R = 339.69 N.m
• Brake Distance (x) = (mv2)/2 FT = 95.34 m
• Time taken to stop the vehicle, t = V/ = 5.66 s
• Heat generated, Q = M.Cp. DT = 6000 J
• Heat Flux = Heat Generated/Second/area = 42.576 kw/m2

• Thermal Gradient = Heat Flux/Thermal Conductivity = 1064.4 k/m
Refer 5.1 to get to know what these symbols stand for.

5 Result and Discussion

Both smaller and bigger disc brake pad have been designed in SolidWorks and
simulated in ANSYS workbench for structural analysis, and temperature distribu-
tion and stress analysis was done in CFD fluent [4].

5.1 Deformation

When brakes are applied, rotor and pad undergoes total deformation due to the
pressure applied by the brake pads against the rotor. Smaller and bigger disc pad
assemblies were simulated to test the effects of deformation at four specific time
intervals. The images plotted below shows the deformation on smaller pad (a, c, e,
g) and bigger pad (b, d, f, h) for Figs. 2 and 3.

At 1.1 seconds At2.2 seconds

Smaller Pad     Bigger Pad Smaller Pad Bigger Pad(a) (b) (c) (d)

At 3.8 seconds At 5 seconds

Smaller Pad     Bigger Pad Smaller Pad Bigger Pad(e) (f) (g) (h)

Fig. 2 Smaller pad (a, c, e, g) and bigger pad (b, d, f, h)
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5.2 Equivalent Stress

Like total deformation, equivalent stress is also measured at four intervals of time
and results are shown below.

Smaller pad (a, c, e, g) and bigger pad (b, d, f, h) under (Fig. 4).

At 1.1 seconds At 2.2 seconds

Smaller Pad  Bigger Pad Smaller Pad Bigger Pad(a) (b) (c) (d)

At 3.6 seconds At 5 seconds

Smaller Pad  Bigger Pad Smaller Pad Bigger Pad(e) (f) (g) (h)

Fig. 3 Smaller pad (a, c, e, g) and bigger pad (b, d, f, h)

Static Temperature Total Temperature

Smaller Pad  Bigger Pad Smaller Pad Bigger Pad(a) (b) (c) (d)

Static Pressure Total Pressure 

Smaller Pad  Bigger Pad Smaller Pad Bigger Pad(e) (f) (g) (h)

Fig. 4 Smaller pad (a, c, e, g) and bigger pad (b, d, f, h)
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5.3 Temperature

A temperature difference has been recorded from the starting of the analysis to the
end of it.

5.4 Pressure

6 Presentation of Results and Their Analysis

Considering all the results of analysis and simulation of both the assemblies in
ANSYS workbench and CFD fluent, a table has been plotted which clearly dif-
ferentiates the parameters between smaller pad assembly and bigger pad assembly
(Tables 2 and 3).

Table 2 Numerical calculation data

S. no. Parameters Smaller pad Bigger pad

1. Kinetic Energy (joule) 269910.515 269910.515

2. Tangential Force (N) 1415.4 1656.15

3. Brake Torque (N-m) 339.69 397.47

4. Braking Distance (m) 95.34 81.48

5. Stopping Time (s) 5.66 5.66

6. Heat Flux (kw/m2) 42.576 41.192

7. Thermal Gradient (k/m) 1064.4 1029.8

Table 3 Presentation of results and their analysis

S. no Parameters Minimum value Maximum value

Small pad Bigger pad Small pad Bigger pad

1 Deformation (mm)

1.1 s 0 0 0.00018968 0.00056801

2.2 s 0 0 0.00056903 0.00075734

3.8 s 0 0 0.00075871 0.00094688

5 s 0 0 0.00170710 0.00170400

2 Equivalent Stress (MPa)

1.1 s 0.0016817 0.0026843 0.19282 0.39209

2.2 s 0.0016817 0.0026843 0.38395 0.78150

3.8 s 0.0016817 0.0026843 0.76622 0.97620

5 s 0.0016817 0.0026843 1.7219 1.75500

3 Pressure (Pa)

Static −7889.3 −8077.2 24844.5 24652.2

Total −3947.8 −3660.5 25007.8 24814

4 Temperature (K)

Static 300 297.3 323 323

Total 300 297 323 323
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7 Conclusion

If we consider only numerical values, after increasing the brake pad size, the brake
assembly with the bigger pad is more efficient in terms of tangential force,
braking torque, braking distance.

But if we consider the simulation results, after using this numerical data as an
input in analysis and simulation, brake assembly with the smaller pad is more
durable and less prone to any kind of failure or wear and tear. Smaller pad will
possess less braking torque, which will result into more stopping distance but it will
increase the life of braking system. Bigger pad will provide more braking torque
resulting into less stopping distance but it will degrade the life of brake system. It
will quickly need a replacement with a new one.

For example, if a person modifies his bike with just hit-and-trial method for just
looks and performance, definitely, the bike will perform well. But if that person
runs analysis on those modifications, he will get to know its negative results over
the time. Only the analysis can examine the positive or negative outcomes of any
type of modifications. The same applies here in the case of disc pad size alteration.
If the driver uses larger pad without any analysis or deep research, he will expe-
rience good performance. But if he analyses this alteration, he will get to know
about its less durability. If a driver prefers hard braking and does not pay attention
to the brake system life and durability, then he should opt for bigger brake pad. If a
driver likes to drive smoothly and takes care of his vehicle and its components, then
he should opt for smaller brake pad.
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Design of EGR Cooler for Improving
the Effectiveness to Constraint NOx
Emission

Akshay Kumar Vijayendernath, Rahul Ajitkumar and Ram Tyagi

Abstract In diesel motors, it is exceptionally needed to decrease the measure of
NOx in the exhaust gas. NOx arrangement is a temperature subordinate marvel, and
it happens mostly when the temperature in the ignition chamber surpasses 2000 K.
In this way, so as that to diminish NOx outflows in the fumes, it is important to
keep the top ignition temperatures under control. One effective path for guaran-
teeing this is by exhaust gas re-flow (EGR). This procedure is for the most part
finished by utilizing a heat exchanger in which fumes gas flows inside the tube and
coolant flows inside the shell. The exhaust framework decreases the ignition tem-
perature, due to this arrangement of NOx is lessened. ANSYS Fluent is utilized to
solve and recreate the stream fields and temperature appropriation of liquids inside
the EGR cooler. Four models of EGR coolers were made using SolidWorks.
Model-I is a single shell with square helical tubes inside. Model II is a single shell
with circular helical tubes. Model-III and Model-IV have square and circular helical
tubes with fins, respectively. The inlet conditions were kept constant for all the
models and analysis was done to find out the outlet conditions. Of the four models,
square helical tubes with fins (Model III) was found to give the best optimum
results because of the greater surface area and better heat dissipation.

Keywords NOx reduction � Exhaust gas recirculation (EGR) � ANSYS fluent �
EGR cooler

1 Introduction

An imperative method for the advancement of IC engine is done by the lessening of
emissions to control pollution [1]. As an individual portability on our planet is
expanding and the need for transportation division is improving and developing,
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it imperative is to constrain the effect of activity on both, i.e., earth and the prosperity of
the people. The primary ignition items that are being contained inmotor fumes gases are
water vapor (H2O), carbon dioxide (CO2), nitrogen oxides (NOX), particulate issue
(PM), and hydrocarbons (HC) and lastly, carbonmonoxide (CO) in it [2–5]. These,with
the exception of thewater vapor, are being considered ecologically harmful.And, this is
additionally reflected in the way that administrations everywhere throughout world
sanction is limited for these gases of emissive property. In this way, motor designers
take shot for lessening these discharges. An approach to diminish the evolution of NOX

inside diesel engine motors is by employing the EGR, recycled exhaust emissions [6].
Some portion of these fumes gas was followed up by another path directed into the
ignition chamber, into which it serves to lessen these arrangements of NOX with
diminishing the response temperature. Thus, the measure of EGR that could be utilized
is restricted because of various factors. One of those is the requirement to convey
sufficient outside air for ignition to occur, other is the abatement of motor productivity
which can be caused due to high measures of EGR. Besides, on the turbocharged
motors, in the stack concentrates on the turbocharger effectiveness, by this theweight of
insertion is high than that of exhaust weight [7]. This proves it is difficult to obtain any
EGR, as there is no weight contrast for driving it. To beat these issues, distinctive EGR
enrooting could be utilized. One crucial part in frosty or cool EGR is the exchange of
heat plan and assembling, which will be utilized to chill the gas. EGR coolers are
generally used as in shell tube sort for this situation when the gas moves through tubes
and coolant (motor coat water) streams in the shell [8].

In the content of this paper, we are proposing multiple designs and models of EGR
coolers. By expanding the surface area, heat dissipated can be reduced and so the
designs were used as models in various design categories. Models were designed with
fins and without fins in the form of helical tubes inside the heat exchanger. The use of
helical tubes was to increase the overall area, as well as to give a proper flow inside the
tubes [8]. Simulation and analysis were done in ANSYS Fluent to understand the heat
flow throughout the heat exchanger [9].We have performed a reenactment examination
to decide how the inner state ofEGRcooler tubes influences its productivity. The stream
conduct of liquids moving inside this heat exchanger is reproduced. This similar
investigation can be helpful while choosing the most practical plan of EGR coolers [9].

2 Methodology

See Table 1.

2.1 Design Specification of EGR Cooler

Shell

Diameter = 80 mm
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Thickness of wall = 10 mm

Box Helix

Length � Breadth = 5 � 5 mm
Total length of tubes = 200 mm
Number of tubes = 10

Circular helix

Outer diameter of circle = 5 mm
Inner diameter of circle = 4.5 mm
Total length of tubes = 20 mm
Number of tubes-10

2.2 Boundary Condition

See Table 2.

2.3 According to NTU Method

Overall heat transfer coefficient for gases = 70 W/m2K
Area of tubes

As ¼ p � L � d0 � Nt ¼ 0:067m2 ð1Þ

NTU ¼ UA=Cmin ¼ 1:031 ð2Þ

Table 1 Here, EGR cooler
was designed based on helical
tubes with fins and without
fins for a particular diesel
engine [8]

Description Specifications

Displacement 1248 cc

Induction type Turbocharger

Bore*Stoke 69.6 mm*82 mm

Maximum power output 75/4000

Compression ratio 17.6

EGR process Cooled system

Maximum torque 190/2000

Table 2 Initialization
condition for conducting
computational analysis

Properties Cold water Exhaust gases

Mass flow rate (Kg/Sec) 0.01 0.005

Inlet temperature (K) 323 739
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The following values for calculation are used in Ansys for simulation of the
EGR [8].

Effectiveness of counter flow EGR cooler

� ¼ 1� exp �NTU 1� Rð Þð Þ
1� Rexp �NTU 1� Rð Þð Þ ¼ 61:1% ð3Þ

Heat transfer coefficient

ht ¼ Nuktdi

ht ¼ 240:48W=m2 � k
ð4Þ

Shell-side Reynolds number

Re ¼ Gs de=l

Re ¼ 48619:36
ð5Þ

Nus ¼ 1:04Re � 4 P r3
¼ 117:3

ð6Þ

Shell-side heat transfer coefficient (hs) (Figs. 1 and 2).

hs ¼ Nus � kfð Þ=de
hs ¼ 105:47W=m2� K

ð7Þ

2.4 Mesh Information

See Fig. 3, Tables 3, 4 and 5.

Fig. 1 Assembly of the EGR
cooler with all tubes arranged
in a circular manner with side
closing covers
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Fig. 2 Solid view of the circular and square finned helix tubes

Fig. 3 Mesh contours of the Fluid model assembly of Square helix tube

Table 3 Mesh report information for the components

Domain Nodes Elements Tetrahedra Hexahedra

Fluid domain int1 int2 src 4800 2691 0 2691

pipe int1 int2 trg 7368 3672 0 3672

shell int1 int2 src 18019 91063 91063 0

All domains 30187 97426 91063 6363

Design of EGR Cooler for Improving the Effectiveness … 463



3 Result and Discussion

By observing the table, we got the CFD results for different models, and now we
can claim that the outlet temperature of square helix with fins is comparatively low
than the other models. So, we can manufacture this model for better cooling of EGR
for reducing the NOx formation (Figs. 4, 5, 6, 7, 8 and Table 6).

From the above temperature contours diagrams, we can observe the change in
temperature or the heat transfer in the shell and the square helical tube without fins.
The difference in the temperature along the tube is shown with the changing color
along the tube. The maximum temperature can be observed at the inlet of the tube
where the exhaust gas enters into the tube and outlet temperature is calculated at the
end of the tube using a probe in the CFD analysis software. This gives an overview
of how the flow and heat transfer takes place in the EGR cooler.

Table 4 Statistics of the mesh for the components

Domain Min. face
angle (degree)

Max. face
angle (degree)

Max. edge
length ratio

Max. element
volume ratio

Range of
connections

Fluid domain
int1 int2 src

66.0304 117.691 3.02837 3.85699 1 8

pipe int1 int2 trg 40.5225 137.829 10.5467 3.53514 2 4

shell int1 int2 src 21.8483 118.445 2.65422 10.0164 3 38

All Domains 21.8483 137.829 10.5467 10.0164 1 38

Table 5 Boundary physics
for component

Domain Boundaries and conditions

Fluid domain int1 int2 src Boundary––exhaust_gas_inlet
Type VELOCITY INLET

Boundary––exhaust_gas_out
Type PRESSURE OUTLET

Boundary––wall
fluid_domain int1 int2 src
Type WALL

Pipe int1 int2 trg Boundary––wall pipe int1
int2 trg
Type WALL

Shell int1 int2 src Boundary––water_inlet
Type VELOCITY INLET

Boundary––water_out
Type PRESSURE OUTLET

Boundary––wall shell int1
int2 src
Type WALL
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Fig. 4 Temperature contour of EGR cooler

Fig. 5 Temperature contour for square helical tube without fins
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Fig. 6 Temperature contour of square helical tube having fins

Fig. 7 Temperature contour for circular helical tube without fins

Fig. 8 Temperature contour of circular helical tube having fins
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4 Conclusion

We have undergone some comparative study based on heat transfer and temperature
drop within the plane square and circular helical tubes having fins and without fins.
Usually, the temperature of exhaust gases using the EGR cooler is maintained
around 350 K–400 K [9], which would provide an advantage for complete com-
bustion of fuel and in reducing emissions by means of exhaust gas recirculation.
Here, further reduction in the temperature has been shown, which would provide
further reduction in the emissions due to the reduced temperature obtained from
EGR cooler.

It is observed that the finned tubes dissipate more heat compared to the plain
ones so this improves the effectiveness of the EGR cooler if the conventional plain
tubes are replaced by the helical finned tubes, and in this case, the most efficient is
the square helical finned tubes, which dissipate 36.2% more heat compared to the
conventional rectangular finned tubes [9] and circular helical tubes with fins con-
tributes 28.8% compared to the rectangular finned tubes. Therefore, the effective-
ness of EGR cooler has improved in both cases. So, an experimental approach can
be carried out by fabricating the model based on the proposed design in near future,
and the results can be compared with that of the analysis results of CFD.
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Erosion Analysis of Aramid Fiber–
Epoxy Composite

Chinmaya Sharma and Shiv Ranjan Kumar

Abstract All the industries are mostly affected by the financial loss due to the
Tribological problem. Especially, when slurry particles pass through pipes and
pumps, erosion occurs in tidal turbine blades. The surface erosion is increased on
interaction with seawater. In this work, epoxy composite reinforced with Kevlar
fiber was prepared using VARTM technique and tested for erosive wear charac-
terization using slurry jet erosion tester. The parameters for erosive wear test were
taken as fiber content, impact velocity, slurry concentration, and impingement
angle. The fiber content was varied as 52, 55, and 58 wt%. The result was analyzed
by the Taguchi Design of Experiments. The finding of result indicated that the wear
rate of epoxy composite reinforced with different fiber contents was minimum at the
impact velocity of 30 m/s, slurry concentration 160 gm/min, impingement angle of
60°, and fiber content of 55 wt%.

Keywords Slurry erosive wear � Kevlar fiber � Taguchi Orthogonal Array

1 Introduction

Slurry erosion is one of the serious concerns during the continuous impact of slurry
jet on the target application. Various experiments have been conducting by the
researchers to reduce friction and wear during the working of machine parts. Slurry
erosive wear rate mostly depends upon impingement angle, impact velocity, slurry
concentration, etc. Gandhi et al. [1] tested erosion wear of seven different materials
under the parameters of concentration as 10% wt, velocity as 3 m/s, and particle
size as 550 mm. It was concluded that the erosive wear rate was dependent on the
ratio of hardness of slurry-to-hardness of target material. However, it was inde-
pendent of individual hardness slurry particle and target material. Patnaik et al. [2]
fabricated glass–polyester hybrid composites filled with different particulate fillers
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such as fly ash, aluminum oxide, and silicon carbide. In their study on erosion wear
characteristics, it was revealed that the wear rate was decreased with the addition of
hard particulate filler. Aluminum oxide-reinforced composite indicated less wear
rate as compared to SiC and fly ash-reinforced composites. Mishra et al. [3]
reported that the impact angle was the most significant factor influencing the ero-
sion wear of composite material. It was also revealed that the erosive wear rate was
increased with the increase in particle size of slurry. Tian et al. [4] tested the erosive
wear for three formulations of iron alloys containing 25, 30, and 40% of chromium.
The sand particle size was also varied as 10, 148, and 660 microns. They concluded
that the increase in sand particle increased the erosive wear rate. Hu, et al. [5]
suggested that Ni–Al2O3 coating can be used to improve the surface with better
hardness and less erosive wear rate. Miyazaki [6] studied solid particle erosion
behavior of polymer matrix composites. The experimental results were also verified
by the theoretical model and FEA technique. Thakur et al. [7] conducted wear tests
to study the effect of slurry erosion parameters such as impact angle, slurry con-
centration, impact velocity, and particle size on erosion wear. They concluded that
the maximum weight loss was observed at 30° angle of impact. Chaudhari et al. [8]
studied and compared slurry erosion behavior of thermomechanical processed
13Cr4Ni stainless steel. It was seen that there was less wear in the thermome-
chanically processed specimens as compared to stainless steel. Razzaque et al. [9]
evaluated the erosive wear rate of carbon steel specimens in sand water slurry
system by varying the erodent particle size. Slurry concentration was also varied.
The surfaces of the eroded specimens are examined using Scanning Electron
Microscopy (SEM). They concluded that an increase in slurry concentration
increased the erosive wear rate irrespective of erodent particle size. However, for
the same concentration, larger particles led to more erosive wear rate. Extensive
research on solid particle erosion behavior of polymer composite with different
particulate filler materials has been conducted by Patnaik et al. [10–14]. They
analyzed the influence of various control factors like impact velocity, impingement
angle, erodent size, standoff distance, etc., on erosion behavior. Their study of wear
mechanism was based on the microstructure of eroded surface. Nilkar et al. [15]
reported that maximum wear was observed at 30° impingement angle for ductile
material and at normal to the surface for brittle materials. Khan et al. [16] tested for
slurry erosive wear characterization of Al–Si alloy composite reinforced with 10
and 15 wt% of SiC particle. It was revealed that the addition of SiC decreased the
wear rate of alloy and an increase in sand volume content increased the wear rate.

Hence, the aim of this work was to fabricate Aramid Fiber–Epoxy Composite,
study the effect of different fiber content on the wear erosive wear behavior, and
finally optimize a combination of various parameters that influence the erosive
performance of Aramid Fiber–Epoxy Composite.
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2 Experimental Procedure

2.1 Materials and Sample Preparation

Kevlar (fiber), Epoxy Araldite LY 1564(resin), and Hardener 22962 were procured
from the local market, Jaipur, India. Both the epoxies and hardener were mixed in
the ratio of 10:1 by weight. The composite was prepared by Vacuum-Assisted
Resin Transfer Molding (VARTM). VARTM is a variation of Resin Transfer
Molding (RTM), which involves the use of a vacuum to facilitate resin flow uni-
formly into a fiber layup. Hence, there is very less chance of void formation as
compared to the Hand Layup method. After the impregnation occurred, the com-
posite part was allowed to cure at room temperature.

2.2 Slurry Jet Erosion Test

The experiments were conducted on Slurry Jet Erosion Tester with ASTM stan-
dards of G131. The machine used was made by DUCOM Instruments, Asia and the
model number is TR-411. The sand used was of 355 micron and 60 kg was hand
sieved, which required a lot of hard work. Care was taken that any unwanted
particle should not reach the hopper or else it could clog the nozzle.

2.3 Design of Experiment (DOE)

The experiments were performed as per Taguchi orthogonal Design of Experiment
to study the effect of parameters on the wear rate of composite materials.
Equation (1) was used to find out the S/N ratio.

S
N

¼ 10 log
1
n

Xn

i¼1
y2i

� �
ð1Þ

where yi is the value of experimental result of the ith test and n is the number of
tests. The characteristics of S/N ratio can be divided into three parts, i.e., smaller the
better, larger the better, and nominal the better. However, in the case of erosion
wear, smaller-the-better characteristic has been selected. Table 1 indicates the
factors and levels selected for experimental analysis using the Taguchi method. The
orthogonal array chosen in this study is L9 (34), which has nine rows corresponding
to the number of variables selected.
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3 Result and Discussion

Experiments were performed as per Taguchi Orthogonal Array to study the effect of
parameters on the erosive wear rate of composites. As per Taguchi Orthogonal
Array, nine different combinations of parameters were taken and experiments were
performed as per those parameters. Taguchi Array L9 (34) having four factors, three
levels, and nine runs was used. The erosion rate and concern S/N ratios were
presented in Table 2. The analysis was performed using the software MINITAB 18
to analyze the wear rate of epoxy composite reinforced with different weight per-
centages of fiber content. The overall mean for the S/N ratio of the slurry erosion
rate is found to be −15.17 db. The graph shows graphically the effect of the four
control factors on slurry erosion rate. Minimum and maximum slurry erosion wear
by the individual experimental parameter is shown in above Fig. 1. Figure 1
depicted the analysis related to S/N (signal-to-noise) ratio. It was revealed that the
factor combination of A1, B1, C1, and D2 would result in a minimum erosion rate
for the prepared sample. Therefore, it can be concluded that the wear rate of epoxy
composite reinforced with different fiber contents was minimum at the impact
velocity of 30 m/sec, slurry concentration 160 gm/min, impingement angle of 60°,
and fiber content of 55 wt%.

Table 1 List of factors and
levels in Taguchi Orthogonal
Array

Factor Type Level Value Unit

Impact velocity Fixed 3 20, 25, 30 m/sec

Impingement angle Fixed 3 30, 60, 90 degree

Fiber content Fixed 3 52,55,58 wt. %

Table 2 SN ratio for different experiments

Velocity (m/s) Slurry Conc.
(gm/min)

Angle (Deg) Layer
(wt. %)

Erosion (mg) SNRA1

30 160 60 52 4 −12.0412

30 190 75 55 4 −12.0412

30 230 90 58 7 −16.9020

35 160 75 58 7 −16.9020

35 190 90 52 6 −15.5630

35 230 60 55 4 −12.0412

40 160 90 55 6 −15.5630

40 190 60 58 10 −20

40 230 75 52 6 −15.5630
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4 Conclusions

Epoxy composite reinforced with different weight percentages of fiber content were
successfully fabricated using Vacuum-Assisted Resin Transfer Molding (VARTM).
Erosive wear tests have been performed to study the effect of various parameters
such as impingement angle, impact velocity, fiber content, and slurry concentration
on the wear behavior of the material. The experiments were conducted as per
Taguchi Orthogonal Array L9 (34). Erosion wear increased with the increase in
impact velocity. Finally, it can be concluded that the wear rate of epoxy composite
reinforced with different fiber content was minimum at the impact velocity of 30 m/
sec, slurry concentration 160 gm/min, impingement angle of 60°, and fiber content
of 55 wt%.
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A Fatigue Crack Growth Life Prediction
Model for Discontinuous Reinforced
Metal–Matrix Composite: Influence
of Microstructure

Abhishek Tevatia

Abstract Under the fully strain-controlled conditions, a closed-form multistage
fatigue crack growth (MSFCG) life prediction model has been developed for dis-
continuous reinforced MMCs (DRMMCs) considering the effect of microstructural
features. The model considers crack nucleation, small crack, and long crack life.
The crack initiation is evaluated on the bases of slip steps deepening into a fatigue
crack under the cyclic strain. Next, the small crack growth life is investigated within
the microstructural threshold. Finally, for long fatigue crack propagation, previ-
ously developed model by Tevatia and Srivastava is modified and incorporated in
the current model. Under the total strain-controlled conditions, reinforcement in the
matrix results in an increase in both (i) the level of cyclic plastic deformation and
(ii) cyclic plastic zone size near the vicinity of crack tip. The effect of initiation and
small crack growth life is significant for low cycle fatigue applications.

Keywords Microstructural �Multistage fatigue � Small crack growth life � Fatigue
crack initiation � DRMMCs

1 Introduction

Today, the demand of metal–matrix composites (MMCs) is increasing in the
development of engineering components/structure due to its high stiffness, strength,
and fatigue life [1–4]. The damage due to cyclic/variable loading is one of the
crucial limiting factors for estimating the life of discontinuous reinforced metal–
matrix composites (DRMMCs) [5, 6]. The damage evolves successively from
fatigue crack nucleation/initiation resulting in small crack followed by long crack
leading to sudden failure of the component. It has been established that analytical
modeling of fatigue crack growth evolution performed well in advance, and is
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useful in the evaluation of the performance of composite materials so that
maintenance/replacement can be scheduled before any catastrophic failure [5].

Though a number of fatigue models were developed for DRMMCs [7–16] over
the last two decades, these models excluded the effect of microstructural features of
composites on the fatigue damage evolution. The presented model includes this
important feature. Here, the fatigue damage has four stages: (i) nucleation, (ii) mi-
crostructural short crack growth, (iii) physically short crack growth, and (iv) long
crack growth. The sum of these different stages is cumulative total fatigue life,
which here is termed as multistage fatigue crack growth (MSFCG) life [7]

NT ¼ Ni þNmsc þNpsc þNlc ð1Þ

where NT is the total fatigue life, Ni is the life of crack initiation, Nmsc is the life of
microstructural small crack growth and Npsc is the life of physically small crack
growth life (the MSC and PSC stages are often combined), and Nlc is fatigue life of
long crack.

In the present work, the total fatigue life prediction model is developed for
DRMMC considering the effect of microstructural features such as crack
nucleation/initiation period with small crack life and long crack propagation life
under the fully strain-controlled condition. The crack initiation model is developed
on the bases of slip steps deepening into a fatigue crack under cyclic strain. The
small crack growth life is evaluated in DRMMC within the microstructural
threshold based on the elastic stresses distribution. Finally, the long crack propa-
gation life is evaluated using modified Tevatia et al. [12] life prediction model. The
analytical results are compared with the experimental data [10–14].

2 Analytical Fatigue Model

As mentioned above, the whole fatigue degradation process in DRMMCs can be
divided into four different stages. The model derivation assumes that the nucleation
is controlled by the crack tip displacement and surface displacement. The small
cracks nucleate from the surface defects and are evolved into the rest of the stages
in microstructural elements within the fatigue damage zone.

2.1 Fatigue Initiation Life

Harvey et al. [17] proposed initiation model for the high strength low alloy steel
with plastic strain, slip height displacement, and slip band spacing. The model uses
the plastic strain fraction contributing to surface upset based on the assumptions
that the surface displacements are similar to the crack [18] and nucleation is
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controlled by the displacement of the crack tip. When cumulative displacement
reaches the microstructural threshold value, initiation life can be expressed as [17]

Ni ¼ DK2
th

4rysEfDeplh
ð2Þ

where Ni initiation crack life, DKth stress intensity threshold, E modulus of elas-
ticity,rys yield strength, f the plastic strain fraction range which created the surface
displacement, Depl plastic strain amplitude, and h width of slip band in DRMMCs.
Without losing the generality, the expression for fatigue nucleation life for
DRMMCs is written as

Ni ¼ DK2
th

4rcyEcfDeplSr
ð3Þ

where rcy DRMMC yield strength, Ec DRMMC Young’s modulus, and Sr is the
average spacing between the discontinuous reinforcements.

The value of stress intensity threshold for crack based on the average spacing
between the discontinuous reinforcements is expressed as [19]

DKth ¼ 1� Rð Þrmy 2Srð Þ12 ð4Þ

where R load ratio and rmy matrix cyclic yield strength.
The cyclic yield stress of DRMMCs, considering the microstructural effect is

calculated by the expression [20]

rcy ¼ 1þ 8V2
f s

2 Ef � Em
� �

3 Ef þ 4Vf s2Em
� �

" #
rmy ð5Þ

where Vf reinforcement volume fraction, s is the aspect ratio of reinforcements
(length to diameter), Ef , and Em are Young’s moduli of reinforcement and matrix
materials, respectively. Thus, the threshold intensity can be rewritten as

DKth ¼ 1� Rð Þrcy 1þ 8V2
f s

2 Ef � Em
� �

3 Ef þ 4Vf s2Em
� �

" #�1

2Srð Þ12 ð6Þ

Thus, the fatigue crack nucleation (Eq. 2) life can be calculated using the
expression

Ni ¼ 1
4Ecf

1� Rð Þ2rcy 1þ 8V2
f s

2 Ef � Em
� �

3 Ef þ 4Vf s2Em
� �

" #�2
Depl
2

� ��1

ð7Þ
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2.2 Microstructural Small Crack Life

For small crack life, Chan et al. [21] model are extended. The Chan’s model
proposed a relationship (for metals) for propagation of the small crack growth near
the threshold of long crack growth. Without losing the integrity of Chan’s, the
expression for DRMMCs is

da
dN

¼ Ecs0

4rcye0f do

 !1
b

2s0ð Þ1�1
b
DKeff

Ec

� �2b
ð8Þ

where do is the dislocation barrier spacing, e0f is the fatigue ductility coefficient, s0 is
the strain spacing, b is the fatigue ductility exponent, and DKeff is the effective
stress intensity factor.

Chapetti [22] expressed the range of effective stress intensity for small crack
growth as

DKeff ¼ DK � DKth;a ð9Þ

where DK is the applied range of stress intensity and DKth;a the threshold range of
stress intensity, often depends on the length of small crack growth from nucleation/
initiation, is expressed as [23]

DKth;a ¼ DKth
a

aþ aD

� �1
2

ð10Þ

where DKth is the threshold range for crack based on the average spacing between
the discontinuous reinforcements; a is the crack length; size of the critical defect
aD ¼ ao=b

2; ao is the critical defect. In the present work, the value of geometrical
factor bð Þ for is 0.65; and ao is the same as ai [21–23].

From Eqs. (6) and (10), the law of threshold from nucleation is rearranged to

DKth;a ¼ 1� Rð Þrcy 1þ 8V2
f s

2 Ef � Em
� �

3 Ef þ 4Vf s2Em
� �

" #�1

2Sr:
a

aþ aD

� �1
2

ð11Þ

The applied stress intensity range DK ¼ DrY
ffiffiffiffiffiffi
pa

p
; where Dr is the cyclic stress

amplitude and Y is the crack geometry correction factor [24]. The effective stress
intensity range in DRMMC for small crack growth is

DKeff ¼ DrY pað Þ12� 1� Rð Þrcy 1þ 8V2
f s

2 Ef � Em
� �

3 Ef þ 4Vf s2Em
� �

" #�1

2Sr:
a

aþ aD

� �1
2

ð12Þ
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Finally, the microstructure fatigue small crack growth rate can be expressed as

da
dN ¼

Ecs0
4rcye0f do

	 
1
b
2s0ð Þ1�1

b 1
Ec

n
DrY pað Þ12�
	

1� Rð Þrcy 1þ 8V2
f s

2 Ef�Emð Þ
3 Ef þ 4Vf s2Emð Þ

� �
2Sr: a

aþ aD

	 
1
2

��2b
ð13Þ

The microstructural small crack growth life is calculated by integrating
Equation (13) between the initial (i.e., initiation) crack size ai and small crack
size asc.

2.3 Fatigue Long Crack Propagation Life

The fatigue crack growth model with microstructural features is influenced by the
load ratio [25, 26]. The existing model [25] is improved by including the effect of
load ratio in the estimation of fatigue life of DRMMCs. The relationship between
the range of the stress intensity factor with the load ratio is given as [7, 8, 25, 26]

DKeff ¼ URDK ð14Þ

where UR ¼ 1= 1� Rð Þ for R\ 0;UR ¼ 1 for R� 0; and UR ¼ 0.
The modified fatigue long crack propagation life [12], including the effect of

load ratio, based on the accumulated cyclic plastic zone (CPZ) Eq. (14) is expressed
as

2Nlc ¼ 64C2
e

klURY2p2
1þ 8V2

f s
2 Ef �Em
� �

3 Ef þ4Vf s2Em
� �

" #�2
n0

n0 þ1

� �
rcy
K 0
	 
3

ln
af
asc

� �
Depl
2

� �� 3n0 þ1ð Þ

ð15Þ

where kl is the correction factor under the large-scale yielding, Ce constraint, K 0 is
the cyclic strength coefficient, n0 is the cyclic strain hardening exponent, and af is
the final crack length.

2.4 MSFCG Life Prediction Model

The fatigue degradation process is the cumulative effect of the four stages, namely
(i) crack initiation/nucleation, (ii) microstructural/physical small crack, and
(iii) long crack size. In composite materials, the nucleation life is almost negligible
compared to the metals [5]. Thus, the total fatigue life of DRMMCs is (Eq. 1)
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NT ¼ Ni þNmsc=psc þNlc ð16Þ

where Ni, Nmsc=psc and Nlc can be estimated using Eqs. (7), (13), and (15),
respectively.

3 Result and Discussion

The values for modeling parameters for various aluminum-based DRMMCs are
compiled in Table 1. The fraction of plastic strain range (f Þ is estimated from
plastic strain amplitude experimental value (Eq. 7). The dislocation barrier spacing

can be evaluated (Eq. 8) from Hall–Petch relation [23], do ¼ Do
1�Vf

Vf

	 
1
3
. The

average spacing (SrÞ between the discontinuous reinforcements is assumed to be
equal to the dislocation barrier spacing (Table 1). The other parameters used in the
modeling are constraint, Ce = 0.2 for aluminum DRMMCs [27] and crack
geometry-based correction factor, Y = 1.12 assuming semi-elliptical crack [28]. The
CPZ correction factors kl are estimated by substituting the experimental values of

plastic strain amplitude into kl ¼ p
18

1
2 þ 2

3

ffiffi
2
3

q
Dreff
2rcy

	 

[29]. The initial, small crack,

and final critical crack lengths are taken as 5 lm [14], 300 lm [19], and 2 mm [14].

Table 1 Modelling parameters of the different aluminum-based DRMMCs

Composite AA6061-Al2O3-
T6 tested at
25 °C [9]

Al99.85-Al2O3-T6
tested at 25 °C
[10]

AA6061-Al2O3(P)-
T6 tested at 25 °C
[11]

AA2014-Al2O3(P)

tested at 100 °C
[14]

Ec (GPa) 89 84 93.3 89

Em(GPa) 71 71 71 72

Ef (GPa) 300 300 312 312

s 66.67 66.67 1.7 1.7

n0 0.22 0.22 0.16 0.14

K0 (MPa) 1579 560 1066 580

rcy (MPa) 402 143 387 467

rmy (MPa) 280 35 340 414

Vf 0.2 0.2 0.15 0.15

kl 0.3838 0.278 0.3497 0.1885

Do µm 3 3 8 7.3

do µm 4.76 4.76 14.26 13.02

e0f 0.0921 0.1115 0.1782 1.1795

b −0.6024 −0.6024 −0.6757 −0.7042

ao µm 1.88 1.88 5 4.56

aD µm 4.44 4.44 11.83 10.79
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Figure 1a–d displays the fatigue crack growth lives for different DRMMCs fitted
using Eq. (16). The nucleation life is more prominent within the first 100 cycles at
high plastic strain amplitudes. As a result, the effect of nucleation and
microstructural small crack life is more significant for low cycle fatigue compared
to the crack propagation life. Low cycle fatigue (below 105 cycles) shows good
agreement between the predicted and experimental values. However, the experi-
mental and predicted results for very high plastic strain amplitudes (Fig. 1) are
comparably varied.

4 Conclusion

A new model to predict the cumulative fatigue life cycle of a composite is sim-
plified with its analytical solution. The current model is unique as it combines all
physical processes involved during the fatigue life. This MSFCG life prediction
model is implemented for different DRMMCs displaying good agreement with the
respective experimental data sets. This model has superiority over the MSL model
as it includes very early stages of nucleation and microstructural components of the
material.

Fig. 1 Total fatigue crack growth life for a Al99.98-Al2O3-T6, b AA6061-Al2O3-T6,
c AA6061-Al2O3(P)-T6, d AA2014-Al2O3 DRMMCs
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Augmented Reality-Based Simulation
of Spring–Mass System

Rohit Singla, Saurabh Kumar Yadav and Jaspreet Hira

Abstract In recent decades, various user interaction technologies have made their
presence to visualize the complex behavior patterns of a dynamical system. Out of
these, technology Augmented Reality (AR) emerged as a viable choice for studying
the interaction between reality and simulation. Augmented reality-based simulation
involves computer-based superimposition of an image on another image. In the
present work, MATLAB and Unity3D-based simulation techniques have been used
for a spring–mass system. Computer-based image processing has been performed in
MATLAB. A tracking algorithm and simulation code is developed using MATLAB
to get enhanced interaction between the real and the virtual systems. The results of
this study shall prove to be quite useful in the rapid prototyping and vibration
engineering fields.

Keywords Spring mass � Augmented reality � Mechanical vibration � Unity3D

1 Introduction

Numerical analysis of mechanical engineering problems is widely conducted by
many engineers to predict the behavior of real-world physical systems. Numerical
investigation is a widely accepted tool, which helps to analyze the behavior of real
systems. It is carried out in a pure virtual environment.

In the last few decades, augmented reality technology and its applications in the
analysis of mechanical engineering problems have been widely developed to
increase the perception of users about its interaction with the numerical simulation.
In augmented reality, superimposition of one image (generated by analysis) over
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another real-world image is done. Superimposing the numerical results onto the
corresponding real objects results in wider exploration of the subject and deeper
examination of the results.

Augmented reality is a relativelynewfield,whereinmost of the researchhasoccurred
in the past two decades. In this technology, real-world picture is captured by a moving
camera and it is enriched by computer-generated analysis and computer-generated
objects [1]. Augmented reality visualization system has been applied in various fields
such as medical intervention and patient information systems [2], presentation of
museum, historic and cultural heritage [3], and to support teaching, learning, robotics,
and academics [4]. In recent years, great progress has been achieved in improving the
quality and computation efficiency in the area of augmented simulation [5].

Conventional analysis is usually carried out in offices or virtual environments
like computer-aided design software that do not promote the user intelligence and
interaction with the real system, thereby limiting the application of analysis [6, 7].
With the sole purpose of enhancing the analysis with augmented reality, the paper
presents a method which integrates the analysis done with augmented reality with
the real system. The paper proposes a novel method that integrates numerical
simulation with real-world problems.

The main contributions of this paper are:

1. An integrated framework for performing dynamic analysis interactively by
using augmented reality has been developed.

2. An interface application has been developed by using MATLAB and Unity3D.
3. A real-time interaction method to apply dynamic boundary condition has been

developed. The complete application uses the mobile sensor.
4. Interactive methods have been developed for resonance model and damped system.

2 Procedure and Methodology

A different/novel AR implementation that focuses on the use of commodity
smartphones/tablets as AR platforms employ an approach which implements a
video see-through AR, where the real environment is composed of a live video feed
from the smartphone/mobile device camera and virtual objects are superimposed on
this live video feed [8]. The complete process to do augmented simulation has been
implemented by using the following steps.

1. Parameters are initialized in MATLAB.
2. Complete equation of motion is solved by using state space model and OBJ file

compatible for augmented simulation is generated in MATLAB.
3. MATLAB is coupled with augmented reality application program developed in

Unity3D.
4. Object is tracked by using gyroscopic sensor, camera and magnetic compass.
5. Simulation is ended by using exit Command in Augmented reality application

(Fig. 1).
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3 Results and Discussion

Augmented reality-based simulation of developed methodology has been per-
formed for a chosen benchmark problem. Therefore, spring–mass problem has been
simulated in augmented reality and augmented reality simulation is performed. The
following equation of motion is used for spring–mass simulation (Fig. 2).

mxþ kx ¼ €F0 cosxt ð1Þ

Fig. 1 Application solution procedure
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OBJ file for augmented reality has been generated by using MATLAB.
Therefore, a specialized program for augmented object generation and tracking is
generated. Figure 3 shows the dynamic response of spring–mass system with time.

In Fig. 4, the augmented object has been shown for a vibrating object with
spring. The complete simulation has been performed in software MATLAB 2016
on Windows 7 and Unity3D on Android 7.0. The hardware used in the system is
Xenon processor-based Dell Precision Desktop and REDMI Note 5.

Fig. 2 Augmented reality
application to represents the
dynamic model
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We can also apply the results of present methodology to the problem [9, 10],
which deals with the analysis of 2-link robot system to get augmented reality-based
simulation.

4 Conclusion

In this paper, an augmented reality-based dynamic simulation has been proposed
which integrates and presents a scientific visualization method. A novel Android
application interface has been developed to enhance the visualization and interaction
of dynamic nature. The complete process has been automated and it required
computation process. The system has automated tracking method. With simplified
and automated augmented interfaces, the user can modify the model and can apply
the boundary condition in the system. The system is coupled with MATLAB and
mobile AR platforms to investigate the outdoor and the on-site dynamic analysis. On
the basis of the approach developed, the following conclusions have been drawn.
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Fig. 3 Augmented simulation results
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1. A successful implementation of a benchmark problem of vibration analysis is
done by using augmented reality. The implementation of this problem will open
doors for others to develop augmented reality applications.

2. The developed method will be quite useful for the dynamic analysis of
mechanical engineering simulation.

3. Further, the work can be applied for rotor dynamic analysis, XFEM stress
analysis and vibration of plates.

Fig. 4 Vibrating object
augmented reality simulation
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Comprehensive Review on Hybrid
Vehicle Powertrain

Shivam Mahajan , Jai Prakash Sharma , K. Aditya ,
Himanshu Gupta and Kunal Singh

Abstract In the automobile sector, the use of a hybrid powertrain is considered as
one of the essential steps for reducing environmental temperature and pollution.
The demand for non-polluted renewable fuel, especially for light-duty vehicles
continues to increase with economic growth and development of the nation. With
regard, the upgrading technology of current hybrid electric vehicles can be con-
sidered as progression in this field of developing zero emission. The main purpose
of the present work is to compare the functionality of series, parallel, and combined
hybrid powertrains. This article also explained the favorable and unfavorable areas
of all configurations that are usually faced by the owner. The functionality of hybrid
powertrain used in the Maruti Suzuki Ciaz is also explained in the article. Hybrid
vehicles are far more fuel efficient and emit fewer greenhouse gases as compared to
the conventional gasoline light-duty vehicles. The hybridization of vehicles could
assist in solving the greenhouse gas emission and global warming. This paper
provides a glimpse of the upgraded technology and production capacity of all the
hybrid configurations in vehicles. The use of upgraded hybrid technologies in the
vehicle is not only economical but also environment-friendly. The emission of
carbon monoxide (CO), nitrogenous product (NOx), and hydrocarbon (HC) are
effectively checked with the vehicle that uses hybrid technology.

Keywords Hybrid vehicles � Engine simulation � Regenerative braking �
Energy saving � Zero emission � Conventional vehicle
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1 Introduction

A conventional fuel vehicle is a vehicle that runs on one power output that mean’s
power generates by internal combustion engine (ICE). Due to the presence of many
factors, such as environmental pollution, high oil prices day by day, and low-quality
oil, the dependence on conventional vehicle is not possible for any country, so the
countries have to shift toward the hybrid vehicle and new technology power system
that help us to fight against the major problem of global emission, and now it
becomes a high priority for many governments and vehicle manufacturing vompany
around the world. The major causes of emission are saturated or unsaturated
unburnt hydrocarbon (HC), carbon oxides (COx), nitrogen oxides (NOx), sulfur
oxide (SOx), and solid particulars [1].

The vehicle which uses two or more different types of power sources to run the
vehicles is known as a hybrid vehicle like electric and fuel, solar and fuel, and
electric and solar. The most common type of hybrid vehicle is a hybrid electric
vehicle (HEVs), which combines the power of ICE that means gasoline power and
electric power of more than one motor with battery. A hybrid vehicle uses multiple
propelling forces that provide motive power to move vehicles [2]. The main motive
of the electric vehicle powertrain is to attain better fuel conservation than a con-
ventional vehicle for achieving better efficacy [3].

2 Hybrid Vehicle Power Train Configurations

A hybrid electric vehicle can be designed with the many types of technological
framework, namely parallel hybrid, series hybrid, or combined hybrid (power split).

2.1 Series Hybrid

In the series hybrid, the heat engine inculcates a power which is directly used by
electric generator instead of direct contact with the wheels. And, the output power
of the engine is stored in a battery that conveys through the motor to the rear wheel
and front wheel depend on drive assembly that is shown in Fig. 1. When we
necessitate ample amounts of power like when a vehicle drive on a hilly area and
high pitch area where high torque is required, then the motor take electricity from
the generator as well as battery both because of high power requirement.

The combustion engine of the series hybrid is smaller in size because it has to
meet with a certain power requirement; because of large battery storage and
powerful than parallel hybrids in order to provide the extra power needs and
effective in extensive city driving [4]. The examples are: Honda Insight, Honda
Accord, and Renault Kangoo, etc.

494 S. Mahajan et al.



2.2 Parallel Hybrid

In a parallel hybrid system, power comes from both engine and an electric motor
which is parallelly connected with power transmission. In this hybrid vehicle, the
electric motor and ICE are settled such that it produce and gave power to the vehicle
either discretely or as one that is shown in Fig. 2. On recent researches, most of
ICE, the gear box and electric motor are coupled by automatically controlled
clutches or multi-plate clutches [5].

In parallel hybrid vehicle, there is another source to charge the battery with the
help of regenerating braking system and excess power output of engine that is not
required for that speed. There is a permanent shaft between the wheels and the
motor. One major disadvantage is battery cannot be charged when the vehicle is at
steady state. The examples are: Lohner-Porsche Mixte Hybrid, Ferdinand Porsche,
and Honda Civic etc.

Fig. 1 Block diagram of series hybrid

Fig. 2 Block diagram of
parallel hybrid
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2.3 Combined Hybrid (Power Split Hybrid)

Combined hybrid systems have characteristics of both parallel and series hybrids.
There is a duos connection between the engine and the driven axle: electrical as
well as mechanical both that is shown in Fig. 3. The interconnecting power of
electrical and mechanical makes the hybrid vehicle very complicated [6]. The
power transmit to the wheels can be either electrical or mechanical or both. Parallel
hybrids also show this phenomenon of combined hybrid powertrain [7].

As conclude, power split hybrid are more effective because series hybrids are
more efficient at lower speeds and parallel tend to be more efficient at high speeds;
however, the cost of combined hybrid is higher than parallel hybrid because
combined powertrain merge the benefits and complexity of series and parallel
powertrain. Examples: Lexus RX, BMW X6, Lexus GS450, etc. (Table 1).

3 On the Basis of Electric Vehicle Speed Configuration

3.1 Single-Speed Vehicle Configuration

The main difference between the electric motor car and the conventional car is their
powertrain. The conventional car has a multi-speed gearbox that allows better
gearing for different speeds ratio, and mostly electric vehicle comes with
single-speed configuration, including the Nissan Leaf, BMW i3, and generally all
Tesla models. Tesla Model S comes with single-speed gearbox having a ratio of 9.7
[8]. Electric vehicle generates 100% of their torque as soon as they activate the
motor. Generally, the combinations of ability to meet an inclusive range of driving
handle condition using the electric motor and the desire for high efficacy. The
desired performance of the electric vehicle depends on motor design because
drivetrain have one and final gear ratio.

Fig. 3 Block diagram of
combined hybrid
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3.2 Two, Three, and Four Speeds Vehicle Configuration

A two-speed or even multi-speed electric vehicles, having a high-speed ratio, and
high economic requirements of driving of the vehicle from the torque power to the
motor speed with the technology of multiple speed gear ratios likely improve the
overall performance of the hybrid electric vehicle. It is completely feasible to design
a vehicle having multiple gear ratios but it is completely unnecessary what is being
demanded from the motor output. The designing of multi-speed gear ratio into the
electric hybrid vehicle is possible but it creates complexity, having extra weight that
decreases the overall efficiency of the hybrid vehicle.

The multiple speeds transmissions having two parallel gears that are coupled
with a single common clutch with the electric motor. Generally, multiple gears
system require a synchronize device for changing gears but in two-speed gear
transmission system, it does not require any synchronizer for shifting because
shifting is performed between the clutch. But in a three-speed transmission system,
a synchronizer pair is used for first and third gears to select alternate gear ratios,
while in the four-speed gear ratio structure, it has two synchronizers pairs. The
decrease in efficiency is viewed in different components [9], in the driveline, and
there are several losses which are present:

• Differential having 5% (approx.) loss
• Single gear friction having 1% (approx.) loss
• Single gear viscous having 1% (approx.) loss

Table 1 It shows the advantage and disadvantage of all hybrid vehicle powertrain

Vehicle
configuration

Advantages Disadvantages

Series hybrid No direct linking between engines to
wheel
ICE can be usually stop at zero
emission areas
Fewer floors require

Due to energy conversion there is
energy loss too
This hybrid is mostly suitable for
city driving
Weight, cost and size of the
powertrain can be unreasonable

Parallel
hybrid

ICE directly connected to wheels;
then less power loss
Most of the parallel hybrid vehicle
doesn’t require generator
It gives better efficiency during long
distance driving

Floor requirement is large
There is not constant RPM range in
ICEs, thus there is loss in efficiency
Too much complicated system

Combined
hybrid

ICE can be turned off when battery is
full charge or at zero emission zones
ICE speed can be chosen by adjusting
generator speed
Decoupling of the power supplied by
the engine that allows for a smaller,
lighter, and more efficient ICE design

Power vicious cycle may lead to
low efficacy
Relatively complex in structure
Due to complicated assembled part,
this hybrid is more expensive than
parallel hybrid
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• Due to wet clutches 2–3% loss
• In dynchronizer mechanism device having 1–2% loss.
• Other losses are also occurring (about 4–5% higher) when dry clutches were used

instead of wet clutches, and gear to gear losses are also increased by 2–3% [9].

4 Technologies Used in Hybrid Cars

The hybrid vehicles have significant technology that helps us to provide better
efficacy and save fuel during that time:

Braking Regeneration: The electric motor applied resistance (obstruct) to slow
down the wheels of vehicle. In return, the inertia of wheels rotates the motor in
opposite direction that is recaptured by generator and convert waste energy of
coasting or braking into electricity, which is further stored [10].

Electric Motor Drive: The electric motor supply extreme power to driveline of
heat engine while accelerating in pitching or inclined areas. In most of the areas, the
motor is only responsible for providing power in low-speed driving requirement
where heat engines are not more efficient. In several vehicles, the power for
low-velocity conditions are transmitted by the motor itself and it is eco-friendlier as
compared to the conventional vehicle.

Automatic ignition on/off: Self-executing technology shuts off the heat engine
when the vehicle is at idling state and restarts the engine when accelerating.
According to the research, the highest air pollution is recorded in the vicinity of traffic
lights areas. Therefore, a new hybrid technology could help in reducing the pollution
in those areas along with less energy consumption in heavy traffic driving [10].

5 Analysis

Hybrid vehicles are more fuel efficient; like two to three times than conventional
vehicle. That means the hybrid vehicle can exhale only one-third to one-half of the
greenhouse gases as compared to conventional gasoline cars (petrol or diesel cars).
As we see normal vehicles are one of the tremendous contributors to a global
warming, for this reason, hybrid vehicle plays an important role or a significant
contribution to fight against global warming problem.

In addition, hybrids also have a function to automatically shutoff the heat engine
when the vehicle is in the rest state that is why these vehicles are efficient at traffic
lights [11]. All this new technology comes with very high price than a conventional
vehicle because manufacturing of hybrid vehicle is complex to assemble and the
parts are also expensive than normal vehicles because of these technologies like a
regenerative braking system, batteries, and using of more than one motors.
Sometimes, the owner of the hybrid vehicle can spend more time in the repairer
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shop with a high repairer bill. Hybrid vehicle is not only responsible for generating
low pollution is also responsible for less noise pollution because nowadays, noise
pollution is being a big issue of World Health Organization but indirectly, this
technology is unsafe to those who rely with their ears that means visually impaired
who determine the road with the noise of vehicle whether it is safe to cross the road
or walk through a parking area [12]. Mostly, hybrid vehicle has two types of
batteries: (1) nickel metal hydride or (2) lithium-ion battery; both are regarded as
more environmentally friendly than lead-based batteries that incredibly bad for the
environment [13].

There is no need of any change when drive hybrid vehicle because these vehicles
also take gasoline from fuel stations to operate exactly the same as conventional
gasoline vehicles but the technology used in hybrid vehicle is apart from conven-
tional vehicle. That is proving with these points of hybrid vehicle over conventional
vehicle:

• Energy loss during braking is minimizing in hybrid vehicle.
• There is no requirement of high peak load of engine so it reduces the engine

weight as compare to normal vehicle.
• Hybrid vehicle is more fuel efficient than conventional vehicle. It also runs with

zero emission in highly polluted areas.
• Hybrid vehicle using alternative fuels so it does not depend on fossil fuels only [14].

6 Hybrid Powertrain Used in Maruti Suzuki Ciaz

Maruti’s newCiaz known as Smart Hybrid Vehicle System (SHVS) uses an upgraded
version of starter motor through which power is transmitted with the help of belt drive
that connect with the engine. This technical arrangement makes them completely
quiet at the starting of vehicle. The Maruti Ciaz performs three general purposes:
Hybrid electric motor that connect with engine, starter motor, and use generator to
charge the battery when the car apply brake or when it reduces their speed.

• The Maruti hybrid Ciaz also has an arrangement of start/stop and save fuel when
the car is at traffic light areas. The engine will restart instantly when the clutch is
released and works very silently because starter motor starts the engine with a
belt drive rather than the noisy gear.

• The Maruti Suzuki Ciaz Hybrid’s braking system, coupled with Integrated
Starter Generator that helps the engine in start–stop technology that automati-
cally stops the engine at a traffic area and start when releasing the clutch.

• With all these features the Maruti Ciaz Hybrid has a mileage of over 28.09 km
in 1 liter of diesel.

• Ciaz have a power of 88.5 bhp @ 4000 RPM with 200 Nm @ 1750 RPM
torque.
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Although it has basic start-stop system that only comes into play when the car
comes to a halt, there is already a more advanced system that works even when the
car is in motion. This system cuts off the engine but continues to run all the car’s
equipment’s like power steering, brake regenerative boosters, climate control sen-
sors, and electronic systems with the help of an electric generator [15].

7 Conclusion

After reading this paper, the developing need for the hybrid vehicle for a sustainable
transportation system is efficiently demonstrated. This paper shows all beneficial
and critical areas for all hybrid configurations, and the problem faced by the owner
in different situations with the impressive new technology of hybrid electric vehicle.
Hybrid vehicles not only offer a great encroachment of air emissions, it also helps
us to save the unnecessary use of fuel with their new technology to minimize losses
that occur during ideal and moving state. It is concluded that Hybrid Electric
Vehicles (HEVs) is able to merge the power generated by electric motors and heat
engines. In this configuration, both the sources can be employed either in combi-
nation or individually as per the requirements.
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Kinematic Synthesis of a Crossed
Four-Bar Steering Linkage
for Automobiles

Santiranjan Pramanik and Sukrut Shrikant Thipse

Abstract A crossed four-bar mechanism has been synthesized in a recent work
using Hooke and Jeeves optimization method. The maximum rotation of the outer
wheel is 49°. The track-to-wheelbase ratio is four-tenth. In the present work,
kinematic synthesis has been carried out using precision point technique for a
benchmark vehicle with track-to-wheelbase ratio of 0.326. There are two design
parameters only. The mechanism has two equal links which are the input and output
links. The nondimensional length of these links is one design parameter. The other
design parameter is the angle of inclination of these links with the longitudinal axis
of the vehicle. Two nonlinear equations have been obtained in this synthesis. These
are solved using Newton–Raphson method. Five precision points have been
obtained with maximum steering error of 0.01°. The mechanism needs two equal
spur or helical gears to be added to it so that it can produce a coordinated motion of
the front wheels. It has been found that the present method is more efficient than the
Hooke and Jeeves method since less number of iterations are required by this
method.
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1 Introduction

Steering mechanisms are very important for four-wheel vehicle for cornering
motions as accurately as possible. The design of steering mechanism should be such
that there is pure rolling motion of the wheels of the vehicles. There are several
types of steering mechanisms. The simplest mechanism is the four-bar mechanism
popularly known as Ackermann steering. This mechanism has four links out of
which two links are equal in length and other two links are unequal. The
Ackermann steering has progressive deviation in the steering error curve at the end
of rotation of inner wheel. Fahey and Huston [1] modified an Ackermann steering
to an eight-bar mechanism to increase the number of precision points in the error
curve in an extended range of motion. They considered the rotation of inner wheel
up to 61°. The maximum steering error is 0.03° only. But the whole mechanism is
placed ahead of the front axle. Also, there are two small links in the mechanism and
this disproportionate link is the cause of reduction of accuracy in the long run. That
is why their mechanism is not implemented in practice. A lot of research has been
carried out to improve the steering accuracy of the four-wheel vehicles.

Pramanik and Thipse [2] considered a crossed four-bar mechanism (CFBM) for
investigating its performance in regard to steering accuracy and transmission angle.
In comparison to Ackermann steering, CFBM has more number of precision points
in the error curve. They used Hooke and Jeeves method (HJM) to optimize the
mechanism. In the present work, algebraic method is used to synthesize the
mechanism. The procedure leads to a set of two nonlinear equations which are
solved by Newton–Raphson method (NRM). It has been found that both synthesis
methods are accurate but the NRM is more efficient as less number of iterations are
required by this method to achieve the final solution.

2 Crossed Four-Bar Mechanism

The crossed four-bar mechanism has been shown by linkage AGFB in the mean
position while the vehicle moves along a straight path. In this mechanism links AG
and BF are equal in length. These two links make equal angles with the vehicle
longitudinal axis. This means that the angles KAG and FBH are equal. These angles
are equal to b, one design parameter k2. The distance AB is taken as d. The steering
arm AG is equal to r and r/d is k1, another design parameter. Two spur gears are
used for producing coordinated motion of the two front wheels.

When the outer wheel rotates by angle GAD or a, then the inner wheel rotates by
angle FBE, i.e., h. So using Ackermann formula, we write the following ideal
equation.
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cot a� cot h ¼ t/w ð1Þ

In the above equation, t is the wheel track AI and w is wheelbase.
By referring to Fig. 1, the coordinates of the points D and E are as under:

D ¼ r sin bþ að Þ;�r cos bþ að Þf g and E ¼ dþ r sin h� bð Þ; r cos h� bð Þf g

Now, DE2 = GF2 gives the following relation.

dþ r sin h� bð Þ � r sin bþ að Þf g2 þ r cos h� bð Þþ r cos bþ að Þf g2
¼ d � 2r sin bð Þ2 þ 2r cos bð Þ2

Writing r/d = k1 and b = k2, we get

1þ k1 sin h� k2ð Þ � k1sin k2 þ að Þf g2 þ k21 cos h� k2ð Þþ cos k2 þ að Þf g2
¼ 1� 2k1 sin k2ð Þf g2 þ 4k21 cos

2 k2ð Þ
or;

k21 sin h� k2ð Þ � sin k2 þ að Þf g2 þ 2k1 sin h� k2ð Þ � sin k2 þ að Þf gþ k21fcos ðh�
k2Þþ cos k2 þ að Þg2 ¼ �4k1 sinðk2gþ 4k21
or;
k21 2þ 2 sin k2 � hð Þ sin k2 þ að Þþ 2 cos k2 � hð Þcos k2 þ að Þf g � 2k1fsin ðk2�
hÞþ sin k2 þ að Þg ¼ �4k1 sin k2ð Þþ 4k21
or; �2k21 þ 2k21 cos aþ hð Þ ¼ 2k1 sin k2 � hð Þþ sin k2 þ að Þf g � 4k1 sin k2ð Þ
or; k1 cos aþ hð Þ � 1f g � sin k2 � hð Þ � sin k2 þ að Þþ 2 sin k2ð Þ ¼ 0

ð2Þ

3 Numerical Analysis and Result

The Newton–Raphson method has been used to solve the nonlinear equations
involving two design parameters. The Eq. (2) can be rewritten as

Fig. 1 A crossed four-bar
steering mechanism
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y ¼ 0 ð3Þ

When (a, h) combination is replaced by (ai, hi) in the Eq. (3), then y is replaced
by yi where i = 1, 2. This gives two equations with two unknowns. The function yi
can be written as

yi ¼ yi k1; k2ð Þ ð4Þ

The initial estimates for the roots of the system of equations have been taken as
under:

r ¼ 0; K10 ¼ r=d ¼ 0
b ¼ 0; K20 ¼ b ¼ 0

Let K10 and K20 be the initial estimates of the design parameters. Let DK1 and
DK2 be the respective corrections so that the Eq. (4) are satisfied, i.e.,

f1 K10 þDK1;K20 þDK2ð Þ ¼ y1
f2 K10 þDK1;K20 þDK2ð Þ ¼ y2

ð5Þ

Expanding the Eq. (5) by Taylor’s theorem about the initial solution and
neglecting the higher order terms, we obtain the following matrix equation.

y1� f1 K10;K20ð Þ
y2� f2 K10;K20ð Þ

� �
¼ @f1=@K1 @f1=@K2

@f2=@K1 @f2=@K2

� �
DK1
DK2

� �

This can be written as

P ¼ J½ �Q
or Q ¼ J½ ��1P

where [J] is called Jacobian Matrix, Q the correction vector, and P the error.
The correction thus obtained is used to update the initial estimate, i.e.,

K100 ¼ K10 þDK1 and
K200 ¼ K20 þDK2

The wheel track-to-wheel base ratio has been taken as 0.326 from a benchmark
vehicle. The precision points are taken as 27° and 40° rotations of the inner wheel.

The solution to the nonlinear equations is found as under:
k1 = 0.3833; k2 = 0.4970 rad= 28.48°.
The dimensions of various links are d = 10 unit; r = 3.833 unit; b = 28.48°.
The maximum value of the steering error is 0.007° over a range of rotation of

40° of the inner wheel.
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4 Conclusion

The steering error curves have been shown in Fig. 2 to compare the accuracies of
the two methods. It has been found that both methods are accurate but in the Hooke
and Jeeves method, the designer has no control on the location of the precision
points. In Newton–Raphson method the selected precision point is achieved. The
steering range has been increased in Fig. 3 up to 60° and errors have been

Fig. 2 Steering error curve

Fig. 3 Steering error curve
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compared. It has been observed that in case of large rotation of the inner wheel, the
divergent end behavior of the curve is more prominent for the Hooke and Jeeves
method. In case of Newton–Raphson method, the initial solution of zero values of
the design parameters can progress toward the final solution. This is not true for the
other method. Hence, the algebraic method is better than the Hooke and Jeeves
method. The length of steering arm is high and therefore, the mechanism has been
reduced to half size and a parallelogram mechanism has been added in Fig. 4. In
this way, the steering linkage has been reduced to acceptable size.
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Designing a Biomimetic Flapping-Wing
Air Vehicle Capable of Controlled
and Sustained Flight

Burela Ramesh Gupta, Kartikaye Uniyal and Anunay Kausteya

Abstract Flying vehicle that is propelled by flapping wings also known as
flapping-wing air vehicles (FWAV)/Ornithopters has been a subject of exploration
due of its possible use towards unmanned air vehicles (UAV), micro air vehicles
(MAVs). Birds and insects fly with unprecedented agility in flight. These FWAVs
seek to mimic the motions of such naturally found species. They can find their use
in military surveillance or for forestry and wildlife survey. Ornithopters are vehicles
that generate the necessary thrust and lift by flapping motion. This exploration work
contains a detailed description of the mechanical and the electrical systems used in
the FWAV. This paper also focuses on the production process involved in the
making of FWAV. This paper also gives an insight about the initial control
experiments that were performed. Instead of focusing on problems of small MAV
which revolves around miniaturization of the mechanism and electrical energy
storage. Our work concerns itself more with the topic of robot locomotion. Thus, it
will give details about how one can achieve better stability and control on the flight
of an Ornithopter. The developed FWAV has a wingspan of 1.17 m, designed for a
kerb weight of 1000 grams. The prototype has been designed specifically for the use
of exploration. The designing make extra efforts to enhance payload size, control
stabilization, wing efficiency and crash survivability.
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1 Introduction

In cutting-edge years, the improvement and exploration done on the flapping wing
are getting the upward push. That is because of the development of the technology
of micro additives consisting of an electric motor. The army specifically may be
very interested in its improvement. Though, the exploration is in particularly new,
there is some achievement within the try to simulate the bird’s flight. Due to the
present day enhancements in other unmanned aerial cars (UAVS), the progress of
flapping wing MAV has been slowing behind, because of the complication of the
layout and the unstable aerodynamic effects of the flapping wing. Flapping wing
MAV have been regularly being picked up and exploration similarly. The flapping
wing MAV has a couple of advantages in comparison to the alternative sorts of
MAV (quadcopters, single rotor drones, double rotor drones, helicopter drones and
so forth). Flapping wing MAV is capable to float and might achieve this instead of
making a lot of noise. But the most notable advantage is that it mimics either an
insect or a bird. Be it at the war zone or for exploration of wildlife in which mixing
among the encompassing and no longer being found is key to the success of
mission. Flapping wing MAV can be classified into: Entomopters (like insect––
flapping) and Ornithopters (bird like flapping). While the entomopters is capable of
flying; the ornithopter is able to best flying ahead and float as well.

On these studies, a new kind is developed to carry the payload. First, three birds
resembling FWAV, which has more than one wings, as a biomimetic, is fabricated;
layout is built totally on the features of formerly superior FWAVs. The goal is to
manufacture the prototype which is lightweight and cost-effective, so as to make the
product commercially viable (Table 1).

Table 1 Overview of investigated FWAV

Parameter Model

Park Hawk design by Sean Kinkade [1] Phoneix (MIT) [1]

Wing size 1.3 m 1.8 m

Fuselage
length

28 cm 32 cm

Weight 395 g 1197 g

Stroke angle 10–30° 25–40°

Max frequency 12 Hz 15 Hz
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2 Process of Production and Design

The general format and production manner is offered in Fig. 1. Layout specs for a
successful flight are described in desk 1. As an example, numerous situations along
with the fuselage length, flight time and wing length are decided.

The following steps will be able to pick out additives inside the layout of an
FWAV. The detailed mechanism of flapping by using SolidWorks software pro-
gram, fuselage and wings are designed. The design of this step is also determined
by the association of several components of electronic nature together with a pace
controller, a transmitter and a battery

Fig. 1 The design and production process of the FWAV [2]
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Afterwards, the layout step of each part is fabricated using several production
techniques with excessive precision of the FWAV. Several elements of subsystems
are to be assembled, after being made separately. The tolerance and accuracy of the
elements are checked throughout the metric system. In further steps, the FWAV that
has been assembled is the specific layout of the FWAV. When manufactured, the
flapping wing movement should comply with the initial layout and design for the
flapping wing mechanism.

Else, the required procedure will go back to the previous step as explained by the
flow diagram in Fig. 1. This process is repeated until the working of all the sub-
systems is achieved. At the last step, the layout needs to be described at step one
and is checked via the test of flight. The flight time and most of the frequencies are
specifically checked in this step. If the design requirements are not reached, the
design will be further changed according to the needs and the process will be
repeated once more. If the design requirements are satisfied, the format and pro-
duction techniques are further decided.

2.1 CAD Design

In the design criteria, using the dimensions (Table 2), using SolidWorks a CAD
design was modelled. This could integrate a horizontal stabilizer tail design and a
transverse shaft mechanism. Both roll control and pitch can be provided, here the
design of horizontal stabilizer tail was chosen. The preliminary design (CAD
model) is shown in Fig. 2.

Table 2 The bird mimicking
FWAV design requirements
definition

ITEMS Design Req.

Wing type A pair of wings

Wing size 1–1.5 m

Fuselage length 30 m

Weight 1000 grams (at max)

Stroke angle 40–50°

Maximum frequency 5

Flight time >10 Min

Fig. 2 CAD model
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Initially, the components to be used were decided. After procurement of mate-
rial, each component was weight as shown in Table 3. To compare the possible lift
that can be generated, the components of total weight could be used.

2.1.1 CAD––Dimensions for Design

To determine accurately the payload for flight and dimensions, a lift equation was
used. Some of the suppositions that have to be made prior to using this following
equation:

(1) Due to assumptions made there are certain forces that contribute to the gen-
eration of lift while flapping will be neglected.

(2) The location of the wing and time do not affect the coefficient of lift.
(3) Blade element theory has been ignored by induced inflow. The rectangular

wing-shaped equation for a lift could be expanded to, from the suppositions
made

L ¼ 1
3
u2p2Cl qCo l

3 ð1Þ

Table 3 Weights of
individual components

Components Weight Unit

BLDC motor 72 g

Receiver of Radio 10 g

Servos 32 g

Battery Li Po 152 g

Controller electronic speed 30 g

Fuselage 167 g

Transverse shaft 95 g

Gears 44 g

Tail holder 34 g

Wings 156 g

Tail 60 g

Table 4 Design parameters Parameter Values Unit

Amplitude of flapping 40 Degree

frequency of flapping 4.603 Hz

Coefficient of lift 0.27 –

Density of air 1.225 Kg/m3

Length of chord 0.27 M

Span of wing o.54 M

Lift 9.514 N
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where the angle of flapping is u, the frequency of flapping is f, chord length is Co

and the length of wingspan is l. For a wing that is shaped rectangular this is the
equation, however, the equation, as mentioned above, gives us only a preliminary
estimate of the lift achieved, for the given specifications mentioned in Table 4.

2.2 Production Material

Balsa wood, carbon fibre and acrylic were the three materials being considered due
to their high strength to weight ratios. The first material of choice was to use carbon
fibre. Carbon fibre is relatively expensive and can only be laser cut, therefore, once
the sheet is cut, it is difficult to do alteration with the fuselage as laser cutting can
burn some of the components attached to the body. Balsa wood is a suitable
material because it is extremely light and it is easy to machine it. However, the
desired strength cannot be achieved with the use of balsa wood. Acrylic sheet and
carbon fibre were the solitary choices remaining. Like carbon fibre, acrylic is not as
strong and light but was used for the initial design. For precision cutting, Laser
cutting machine was put to work. Later, medium-density fibreboard (MDF) was
used to make the fuselage as it has better strength then acrylic sheet and is much
lighter in weight.

2.3 Wings Design and Production

Crafted from spokes utilized in cycle; the wings have a triangular guide shape.
A strut connects from the rear of the Ornithopter s body to a point near the stop of
the number one spar and the primary spar runs along the main fringe of the wing.
There are numerous small spokes that are joined together by welding, which
contribute to the desired shape of the wing. The wing is connected with a small joint
at the trailing edge. The wings have a triangular guide shape. There are support
structures in form of additional wire structure to divide the load on the wing and in
order to support the wing spar. The wing has three subparts a wing spar rod, wire
support structure and thin slices of SELIG 1020 airfoil in between. The usage of

Fig. 3 Airfoil SEIG 1020
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these thin slices offers the popular airfoil form to the wings, at the same time, there
may be minimal weight addition (Fig. 3).

‘Because the lift coefficient of the rigid span wise is higher that that of the
flexible span wise in unsteady state flight’ [3], we used plastic(Nylon) rods to make
the span structure of a mechanical Ornithopter which is sufficiently rigid. With wire
mesh along the trailing edge, from a woven nylon membrane the wings are made,
and near the tail to a point on the centreline, diagonally transverse masts from the
leading edge, to the body by hinges at the centreline of the body the leading edge
masts connect. ‘The arrangement of the spars in the wings create a taught mem-
brane most of the wing surface, with a small amount of flexing toward the wing tips.
This flexing provides the forward thrust when the wings are flapping’ [4] (Fig. 4).

2.4 Tail

With its intended use, the tail design varies. Only for stability, but in most cases,
they are used for control. Around the angle 15° or less, the tail is tilted upwards
mostly for the nose to pitch up. The more common designs that are put forth for
control are the swinging and the tilting tail due to their simplicity. To a point when

Fig. 4 Wing with wire mesh
and slices of styrofoam sheets
cut in the desired airfoil shape

Fig. 5 Swinging tail
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it swings, a rolling moment of the swinging tail works to either side. The tilting tail
works like a rudder, when it rotates to the right it causes the MAV to tilt to the right
side for pitch and rolling motion, a horizontal stabilizer can act as an aileron
providing additional control. This design requires two servos to be used and a crank
link to connect both the motors to give a complete movement (Figs. 5 and 6).

2.5 Electronics

‘In remote controlled planes an elevator and a rudder are sued for the control of the
direction. Likewise an elevator and a rudder are attached for the FWAV in the tail
wing. A lightweight receiver and a speed controller are also required for the radio
control’ [2]. A speed controller and lightweight receiver are also needed for the
radio control. For the purpose of tail movement, two MG996R servo motors have
been used at the tail link, ‘this servo is very fast and commonly used in helicopters
as well as other kind of applications that needs a very fast output speed’ [5]. Which
gives the yaw movement via a crank link mechanism. This tail link also houses the
second motor, which is directly connected to the tail and is responsible for the
rolling movement. Hence, a combined component, which comprises of two-servo
motors, a speed controller and a receiver, is selected as demonstrated in Fig. 7.

Fig. 6 Tilting tail

RX
receiver 

Hand held 
control 

Servo A (rolling movement

Servo B (pitching movement) 

ESC 

BLDC 
motor

Battery

Fig. 7 Block diagram of the electronic circuit
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To supply the whole system, a battery must be selected as such that it has higher
resilience, light weight, portable and economic. In order to have a better under-
standing of how the model reacts in gliding conditions, a battery which can give a
longer run time was selected. To serve this purpose, a battery of 11.1 V 2200 mAh
was selected. The calculated battery runtime in the current electronic setup is
10 min 24 s.

2.6 Gear and Motor Selection

The drive mechanism converting the electric power from the battery to the flapping
motion of the wings is the most critical part of the Ornithopter. To manufacture and
design gearbox is complex, because it must endure major forces which reverse
directions numerous times, while at the same time it should be very durable and
light. Because small gears in the gear assembly must be made of metal which makes
it necessary to trim as much weight as possible, the following can be achieved by
performing dynamic analysis on the gear assembly. The system of drive views a
breakdown of four different parts:

1. The electric motor.
2. Stage of gear reduction.
3. The high torque rotation is converted by a linkage into a reciprocating

movement.
4. A connection for the wing spars.

A highly integrated design is required to maximize the power to weight ratio but
through that, the analysis of parts comes down evenly. ‘For the gearbox, multiple
stages add to its complication, but it allowed us to attain better reduction ratios
without using extremely large gears’ [1]. ‘The transverse shaft design is usually
used for a bigger MAV designwhere weight could be overcome by large wings’ [5].
For the gearbox, multiple stages add to its complication, but allow to attain better
reduction ratios without using extremely large gears. We have achieved the desired
gear reduction ratio of 21:1 with a three-stage gear mechanism detail of which is
given in Table 5 (Fig. 8):

In the marketplace, the gears available were either too big or too small. Hence,
they had to be fabricated as per custom design. The design of gears depends upon

Table 5 Details of the gears

Details No of teeth Module Dia. of gear (mm) Material

Motor gear 26 0.7 18.2 Brass

Small gear (2 gear assembly) 11 0.9 12.6 Brass

Big gear (2 gear assembly) 77 0.7 55.30 Nylon

Gear of motor 66 0.9 61.20 Nylon
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RMP on which the motor rolls because it is required to bring down the speed at
which the motor is running as the flapping speed requires to be at a much slower
pace than the speed at which the motor is revolving.

The rating of motor impacts the gear ratio, which in turn impacts the frequency
of flapping, and here, the frequency of this is

Flapping frequency ¼ Motor load speed
Gear ratio � 60

ð2Þ

Brushless outrunner motor is the motor that is used here. Outrunner motors
ratings are having low KV which means the torque is more but speed is less. For
this project more than speed, as the motors have to turn the gears to flap, higher
torque is needed. In order for the motor to be attached to the frame of flapping
mechanism, with ease, instead of a separate mount so that the COG could be
centrally aligned, two motors were selected based on the parameters, and we chose
the one based on the maximum output in terms of torque generated, which tapers
down to two motors as displayed in Table 6.

Motor 1 was chosen because we needed a motor that could generate high torque
at low RPM so that gear reduction could be reduced (Fig. 9).

Fig. 8 Gear assembly

Table 6 Specification of
motor

Specification/motor Motor 1 SG90

Stall torque (6.0 V) 13 kg/cm 2.4 kg/cm

Voltage (V) 4.8–6.0 V 4.8–6.0 V

Weight (g) 32 11
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3 Results

The phenomenon of a hovering flight based on an MAV was the goal of this paper,
which majorly focused on the improvement of the wing design and the controlla-
bility of the several iterations in the connections of the wing spar rod. These targets
were fully achieved. The mechanism selected for turning the gyration of the DC
motors for flapping movement of wings is precise and take it towards its running,
which can be referred to as error free.

The use of the transverse shaft enables two cranks to be connected to the same
output gear. This approach is lighter, since it saves one gear but usually presents
greater friction in the joints, both at the crank and at the wing, as well as being
slightly more difficult to build. For smooth power transmission, several iterations
was done to make the meshing of the gears accurate. There was some free
movements in the initial set up of the gearbox when the shaft and the driven gear
was fixed with adhesives, Later, the driven gear was designed with a hub so that the

Fig. 10 Transverse shaft
assembly

Fig. 9 FWAV made
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link between the shaft and gear can be fixed firmly and there is no play involved
(Fig. 10).

Eight iterations were made in the FWAV so that flapping motion could be with
the desired shape of wings. The flapping was not enough to generate lift for a
sustained flight. For finding the optimal wing and mechanical configuration instead
of confining our design to be as close to investigated FWAV and their parameters,
we can extend our search space to generate more lift. There were no enhancements
so far on the motors. With different parameters such as velocity constant, many
suppliers have DC motors of the same size, but advancements should be made
regarding the controlling ability by the way of regulating the motors and decreasing
play in the structure. Furthermore, for further improvements, the gained knowledge
can be used.

The use of two servo motors adds more weight at the trailing edge of the
Ornithopter, thus, the use of smaller servo motors is suggested. The flight tests
conducted with the Ornnithopter confirmed that it has very less weight capacity to
accommodate complicated sensor packages and onboard computers.

Two options thereby come into focus:

1. Either increase the payload capacity of the Ornithopter or to use miniaturized
sensor pack so that the overall payload decreases. A preliminary analysis of the
payload and carrying size displayed would be possible to make an Ornithopter
sufficiently big. Besides the advantage of using sensors and a computer, we have
already been adapted with a greater vehicle which would have slower dynamics
and would be easier to examine and manage when the project is advanced.

2. To accommodate the weight, an increased payload to allow the extension of the
system with the adding of more sensors in the future and if the computer was
also downsized, will result in improved performance.

4 Conclusion

With sensors like an inertial measurement unit, at the lab, instrumentation could be
done either onboard or offboard with the capture system of Vicon motion. The
Vicon environment presented delivers brilliant data and is simple to set up, but it is
short to grab data of free flight for the 1.17 m wingspan vehicle with its grabbing
area of approximately 3 � 3 � 2 m.

In the physical structure of the bird such as using another kind of material
instead of fibreglass to construct the body, we could change a lot of different
characteristics, although relatively light, the fibreglass still corresponds to almost
one-third of the global weight of the robot. Using balsa wood or another kind of
light material like carbon fibre, the body could be constructed.
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Electrical Discharge Diamond Grinding
(EDDG): A Review

Rajat Sharma, Ayush Gupta, Umesh Kumar Vates
and Gyanendra Kumar Singh

Abstract Due to the lower productivity of electrical discharge machining
(EDM) process, it is not widely used for machining purpose. So, a new hybrid
machining process (HMP) has been discovered, namely electrical discharge dia-
mond grinding (EDDG). This EDDG is the combination of electric discharge
machining (EDM) and grinding wheel with metal-bonded diamond grit. EDDG
gives better performance than EDM due to the spark generation the rotating dia-
mond wheel. This paper aims to summarize the work done by various researchers
on EDDG process along with developments in the same area. Various output
responses such as Wheel Wear Rate (WWR), Surface Roughness (Ra), Average
Surface Roughness (ASR) and Material Removal Rate (MRR) have been analysed
by different researchers considering various factors like pulse current, wheel speed,
pulse on time, duty factor, Abrasive Particle Size (APS), infeed, pulse off time and
abrasive particle concentration (APC) as input parameters, to compare the perfor-
mance of the process considering different configurations of EDDG. The study
reveals that EDDG can be efficiently used for grinding, super alloys, MMCs, cre-
mates and various combinations of carbide steel. Further, it was concluded that
online dressing, thermal softening of the workpiece and de-clogging of the wheel
are remarkable features of EDDG. This process has a great future scope as it
provides us the surface finish in order of few nanometers.
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1 Introduction

Grinding generally is the last and important step in manufacturing processes,
therefore, the improvements in this process are necessary. The improvements in this
process are basically measured in terms of WWR, Ra, MRR. The visible surfaces of
the final workpiece need to be faultless and with minimum marks on it [1]. The
major problem arising during the grinding of the workpiece is found to be the
presence of microcracks. Therefore, the hybrid grinding process is developed to
overcome this problem and for grinding electrically conductive hard to be machined
materials, which combines EDM and metal-bonded diamond grinding known as
EDDG [2].

Spark is generated during the process, as shown in Fig. 1, which thermally
softens the workpiece, hence decreasing the normal forces which further reduce the
grinding power [3]. This results in lowering the WWR and Ra and increasing the
MRR. Therefore, online dressing, thermal softening of the workpiece and
de-clogging of the wheel are noticeable features of EDDG [4].

The diamond wheel with metal bonding is connected or attached to the EDM
apparatus in one or another way. The workpiece is completely soaked in dielectric
liquid. An electric motor drives the wheel usually through a belt-pulley arrange-
ment. Variable speed drive provided helps in changing the speed of the motor. The
whole apparatus is resting on a solid base, as shown in the Fig. 2. Servo system
helps in preventing physical contact between wheel and the work. The MRR and
quality of the surface are improved by the abrasive action in the given process [5].

2 Classification of Electro Discharge Diamond Grinding

EDDG can be broadly classified in the following three different configurations:

1. Surface configuration of Electrical Discharge Diamond Grinding (EDDSG).
2. Cut-off configuration of Electrical Discharge Diamond Grinding (EDDCG).
3. Face configuration of Electrical Discharge Diamond Grinding (EDDFG).

Figure 3 shows the various configurations of EDDG.

Fig. 1 Schematic
representation of wheel-work
interface in EDDG [2]
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2.1 Surface Configuration of Electrical Discharge Diamond
Grinding (EDDSG)

The periphery of grinding wheel helps to grind the surface of the workpiece in
EDDSG. Wheel, which is mounted on the ram, acts as an electrode having its axis
parallel to the workpiece. The grinding wheel is allowed to rotate about its hori-
zontal axis under the action of servo system. The reciprocating action of work helps
in achieving relative motion between job and grinding wheel which further results
in grinding of the required work. Thickness of the job in this process under normal
conditions is more than that of the wheel.

The Finite Element Method (FEM) was implemented by Yadava et al. [6] to find
out the temperature distribution in the job due to EDDSG. They stated that gen-
eration of high temperature during the process leads to the generation of

Fig. 2 Schematic diagram of EDDG process [27]

Fig. 3 Configurations of Electrical Discharge Diamond Grinding (EDDG) [23]
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microcracks, thermal stresses and burn marks. The effects of heat flux, heat distri-
bution, table speed and depth of cut on the temperature of the topmost surface of the
workpiece during grinding of a High-Speed Steel are studied. From their experi-
ments, they concluded that temperature at the topmost surface increases with an
increment in depth of cut and table speed (Vt). The temperature rise at the topmost
layer of the workpiece seems to be reduced when a bigger wheel was used [6].

Yadav and Yadava [4] predicted wear and Ra in EDDG process using different
techniques, namely design of experiments technique and neural network technique.
The material used for experimentation purpose was HSS. Input parameters chosen
were pulse current (I), duty ratio, wheel speed (N) and grain size. From their study,
they concluded that for minimum WWR, ranges of I, duty ratio, N and grain size
should be low. For better surface finished workpiece, range of I, duty ratio and grain
size should be low, whereas N should be high [7].

Sunder and Yadava [8] examined EDDSG by keeping Al–SiC metal matrix
composite under observation. They declared the grinding of MMCs to be difficult
due to the presence of hard ceramic in them. They studied how MRR and Ra are
affected by I, pulse on time (Ton), N, duty factor (df). A conclusion was made from
their observations that lower I, df, Ton and high N must be selected to achieve better
Ra. On the other hand, for higher (MRR), I, N, Ton should be high and df must have
lower range [8].

Balaji and Yadava [9] proposed that the higher values of temperature and huge
thermal stress generated during EDDG acts as an obstruction to good surface
integrity of the workpiece. 3D thermal finite element (FE) simulation of EDDSG
has been studied. The experiments were performed on HSS workpiece. The effect
of various dielectric fluids, df and partition of energy during the process on the
temperature distribution and MRR are reported. Near the top surface, it was found
that there is high-temperature gradient. This results in the generation of thermal
stresses during the process. MRR was observed to be increased with increase in
Energy partition, df and Discharge voltage (Vd). It is found to be inversely pro-
portional to feed [9].

Taguchi methodology was made into use by Choudhary et al. [10] to determine
the optimum conditions for grinding AISI D2 Die Steel employing Electrical
Discharge grinding under surface configuration. From their experiments, they
determined that increase in MRR is observed with increasing abrasive particle size
(APS), I, N and Ton and decreases with increase in Abrasive Particle Concentration
(APC) and Toff. It was also observed that larger size abrasives show more partic-
ipation as compared to the smaller particles. I, APS and rotational speed of the
electrode were declared as most consequential parameters affecting the EDSG
process [10].

Sunder and Yadava [8] discussed the optimization of MRR and Ra in EDDSG
process in terms of N, depth of cut, Vt, Ton, I and df. Experiments were carried out
on Al–Al2O3 metal matrix composite (MMC). The categorization of the effect of
different input factors in percentage contribution of decreasing order was as shown
in Table 1 [11]. Almost similar analysis was done in Agarwal and Yadava [12]
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keeping Al–SiC composite under observation. The percentage contribution of
different factors is shown in Table 1 [12].

2.2 Cut-Off Configuration of Electrical Discharge Diamond
Grinding (EDDCG)

As in EDDSG, outer edges of the metal-bonded diamond grinding wheel are used
in EDDCG to cut the workpiece in pieces. The grinding wheel is placed on the ram
having machining table parallel to wheel’s axis. Servo control system controls the
upward and downward motion of the rotating wheel. The physical contact between
wheel and job is avoided. Electric sparks occurring between diamond wheel and
workpiece surface results in simultaneous heating and softening of the work sur-
face. The wheel used in EDDCG is usually thinner than that of EDDSG.

Yadav and Yadava [13] reported Artificial Neural Network (ANN) for modelling
and Grey Relational Analysis (GRA) analysis for multi-objective optimization of
EDDCG by performing experiments on cemented carbide. In their work, the main
objective was to find the optimize parameters to improve the MRR and decrease the
Ra. The optimum input parameters found were I = 5A, Ton = 50 ls, df = 0.70 and
N = 1300 RPM. The percentage improvements with respect to initial experimental
arrangements were 87.23% in MRR and 18% in Ra [14].

Yadav and Yadava [13] examined EDDCG of Ti–Al–Mo–V for MRR and Ra.
The effects of N, I and Ton were studied by them. The influence of abrasion and
electro erosion on the surface of the workpiece has also been observed by making
Scanning Electron Microscope (SEM) technology in use and concluded that on
increasing the current (3A–9A) grooves generated by abrasives on the surface
reduces in number [13]. Almost similar work was done by Yadav and Yadava [13]
by performing experiments on cemented Carbide. The effect of N, I, Ton and duty
factor on MRR and Ra was studied and SEM of the surface was done by taking
current 3A and 5A. Surface of the workpiece machined at 5 A was seen to have
better finish [15].

Unune and Mali [16] determined the optimal machining parameters EDDCG.
Job under consideration was Inconel 718 workpiece. Taguchi orthogonal array with
grey relational analysis was utilized to determine multiple performance character-
istics. The wheel speed was reported to be the most significant factor in EDDCG.

Table 1 Percentage contribution of various parameters during EDDSG [11, 12]

References
no.

Wheel
speed (N)

Current
(I)

Depth
of cut

Pulse on
time (Ton)

Table speed
(Vt)

Duty
factor
(df)

[11] 44.15 25.12 13.00 11.69 3.50 2.40

[12] 46.36 22.66 10.76 9.80 6.45 3.97
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The optimal values of process parameters suggested were N 1200 rpm, I 10 amp,
Ton 100 µs and df of 0.69 for improvement of grey relation grade by 4.321% [17].

2.3 Face Configuration of Electrical Discharge Diamond
Grinding (EDDFG)

In EDDFG, face of the grinding wheel is used to perform the operation. The feed is
provided in the direction perpendicular to the workpiece and rotation is allowed
along the vertical spindle. The upward and downward motion to the wheel is
provided using servo mechanism, which also prevents physical contact between job
and the electrode wheel. Softening of the workpiece occurs as a result of electric
sparks. The diameter of workpiece is generally kept smaller than that of the
diameter of grinding wheel with diamond grit.

Singh et al. [18] combined conventional grinding and EDM to overcome
problems like presence of re-solidified layer, large tool wear rate and thermal cracks
while performing electro discharge face grinding of WC–CO composite. They put
Taguchi method and grey relational analysis in use to determine optimum
machining parameters. They analysed the effect of input parameters like N, I, Ton

and df on the output parameters like MRR, WWR and ASR. They concluded that
the MRR increased with increase in I, while N decreased with increase in Ton.
WWR and ASR increased with N and I. N was observed to be the most significant
factor affecting EMDFG. Overall, MRR witnessed improvement by 86.49%, WWR
witnessed reduction by 21.70% but ASR reported deterioration by 14.86% [2].

Singh et al. [19] proposed an experimental study and optimization of parameters
of EDDFG. They conducted experiments on ELEKTRA PULS EDM machine.
They reported the used of Taguchi method along with GRA and entropy mea-
surement for multi-performance characteristics. It was observed that increasing N, I
and Ton increased the MRR and also the same decreased with increasing df. Ton

along with df were identified as the most influencing factors affecting EDDFG [16].
Shrivastava and Dubey [20] used Taguchi methodology and response surface

methodology for optimization of EDDFG process. They adopted a hybrid
machining process comprising diamond grinding and electro discharge grinding.
Experiments along with the use of specially designed orthogonal array were per-
formed on high-speed steel workpiece with spark erosion oil as dielectric liquid.
They machined each workpiece for 60 min. They analysed quality characteristics
like MRR, ASR and WWR [18]. Similar work was done by Singh et al. and
Shrivastava and Dubey [19, 20] in which EDDFG of cemented carbide–cobalt
composite was done. Tungsten carbide and cobalt was chosen as the workpiece due
to its high hardness and perfect resistance to shock and wear. Optimum valued
obtained from their TM approach and hybrid approach is shown in Table 2. [19].

Yadav et al. [21] proposed experimental model for optimization of EDDFG.
Process performance of copper–iron–graphite metal matrix composite has been
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studied by optimizing MRR and SR. Input parameters taken were peak I, Ton, Toff

and grit size. They identified that I and grit size of diamond were significant factors
for MRR while I and Ton were significant factors for SR. The improvements of 95%
and 29% were reported in optimization results of MRR and SR respectively [20].

Yadav et al. [22] investigated multi-objective optimization of process parameters
in electro discharge diamond face grinding based on ANN-NSGA-II hybrid tech-
nique. High-speed steel cylindrical workpiece of diameter 25 mm was kept under
consideration. In their research, they proposed that combination of high N, mod-
erate pulse I, high Ton and moderate df are suitable for higher MRR, whereas
combination of moderate N, low I, high Ton and high df of process parameter are
suitable for better surface finish [23].

Unune and Mali [17] used response surface methodology and genetic algorithm
for the optimization of electro discharge diamond face grinding of tungsten car-
bide–cobalt composite. Input parameters considered for their research were N, I,
Ton and df, whereas output parameters took under consideration were MRR and Ra.
The conclusion drawn from their work was that a suitable combination of input
parameters and optimal parameters settings provides higher MRR and Ra [21].

Yadav et al. [24] applied non-dominated sorting genetic algorithm for
multi-objective optimization of electric discharge diamond face grinding process on
cylindrical high speed workpiece of 25 mm diameter. In their study, they consid-
ered pulse I, Ton and df as input parameters and studied their effect on MRR and
surface finish. They proposed that optimal solution provides many combination of
lower surface roughness with varying MRR, which facilitates selecting a better
combination of process parameters as per product or design requirement [22].

2.4 Some Newly Developed Configurations of EDDG

Slotted-Electrical Discharge Diamond Grinding (S-EDDG)
A new configuration of EDDG process in cut-off configuration with slotted wheel is
reported by Yadav and Yadava [25]. The experiments were performed on Al/SiCp/
B4Cp hybrid MMC. They described that the need to find this new configuration
was that in EDDG process, the loss of diamond particles was very frequent
moreover entrapment of leftover chips into the gaps of wheel was a disadvantage.
Therefore a slotted abrasive grinding wheel was used to remove these drawbacks. I,

Table 2 Optimum valued obtained from TM approach and hybrid approach [18, 19]

References no. Approach type MRR (mm3 m−1) WWR (g min−1) ASR (µm)

[20] TM 1.8254 0.005223 3.312

Hybrid 1.9457 0.001266 2.91

[21] TM 0.3945 0.008104 3.11

Hybrid 0.7982 0.006122 2.78
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Ton, Toff, N and abrasive grit number were taken as input parameters while MRR
and Ra were taken as output parameters. They reported that the S-EDDCG gives
about five times higher MRR than electric discharge cut-off machining (EDCM)
and two times higher MRR than electric discharge cut-off grinding (EDCG),
respectively. It also gives about three times better surface finish than EDCM and 1.5
times improves surface finish than EDCG processes [24].

Yadav and Yadava [26] describes modelling and optimization of EDDG process
in face configuration with slotted wheel by machining Aluminium–silicon carbide–
graphite composite and by applying techniques like ANN and non-dominated
sorting genetic algorithm-II (NSGA-II). Input parameters taken were I, Ton, Toff,
grit number and N whereas MRR and Ra were considered as output parameters.
Their results showed a good support with experimental data with absolute per-
centage error of 4.28% and 5.09% for MRR and Ra respectively [25].

Electrical discharge diamond face surface grinding (EDDFSG)
This was a new configuration was investigated by Yadav and Yadava [27]. As per
experimental setup, two aluminium plates are placed perpendicular to each other in
vertical and horizontal direction. EDM RAM is attached to horizontal plate and axis
of grinding wheel is perpendicular to work table. This table is allowed to move in x
and y-direction with help of two bipolar stepper motors. The experiments were
performed on hybrid MMC, Al/SiCp/B4Cp. I,Ton, Toff, abrasive grit size, N and Vt

were considered as input process parameters and their effect was determined on
MRR and Ra. SEM was used to study the surface characteristics which helped them
to make a conclusion that diamond wheel having higher grit number yields better
results than lower grit numbers [26].

3 Conclusions

As grinding is generally the last stage of all the manufacturing processes, it has
attracted the attention of various researchers. EDDG has been found very pro-
ductive for grinding electrically conductive hard materials, super alloys, MMCs,
cremates and various combinations of carbide steel. Experiments have revealed that
various factors like pulse current, wheel speed, pulse on time, duty factor, abrasive
particle size (APS), infeed, pulse off time and Abrasive Particle Concentration
(APC) have impact on MRR, Ra and WWR. Current, duty factor and their inter-
action highly influence WWR. Higher MRR can be obtained by using high values
of peak current, rotational speed, abrasive particle size (APS), pulse on time, infeed,
table speed and low ranges of APC, duty factor and pulse off time. For better
surface roughness, pulse on time, duty factor, pulse current, infeed and table speed
must be low. High generation of temperature and thermal stresses during EDDG
process results in bad surface conditions. Increase in depth of cut and wheel speed
is seen to result in increment of surface temperature which can be reduced by using
grinding wheel of bigger size. Life of the metal-bonded diamond grinding wheel is
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also believed to increase 10 times more than the traditional process. It has also been
seen that a new configuration of EDDG are attracting the interest of researchers,
namely electrical discharge diamond face surface grinding (EDDFSG) and slotted
electrical discharge diamond cut-off grinding (S-EDDCG) on which much work is
not yet done.

4 Future Scope

After the study of various research papers, it can be said that much work is not done
yet on EDDG. This process is the unique development in EDM and grinding
process for machining materials with good surface parameters. So, the advance-
ments in Electric Discharge Grinding (EDG) process can be made by adding dif-
ferent abrasives to the grinding wheels. Developing some new configurations of
EDDG process can also lead to enhance the quality of the surface generated. This
study may be useful to researchers who make efforts to machine difficult to be
machined materials.
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Stress Analysis of Infinite Plate
with Elliptical Hole

Sandeep Soni and Udaykumar Saindane

Abstract The stress field around different geometries like circular, rectangular,
triangular, and elliptical having different orientations and loaded with different
loading conditions can be find out using methods discovered by several researchers.
One similar attempt has been made to determine the stresses around elliptical hole
with infinite plate loaded in X-direction and Y-direction subsequently. The elas-
tostatic problem of the homogeneous isotropic infinite plate with the loading at
infinity (in X and Y-direction) for the elliptical hole is considered in this paper.
Boundary value problem is solved with complex stress functions using complex
variable approach. For this work, the Schwarz’s alternating technique given by
Sokolnikoff and Ukadgaonkar is used, and the derived analytical solution can be
used for generation of code in C++ to find out the stress components at a given
particular point.

Keywords Stress analysis � Infinite plate � Elliptical hole

1 Introduction

The presence of elliptical hole in plates and machined components are subjected to
loading introduces stress concentration in the vicinity of holes. Sudden changes in
cross section lead to stress concentration at a localized point. It is impossible to
estimate the rise of stresses in neighborhood of hole using elementary theory of
strength of materials. The stress concentration depends on geometry of components,
size of hole, and loading condition. A classic example of plate loaded with tension
which contains centrally located hole is considered here. The solutions in the form
of simple analytical equations from the method of complex variable approach can
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give us the check against the effect of change in the parameter in design process.
The method of using complex variables for the solution of elastostatic problems
was first introduced by Kolosoff in his doctoral dissertation work. It was further
extended by Muskhelishvili to solve the two and three-dimensional problems of
theory of elasticity.

2 Material and Method

Two cases are considered with loading at x-direction and y-direction separately.
These problems can be solved by various methods. The elastoplastic problem for
homogeneous isotropic plate with loading at infinity for elliptical hole is solved
using a novel method called Schwarz’s alternating method given by Sokolnikoff
and Ukadgaonkar with successive approximations. Initially, a plate without any
hole is considered. The boundary condition on the hole boundary is found out. To
nullify this, the negative of this boundary condition is applied on the hole. The
solution of this problem is superimposed on the first solution which gives the
required closed-form solution [1, 2].

By the method, we can superimpose the two problems to get the final solution [3].

2.1 First Case

In this, the load is applied along x-direction. It is discretized into first problem and
second problem (Fig. 1).

Boundary Condition

r1x ¼ P;

r1y ¼ 0;

s1xy ¼ 0;

First Problem Second Problem

Fig. 1 Infinite plate (neglecting edge effect) first case
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Solution
The boundary condition for the first problem can be found out as given by the
formula

f ðtÞ ¼ /ðzÞþ z/0ðzÞþwðzÞ

For the second problem, boundary condition can be imposed as ¼ f tð Þ2�f tð Þ1
A. First problem

rX þ rY ¼ 2 /
0
zð Þþ/

0
zð Þ

n o
¼ 4Re /

0
zð Þ

n o

Putting the given boundary condition and integrating, we get the

/0ðzÞ ¼ Pz=4;

Now

rY � rX þ 2isXY ¼ 2 z/
00
zð Þþw

0 ðzÞ
n o

We get

w0ðzÞ ¼ �Pz=2;

Now, we use the conformal mapping for mapping the region outside of elliptical
hole to region outside the unit circle (Fig. 2).

f zð Þ ¼ R wþ m =wð Þ
f 0 zð Þ ¼ R 1� m=w2ð Þ
M ¼ a� bð Þ = aþ bð Þ
f 0 zð Þ ¼ R 1� mw2ð Þ
R ¼ aþ b=2;

Z Plane W Plane

Fig. 2 Conformal mapping
from Z Plane to W Plane
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f0ðtÞ ¼ /ðtÞþ fðtÞ
f 0ðtÞ

/0ðtÞþwðtÞ

¼ PRðtþm=tÞ=4þRðtþm=tÞ=ðRð1�mt2Þ � PRð1�mt2Þ=4þ PRð1=tþmtÞ=2
¼ PR

2
½t2 þmþ 1þmt2�=t

(t is boundary point lie on hole)……. (t.t = R2)

B. Second Problem (Fig. 3)

/1 wð Þ ¼ � 1
2pi

Z
f ðtÞdr
r� w

%
f tð Þ2¼�f tð Þ1

¼ PR
2

1
2pi

I
½ m
tðt � wÞ þ

1
tðt � wÞ þ

mt
t � w

þ t
t � w

�

¼ �PR
2

½mþ 1
w

�

Solving Cauchy’s integral

/1 wð Þ ¼ �PR
2

½mþ 1
w

�

w1 wð Þ ¼ � 1
2pi

Z
f ðtÞdt
t � z

� wð1þmw2Þ
w2 � m

/
0 ðwÞ

w1 wð Þ ¼ � 1
2pi

Z
½�PRð1þ t2 þmt2 þmÞ

tðt � wÞ � � wð1þmw2Þ
w2 � m

PRðmþ 1Þ
2w2

¼ �PRðmþ 1Þ
2

½1
w

þ 1þmw2

wðw2 � mÞ�

Fig. 3 Second problem of
first case after conformal
mapping
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Finally, we get

/ðzÞ ¼ /0ðzÞþ/1ðzÞ
¼ PR

4
ðwþ m

w
Þ � PR

2
ðmþ 1

w
Þ

¼ PR
4

½w� m
w
� 2
w
�

wðzÞ ¼ w0ðzÞþw1ðzÞ

¼ PR
2

ðwþ m
w
Þ � PR

2
ðmþ 1Þ

w
½1þ 1þmw2

w2 � m
�

¼ PR
2

½ w� 1
w
� ðmþ 1Þð1þmw2Þ

wðw2 � mÞ �

Finding stresses

rX þ rY ¼ 4Re /
0
zð Þ

n o

¼ 4Ref/
0
wð Þ

f 0ðwÞg

¼ P
4
½w

2 þmþ 2
w2 � m

�

Separating real and imaginary part and converting in polar form, we get

rr þrh ¼ r4�m2 þ 2ðr2 cos 2h�mÞ
r4�2r2m cos 2hþm2

rh � rr þ 2isrh ¼ 2 z/
00
zð Þþw

0 ðzÞ
n o

e2ih

Separating real and imaginary part

srh ¼ P
2

N2 � D1þN1 � D2
D12 þD22

� �

rh � rr ¼ P
N1 � D1þN2 � D2

D12 þD22

� �

where
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N1 ¼ AAþAB cos 2hþAC sin 2hþAD cos 4hþAE sin 4h

N2 ¼ BBþBC sin 2hþBD cos 2hþAD sin 4h� AE cos 4h

D1 ¼ ðJ þKÞ cos 2hþ L cos 4hþM

D2 ¼ ðJ � KÞ sin 2hþ L sin 4h

AA ¼ BþðAþGÞ
AB ¼ DþCþFþH

AC ¼ 0AE ¼ 0BB ¼ 0BD ¼ 0

AD ¼ E

BC ¼ DþCþF � H

A ¼ 2r4 � m2r2 � 3r2

B ¼ mr2 � 2mr4 þm3r2

C ¼ 2mr2 � mr4

D ¼ r2 � 2mr2 þm2r4

E ¼ �r6

F ¼ 2mr4

G ¼ �m2r2

H ¼ m

J ¼ r6 þ 2m2r2

K ¼ m2r2

L ¼ �mr4

M ¼ �2mr4 � m3

So finally,

rx ¼ ðrr � cos2 hÞþ ðrh � sin2 hÞ � ð2srh sin h cos hÞ
ry ¼ ðrr � sin2 hÞþ ðrh � cos2 hÞþ ð2srh sin h cos hÞ
sxy ¼ ðrr � rhÞ � cos h � sin hÞþ 2srhðcos2 h� sin2 hÞ

2.2 Second Case

In this, the load is applied along y-direction. It is discretized into first problem and
second problem (Fig. 4).
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Boundary Condition

r1x ¼ 0;

r1y ¼ P;

s1xy ¼ 0;

Solution
By the method, we can superposition the two problems to get the final solution.
The boundary condition for the first problem can be found out as given by the

formula

f ðtÞ ¼ /ðzÞþ z/0ðzÞþwðzÞ

For the second problem, boundary condition can be imposed as ¼ f tð Þ2�f tð Þ1
C. First problem

rX þ rY ¼ 2 u
0
zð Þþu0 zð Þ

n o

¼ 4Re u
0
zð Þ

n o

Putting the given boundary condition and integrating, we get the

/0ðzÞ ¼ Pz=4;

Now

rY � rX þ 2isXY ¼ 2 zu
00
zð Þþw

0 ðzÞ
n o

We get

First Problem Second Problem

Fig. 4 Infinite plate (neglecting edge effect) second case
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w0ðzÞ ¼ Pz=2;

Now, we use the conformal mapping for mapping the region outside of elliptical
hole to region outside the unit circle (Fig. 5).

f zð Þ ¼ R wþ m =wð Þ;
f zð Þ ¼ R 1� m=w2

� �
;

f 0 zð Þ ¼ R 1� mw2� �
R ¼ aþ b=2;

M ¼ a� bð Þ = aþ bð Þ

f0ðtÞ ¼ /ðtÞþ fðtÞ
f 0ðtÞ

/0ðtÞþwðtÞ

¼ PRðtþm=tÞ=4þRðtþm=tÞ=ðRð1�mt2Þ � PRð1�mt2Þ=4þ PRð1=tþmtÞ=2
¼ PR

2
½t2 þmþ 1þmt2�=t

¼ Pt=4 þ tP=4 þ Pt=2

¼ Pt=2þ PR2=ð2ZÞ t:t ¼ R2ð Þ

(t is boundary point lie on hole)

D. Second Problem (Fig. 6)

/1 fð Þ ¼ � 1
2pi

Z
f ðtÞdr
r� f

%
f tð Þ2¼� f tð Þ1

¼ � 1
2pi

Z
Ptdt
t � z

þ � 1
2pi

Z
PR2dt
t � z

Z Plane W Plane

Fig. 5 Conformal mapping
from Z Plane to W Plane
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Solving Cauchy’s integral

/1 fð Þ ¼ �PR2 = 2zð Þ
w1 fð Þ ¼ � 1

2pi

R f ðtÞdt
t�z � z/

0 ðzÞ

Finally, we get

/ðzÞ ¼ /0ðzÞþ /1ðzÞ

¼ Pz
4
� PR2

2z
wðzÞ ¼ w0ðzÞþ w1ðzÞ

¼ Pz
2
� PR2

2
ð1
z
þ R2

z3
Þ

Finding stresses

rX þ rY ¼ 4Re /
0
zð Þ

n o

¼ P
4
þ PR2

2z

� �

Separating real and imaginary part and converting in polar form, we get

rr þ rh ¼ P 1þ 2R2

r2 cos 2h
n o

rh � rr þ 2isrh ¼ 2 z
�
/

00
zð Þþw

0 ðzÞ
n o

e2ih
ð1Þ

Fig. 6 Second problem of
second case after conformal
mapping
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Separating real and imaginary part

rh � rr ¼ PR2

r2
þPð1þ 3R4

r4
� 2R2

r2
Þ

� �
cos 2h ð2Þ

srh ¼ P
2

1þ 2R2

r2
� 3R4

r4

� �
sin 2h ð3Þ

Solving Eqs. 1 and 2, we get

rh ¼ P
2 ð1þ R2

r2 Þþ ð1þ 3R4

r4 Þ cos 2h
n o

rr ¼ P
2 ð1� R2

r2Þþ ð4R2

r2 � 1� 3R4

r4 Þ cos 2h
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srh ¼ P

2 1þ 2R2

r2 � 3R4
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n o
sin 2h

3 Result and Discussion
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n o
sin 2h

The above equations are useful to find out stress field of two-dimensional iso-
tropic homogeneous infinite plate with elliptical hole. An attempt is made to give
general solution to plate problem. Knowing the values of hole radius (R), load
(P) applied at the edge of plate and angle of inclination (h), one can find out all three
stress components that is rx, ry, and srh at a distance of (r) from plate origin. Here
lower left corner of the plate is taken as origin. Thus, assigning numerical values to
the above-listed plate parameters, the values of all three stress components can be
find out and represented in tabular form. Further, the stress functions given above
can be reduced to solve various types of hole boundary problems such as circular,
rectangular, square hole, and crack. Also, it can generate the text result file of all the
nodes (in the region which is four times the hole radius) [6, 8].

The solution is based on classical theory of elasticity given by Muskhelishvili,
N. I. Various boundary value problems are solved in his book. An attempt is made
to formulate one of the boundary value problems and solution is provided using
advanced mathematics in terms of mathematical equations which consist of com-
plex Stress functions and Cauchy’s integral formulae. This solution is very useful in
stress calculation for any type of similar cases in lap/riveted joints in aircraft
structures. Thus, this closed-form solution saves the computer time compared to
finite element solutions.
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4 Conclusion

The solution is obtained using stress functions by Schwarz’s alternating method,
which gives stress distribution of infinite plate with elliptical hole by varying input
parameters. By adopting the computer code, we can find out the stress at any given
particular point in the neighborhood of circular hole. The result file so as generated
can be used for visual display of result so obtain such as meshing and then contour
plot for the stress components [4, 5, 7, 9].
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Formation of Hole Flanges Through
Incremental Forming: A Review

Yogesh Dewang, Nitin Tenguria, Vipin Sharma
and Maneesh Kumar Dubey

Abstract Hole flanges are formed around a hole with precut hole on sheet metal,
which is used for fixation and guiding cables. The present study presents a critical
and concise review on the formation of hole flanges through incremental forming.
Aluminum alloys, steel alloys, and polymers are used in the majority of investi-
gations of hole flanging through SPIF. The number of stages with different tool
trajectories utilized by researchers are found to be efficient as compared to
single-stage hole flanging through SPIF. A variety of shapes of tool with hemi-
spherical tooltip, high-speed tool, and new featured tool are utilized by the
researchers for hole flange forming through incremental forming. Circle grid
analysis is found to be a handy tool for prediction of formability in terms of forming
limiting diagrams (FLD). It is found that through developed experimental set ups,
cost of tooling sets and cycle time have reduced considerably. Higher formability is
attained in hole flanging through SPIF as compared to conventional press working
due to absence of necking. It is found that in majority of investigations, shell and
solid elements are used for meshing of sheets in FEM simulation of hole flanging
through incremental forming.

Keywords Incremental forming � Hole flanging � Sheet metal forming � Hole
flange � Circle grid analysis � Forming limit

1 Introduction

A sheet metal forming process, in which hole is formed with the help of dedicated
sets of tooling such as punch and die is known as conventional hole flanging process.
Hole flanging is widely applied in the aeronautics and automotive industries.
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Conventional hole flanging is found to be economical, only when it is applied in
mass production [1]. On the other hand, hole flanges can also be formed by using
other forming technique known as incremental forming, in which there is no
requirement of dedicated tooling sets. Saving in tooling costs makes incremental
forming an economical technique as compared to conventional press working for the
formation of hole flanges [1, 2]. Researchers in the past had contributed in the area of
formation of hole flanges through incremental forming. Petek and Kuzman [2]
introduced a novel strategy named as backward incremental hole flanging technique,
which can be performed in multiple steps. Centeno et al. [3] found that formability in
hole flanging through single-stage incremental forming has increased as compared to
conventional hole flanging due to restricted necking before fracture. Montanari et al.
[4] integrated the concept of circle grid analysis and laws of plasticity to investigate
the development of stresses and strains as well as to investigate deformation history
in hole flanging through single-point incremental forming. Silva et al. [5] employed
polymer sheets as workpiece material for the formation of hole flanges through
multistage single point incremental forming and found that polyethylene tereph-
thalate (PET) is more suitable as compared to polycarbonate (PC). Silva et al. [6]
found that fracture forming limit lines are situated above forming limiting curve in
principal strain space, which yielded higher limiting ratio in hole flanging through
incremental forming as compared to conventional press working. Bambach et al. [7]
applied an adaptive blank holder for actuating hole flanging operations which
yielded fast and accurate formation of hole flanges. Cristino et al. [8] presented an
effective methodology for the determination of critical values of damage and fracture
toughness at crack initiation by conducting experiments of hole flanging. Montanari
et al. [9] reported a peculiar outcome as higher limiting forming ratio in hole flanging
of AISI304L sheets through conventional press working in comparison to incre-
mental sheet forming. Yonan et al. [10] presented a methodology for direct evalu-
ation of in-plane stresses and accumulated damage at different positions over the
conical and pyramidal PVC parts through experimentation. Cristino et al. [11] found
cracks around circumferential direction in hole flanging through incremental
forming at the flange walls whereas meridional cracks in hole flanges formed
through press working. Borrego et al. [12] encountered failure at the vertical wall
instead of flange edge due to postponed necking followed by the ductile fracture in
hole flanging of AA 7075-O through SPIF. Cristino et al. [13] investigated defor-
mation behavior of square hole flanges through multistage SPIF and found that
failure occurred due to thinning until fracture with no sign of previously localized
necking. Hussain et al. [14] recommended 80 mm as a threshold size of hole in hole
flanging through incremental sheet metal forming for achieving maximum forma-
bility. Cao et al. [15] developed a new flanging tool with a new and improved
version of incremental sheet forming process for ensuring uniform thickness across
hole flange due to the combined deformation mode of bending-dominated zone.
Dewang et al. [16] reviewed various aspects of hole flanging process and found that
incremental sheet forming technique to be more suitable and economical as
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compared to conventional press working. The objective of the present paper is to
review the various aspects of hole flanging process by application of single point
incremental forming techniques for formation of hole flanges.

2 Various Aspects of Hole Flanging Through Incremental
Forming

2.1 Single-Point Incremental Forming of Hole Flanges

Single-point incremental forming is a novel technique for the formation of
axisymmetric sheet metal parts. In SPIF, a sheet metal blank with precut hole, blank
holder, and rigs with backing plate and rotating tool, which follows the path defined
by CNC machine are required. Figure 1 shows the experimental set up of incre-
mental forming of hole flanging, in which a flat sheet with a precut hole is rigidly
fixed onto a forming fixture which is mounted onto the table of a three-axis CNC
machine [1]. SPIF hole flange tool is suspended through a spindle and forms the
flange in number of increments as instructed via CNC codes. The tool contacts at
single point on to the sheet and moves in the horizontal plane and deformation of

Fig. 1 Experiemental setup of single incremental forming on tabletop of CNC machine for
formation of flanges [1]
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flange occurs progressively in vertical direction. SPIF hole flanging offers various
advantages over conventional press working such as flexibility in manufacturing,
low-cost tooling sets, higher formability, capability of withstanding very short life
cycles, and reducing lead times in development and production [1].

2.2 Parameters in Hole Flanging Process Through
Incremental Forming

Hole flanging through incremental forming depends on different process and
operating parameters. There are number of geometrical, operational, and materials
parameters, which govern this process which researchers considered in past
investigations of hole flanging through incremental forming. Various input
parameters in incremental forming are as follows:

(i) Tool diameter, (ii) vertical step size of spiral, (iii) horizontal step size,
(iv) feed rate, (v) initial drawing angle, (vi) precut hole diameter of sheet metal
blank, (vii) thickness of sheet metal blank, (viii) forming strategies (diameter and
wall angles), (ix) number of stages, (x) materials of sheet, (xii) rotational speed of
tool, (xiii) lubricants, and (xiv) anisotropy of sheet.

The representation of output results and feasibility of the hole flanging can be
expressed in terms of output parameters, which are as follows:

Output parameters are:(i) Neck height, (ii) thinning, (iii) limiting forming ratio,
(iv) fracture toughness, (v) maximum hole expansion ratio, (vi) necking (vii),
formability limit, (viii) ductile damage, (ix) stresses, and (x) strains.

2.3 Materials Used for Hole Flange Formation Through
Incremental Forming

Materials are the essence and prime requirement for the formation of hole flanges.
Proper selection of materials for the formation of hole flanges is a crucial task,
which will certainly reduce risk of failure in hole flanges. Sheet metals, as well as
various grades of polymer sheet materials, are utilized by various researchers in the
past, in order to study formability of materials in hole flanges through incremental
forming. Table 1 shows a description of materials used in forming hole flanges
through single-point incremental forming technique. In majority of investigations of
hole flanging through SPIF, the researchers had opted for different grades of alu-
minum alloys and steel alloys as workpiece material.
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2.4 Tool Geometry

Geometry of tools utilized in hole flanging through SPIF is a vital issue for con-
firming formability of hole flanges. A tool with spherical tool head is utilized in
backward hole flanging process [2] as shown in Fig. 2a. Besides this, a forming tool
with hemispherical tip for hole flanging through SPIF is also utilized in majority of
cases as shown in Fig. 2b [3–6, 8, 9, 11, 12]. This tool is generally made up from
cold working of 120WV4-DIN tool steel, which is hardened and tempered to 60
HRc and has diameter of 8 mm. Figure 2c shows a tool used in high-speed
incremental forming [7]. In another analysis, a forming tool with ball circular tip of
diameter of 12 mm is applied in hole flanging through SPIF as shown in Fig. 2d
[14]. A new flanging tool with hyperbolic and cylindrical sections below tool arm is

Table 1 Materials used in past for formation of hole flanges through incremental forming

S.
no

Author Year Material Thickness of material
(mm)

1. Cui and Gao [1] 2010 1060 aluminum sheet 1

2. Petek and
Kuzman [2]

2012 DC05 steel sheet 1.2

3. Centeno et al. [3] 2012 AA1050-H111 1

4. Montanari et al.
[4]

2013 AA1050-H111 1

5. Silva et al. [5] 2013 Commercial polymer sheets
(a) polyethylene terephthalate
(PET)
(b) polycarbonate (PC)

3

6. Silva et al. [6] 2013 (a) AA1050-H111
(b) Titanium (grade 2 unalloyed
titanium,
standard oxygen)

(a) 1
(b) 0.7

7. Bambach et al. [7] 2014 Mild steel (DC04) 1

8. Cristino et al. [8] 2014 AA1050-H111 1

9. Montanari et al.
[9]

2014 AISI304L stainless steel blanks 0.5

10. Yonan et al. [10] 2014 (a) Polyvinylchloride (PVC) 3

11. Cristino et al. [11] 2015 (a) AISI304L stainless steel
blanks
(b) Polyethylene terephthalate
(PET)

(a) 0.5
(b) 3

12. Borrego et al. [12] 2015 AA 7075 O sheets 1.6

13. Cristino et al. [13] 2015 AA1050-H111 1

14. Hussain et al. [14] 2016 Rolled AA1060 aluminum sheet 1

15. Cao et al. [15] 2016 AA5052 1
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also developed in order to achieve the condition of uniform thickness in hole
flanges and to overcome thinning during forming through conventional ball-nose
tool [15] as shown in Fig. 2e.

2.5 Tool Path and Strategies

In multistage SPIF of hole flanging, Cui and Gao [1] employed three different tool
paths with increment in diameter of hole, angle of bending, and combination of
diameter and angle. Petek and Kuzman [2] defined tool path in backward hole
flanging process, with change in x and change in z which represents an increase in
the horizontal x-direction and the spiral step in the vertical z-direction, respectively.
Centeno et al. [3] and Silva et al. [5] adopted a helical tool path with a step size per
revolution, which is equal to 0.2 mm in multistage incremental forming of hole
flanges. Silva et al. [5] and Cristino et al. [8] utilized tool strategy with increment in

Fig. 2 Tools used in hole flanging through single-point incremental forming a Tool with spherical
tooltip used in BIHF process set up [2] b Tool used with hemispherical tooltip used in hole
flanging through SPIF [3–6, 8, 9, 11, 12] c Tool used in high-speed incremental forming for hole
flanging [7] d Tool with ball-nose tool tip [14] e Tool with milling cutter [15]
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wall bending angles with increment of 50 from 65 to 90°. Silva et al. [6] and
Cristino et al. [11] employed six stages in multistage SPIF of hole flanging in a step
of 50 in the range from 650 to 900. Cristino et al. [11] adopted similar tool paths for
the formation of square-shaped hole flanges through SPIF. Silva et al. [6] adopted
nine stages for Titanium (grade2) for formation of hole flanges through SPIF.
A similar six-stage strategy with increment of 50 in drawing angles are adopted by
Montanari et al. [9] for AISI304L stainless steel sheets and Yonan et al. [10]
applied similar strategy for PVC sheets for hole flange forming through multistage
SPIF. Bambach et al. [7] employed tool path strategies with increment of 5 mm in
hole diameter and increment in wall angle by 100. Tool paths with different tra-
jectories [12] are shown as given in Fig. 3a.

In the initial step, the tool is moved in the vertical downward direction
(z-direction) in such a manner that it will follow conical frustum with variation in
slope for proper positioning of sheet over supporting plates. In second part of tool
path, the tool is now moved to follow a cylindrical helical path for formation of hole
flanges. This entire movement of tool path is actuated and controlled through CNC
control resolution with a step down of 0.2 mm/turn in both stages. Hussain et al.
[14] adopted a four-stages strateg in the range of 45°–90° with an increment of 15°.
Cao et al. [15] used a ball-nose tool as shown in Fig. 3b, which follows a path from
periphery of the sheet toward of center of sheet with precut hole which moves down
a three-dimensional profile layer in Z-direction. They also presented a new featured
tool as shown in Fig. 3c with milling cutter in which the tool moves from inward to
outward in horizontal path in X-Y plane. The contact between tool and sheet occurs
along a vertical band area region which enables the sheet to deform gradually for
formation of flange without outward movement of new featured tool.

Fig. 3 Different hole flanging tool path strategies a Tool path with portion “a” representing
Z-level trajectory for conical frustum and “b” representing cylindrical helical path [12] b Tool path
with ball-nose tip c tool path with milling cutter tool
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3 Research Gap

The following are the recommendations for the work, which can be included in the
future for better understanding of the process of hole flanging through single-point
incremental forming:

(i) Solid three-dimensional elements and solid shell combined elements can be
used more for discretization of sheet metal blank for prediction of location of
ductile damage and fracture in hole flanges through FEM simulation, which is
not extensively carried out by previous researchers and can be taken as future
work.

(ii) Tools as well as tips of the tools can be made by using composite materials
and fibrous materials to study the analysis of formability of hole flanges
through SPIF.

4 Results and Discussion

4.1 Finite Element Analysis of Hole Flanging Through
Incremental Forming

Bambach et al. [7] utilized the concept of an adaptive blank holder by using FEM
simulation in order to reduce the bulges around the primary deformation zone.
Figure 4 shows the contour plots of hole flanges formed with and without adaptive
blank holder. Hussain et al. [14] developed a finite element model for hole flanging
through incremental forming. Figure 5 shows the finite element model of hole
flanging in which sheet metal blank is shown along with rigid ball-nose spherical
tip tool. They discretized the sheet metal blank with shell elements for reducing
computational time while tools are considered as rigid entity. Cao et al. [15]
developed FEM model in LS-DYNA FEM software package as shown in Fig. 6,
with ball-nose tool and a new featured tool for hole flanging through incremental
sheet forming. They discretized the sheet metal blank with three-dimensional fully
integrated 8-noded S/R solid elements and considered tools as rigid elements. They
found through FEM simulation that strain at point A and B gradually increases
because new featured tool is in contact with forming area which will keep defor-
mation of sheet all the time as tool moves inward to outward. Figure 7 shows the
contour plot of effective plastic strain in which conventional tool has smaller
contact area with forming zone as compared to new featured tool. Besides this, less
through-thickness shear deformation is observed by using new featured tool [15].
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Fig. 4 Contour plot of hole
flanges with and without
adaptive blank holder in hole
flanging [7]

Fig. 5 FEM model of hole
flanging [14]
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4.2 Experimental Analysis of Hole Flanging Through
Incremental Forming

4.2.1 Experimental Set Up and Procedure

Experimental set up mounted on tabletop of CNC machine is shown in Fig. 1,
which comprises of forming tool and clamping device [1]. Another experimental set
up for backward hole flanging is shown in Fig. 2a, in which tool moves in helical
path in upward direction. Figure 2b shows the experimental set up in cubical form,
which is made up of metallic bars, in which a sheet metal blank is clamped rigidly
with the help of screws between blank holder and backing plate and forming tool

Fig. 6 FEM model of conventional ISF process and new featured tool ISF process [15]

Fig. 7 Contour plot of effective stain developed in hole flanges by incremental forming
a Conventional ball-nose tip tool b New featured tool with milling cutter [15]
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with spherical tooltip is placed centrally to form hole flange [3–6, 8, 9, 11, 12].
Experimental set up [7] with rotating tool to perform high-speed incremental
operations is shown in Fig. 2c. High-speed tool is situated in radial direction which
utilizes a slide mechanism for displacement in axial direction as shown in Fig. 9a, b
[7]. Another experimental setup is made up of rigs, blank holder, backing plates,
forming tool, and dynamometer is shown in Fig. 9c [12]. Experimental set up for
conventional ISF process and new featured tool ISF process are shown in Fig. 9d, e,
respectively (Fig. 8).

Fig. 8 a–e Experimental set up used in hole flanging through single point incremental forming a,
b [7], c [12], d, e [15]

Fig. 9 Representation of marking of grid points for locating strain paths of interest a before
deformation b intermediate stage c final deformed stage [4, 8]
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4.2.2 Role of Circle Grid Analysis

Circle grid analysis is utilized for strain analysis (loci of strains) in hole flanging
through SPIF. This methodology helps in determining the failure points in principal
strain space for prediction of formability in terms of forming limit diagrams (FLD).
In this method, generally a grid of circles of diameter in a range of 2–2.5 mm initial
diameter of circle are screen printed or electrochemical etched on the sheet surface
before deformation. For strain analysis, path of interest is defined initially, which
will become strain path after deformation. Figure 9 shows the marking of grid
points (A–J) before deformation on to the sheet metal blank with precut hole,
intermediate stage of deformation and final stage of deformation [4, 8].

Computer-aided measuring system (CAMS) system is adopted by researchers
which comprises of a 3Com USB camera and the GPA 3.0 software as shown in
Fig. 11 [8, 11]. This camera takes a picture before forming and after forming. After
deformation, the circles got converted into ellipses of major and minor axis, and
these axes are measured by using computer-aided measuring system (CAMS) as
shown in Fig. 10. Principal logarithmic strains can be computed by using the
following relationships:

e1 ¼ ln
a
d

h i
ð1Þ

e2 ¼ ln
b
d

� �
ð2Þ

where d = diameter of circle; a = major axis of ellipse; b = minor axis of ellipse

Fig. 10 Schematic representation of the procedure utilized for measuring the major and minor
in-plane strains that resulted from plastic deformation of the circle during sheet formability tests [8,
11]
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4.2.3 Formability Analysis

Forming limit diagrams (FLDs) and fracture forming limit line (FFL) are the two
powerful tools for failure points and range strains envelope for formability pre-
diction in hole flanging by SPIF. FLD is generated on the basis of outputs (major
strains and minor strains) given by circle grid analysis after deformation. It also
shows clearly limiting strains onset of localized necking and fracture strains. FLDs
can be plotted after preparing sheet samples as per different types of test namely
tensile test as per ASTM standard, circular bulge test, elliptical bulge test,
Nakazima test and hemispherical dome test, etc. After performing these tests,
limiting strains for different stress states which ranges from uniaxial to plane strain
and biaxial loading conditions can be obtained [8]. In FLD major strain is plotted
against minor strain and the zone below forming limiting curve (FLC) is designated
as safe zone and above the zone, where fracture will occur as shown in Fig. 11.
Fracture forming limit (FFL) is the line which can be obtained by measuring
thickness before and after fracture as shown in Figs. 11 and 12 [8]. A–J points are
marked on the precut hole sheet samples are deformed progressively by SPIF as
shown in Fig. 12 [4, 8]. A solid black curve is the strain envelope and other black

Fig. 11 Forming limit diagrams with forming limiting curve (FLC) and fracture forming limit
(FFL) [8]
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solid line represents fracture forming limit lines. The region from C–E is nearest to
the FFL and largest strain proved to be critical region which is located near flange
wall but not at the flange wall which is found in hole flanging through conventional
press working. Suppression of localized necking with low growth rate of strains
above forming limiting curve in hole flanging by SPIF increases formability as
compared to conventional press working.

5 Conclusions

In the present work, various attributes and capabilities of hole flanging process
through incremental forming are studied. It can be concluded that formation of hole
flanges through SPIF found to be more efficient and economically feasible as
compared to conventional press working. Metallic alloys of aluminum and steel are
found to be used in majority case of hole flanging as compared to polymeric
materials. Tools with hemispherical ball-nose, high-speed tools, and new featured
tools are utilized in most of the investigations of hole flanging through SPIF.
Multistage forming strategies found to be more beneficial as compared to single
stage direct forming. Circle grid analysis found to be very handy and efficient
methodology for clear and better understanding of deformation mechanics of hole

Fig. 12 Representation of the strain paths in the principal strain space, the black curve is the strain
envelope [8]
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flanging through SPIF. The design of experimental set ups of hole flanging through
SPIF certainly eliminated die requirement of tool sets, which has reduced cycle time
and cost of manufacturing. It is found that that the auppression of necking is the
prime reason for higher formability limits of hole flanging through incremental
forming as compared to conventional press working. Fewer attempts are reported in
the area of FEM analysis of hole flanging via incremental forming in which mainly
shell elements and solid elements are utilized for discretization of blank.
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Prediction of Ride Comfort
of Two-Wheeler Riders Exposed
to Whole-Body Vibration

Mohd Parvez and Abid Ali Khan

Abstract Two-wheelers, being an important mode of transportation, exposes the
rider to a higher level of whole-body vibration (WBV) compared to cars. However,
the assessment and design modification to reduce WBV in two-wheelers have not
been explored in conjunction to the ride comfort. The present study develops a
simulation model which can predict the effects of WBV on comfort level of
two-wheeler riders as per ISO 2631-1. A 9-dof lumped mass parameter vibration
model consisting of 4-dof seated human biodynamic model coupled with 5-dof
two-wheeler model has been developed and represented mathematically in state
space form. Further, the model has been simulated in LabVIEW and the ride
comfort on a two-wheeler in different simulated driving conditions, comprising of
road profiles, vehicle speed and duration of exposure were assessed. Road profiles,
vehicle speeds and the duration of exposure were found to have a statistically
significant effect on ride comfort.

Keywords Whole-body vibration � Two-wheeler � Ride comfort

1 Introduction

Two-wheeler is one of the most important modes of transportation for millions of
peoples around the world because of its cost-effectiveness and usefulness in traffic
congested areas. In developing country like India, its sale is increasing at a rate of 1
million per year and in recent years, 17.6 million two-wheelers has been sold,
making it the most popular vehicle among the other categories [13]. Two-wheelers
are used mostly for short distances and short durations of time, but for the pro-
fessional drivers like postmen, deliverymen and courier boys, this is a vehicle of
work and used for 8–10 hrs per day. Apart from the professionals, all two-wheeler
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riders are exposed to different kind of environmental stressors like noise, temper-
ature, vibration, etc. Among these environmental stressors, the exposure to vibra-
tion has found to create the whole-body vibration (WBV) effects, which have
always been a matter of concern for automobile industries. It was found that the
two-wheeler riders are likely to a have higher level of whole-body vibration
exposure as compared to car drivers [5, 11].

WBV is an unavoidable environmental stressor found in all types of vehicle and
has become a major cause of discomfort [9]. Apart from causing discomfort, WBV
leads to musculoskeletal disorder such as low back pain depending on the intensity
of the WBV parameters which are amplitude, frequency, duration of exposure and
method of exposure [4, 10].

In attempts to solve the problem associated with WBV, the mathematical
modelling cum simulation approach has found to be interesting among researchers
in recent days. The popularity of this technique is because of its cost-effectiveness,
less time consumption, and no human subject’s intervention. For this purpose,
many seated human biodynamic models had been developed form single degree of
freedom to multi-degree of freedom. Among thesebio-dynamics models,the 4
degree of freedom (dof) human biodynamic model has been found to be the most
suited to analyse and assess the ride comfort [2] with respect to the vehicle model.

In the present study, a simulation model was developed that can predict the
effects of WBV on comfort level of two-wheeler riders. A 9-dof lumped mass
parameter model has been used in state space form. The respective coding of the
simulation model was done in LabVIEW12.0. The model provided a simulation
interface that can be used to vary the model parameters and driving conditions to
predict the effect of WBV on ride comfort.

2 Development of a Simulation Model

2.1 Vibration Model

A 9-dof lumped mass parameter vibration model (Fig. 1) has been developed which
consists of 5-dof two-wheeler model (front wheel, rear wheel, vehicle body and
vehicle seat) and 4-dof seated human rider biodynamic model (lower torso, viscera,
upper torso and head and neck). The 4-dof biodynamic seated human model has
been adopted from [15].

The assumptions made while modelling were as: (1) the model is linear
time-invariant (LTI), (2) source of vibration to the human rider is vehicle seat,
(3) source of vibration to the vehicle is road profile undulation, (4) rider is in erect
sitting position without backrest and (5) the vertical axis vibration is the major
cause of WBV.
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2.2 State Space Modelling

The presented 9-dof model (Sect. 2) was represented into state space form by using
the following equations of motion. These equations were obtained by applying the
D’Alembert’s principle.

m1€z1 � c3f _z3 � _z1 þ Lf _h
� �

� k3f z3 � z1 þ Lf h
� � ¼ k1u tð Þþ c1 _u tð Þ ð1Þ

m2€z2 � c3r _z3 � _z2 � Lr _h
� �

� k3r z3 � z2 � Lf h
� � ¼ k2u tð Þþ c2 _u tð Þ ð2Þ

Fig. 1 Vibration model of two-wheeler coupled with rider
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m3€z3 þ c3f _z3 � _z1 þ Lf _h
� �

þ c3r _z3 � _z2 � Lr _h
� �

� c4 _z4 � _z3 þ s _h
� �

þ k3f z3 � z1 þ Lf h
� �þ k3r z3 � z2 � Lrhð Þ � k4 z4 � z3 þ shð Þ ¼ 0

ð3Þ

I€hþ c3f _z3 � _z1 þ Lf _h
� �

Lf � c3r _z3 � _z2 � Lr _h
� �

Lr þ c4 _z4 � _z3 þ s _h
� �

s

þ k3f z3 � z1 þ Lf h
� �

Lf � k3r z3 � z2 � Lrhð ÞLr þ k4 z4 � z3 þ shð Þs ¼ 0
ð4Þ

m4€z4 þ c4 _z4 � _z3 þ s _h
� �

� c5 _z5 � _z4ð Þþ k4 z4 � z3 þ shð Þ � k5 z5 � z4ð Þ ¼ 0 ð5Þ

m5€z5 þ c5 _z5 � _z4ð Þ � c56 _z6 � _z5ð Þ � c57 _z7 � _z5ð Þþ k5 z5 � z4ð Þ � k56 z6 � z5ð Þ
� k57 z7 � z5ð Þ
¼ 0 ð6Þ

m6€z6 þ c56 _z6 � _z5ð Þ � c67 _z7 � _z6ð Þþ k56 z6 � z5ð Þ � k67 z7 � z6ð Þ ¼ 0 ð7Þ

m7€z7 þ c57 _z7 � _z5ð Þþ c67 _z7 � _z6ð Þ � c8 _z8 � _z7ð Þþ k57 z7 � z5ð Þþ k67 z7 � z6ð Þ
� k8 z8 � z7ð Þ
¼ 0 ð8Þ

m8€z8 þ c8 _z8 � _z7ð Þþ k8 z8 � z7ð Þ ¼ 0 ð9Þ

The state space equations were written in the following matrix form:

_xf g ¼ A½ � xf gþ B½ � uf g ð10Þ

yf g ¼ C½ � xf gþ D½ � uf g ð11Þ

where A½ � is the system matrix, B½ � is the input matrix, C½ � is the output matrix and
D½ � is the transmission matrix. For a vibrating system, the two state variables viz.
displacement and velocity are selected for each degree of freedom. The matrix A
and B were obtained from nine equations of motion, the matrix C were selected for
the desired nine displacement outputs while the D matrix is zero matrix for most of
the dynamical LTI physical systems [12].

2.3 Model Parameters

The model parameters needed for the development of simulation model were
adopted from the literature [2, 3] and is given in the Table 1.
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2.4 Modelling of Road Profiles

The road profiles act as a major source of vibration for any ground vehicles. ISO
8608 (2016) [8] has provided a guideline for the mathematical modelling of
different classes of road profile for the purpose to study the dynamics of a ground
vehicles. In the present study, Gaussian random and stationary road profiles of
different classes were generated using the sinusoidal approximation method which

Table 1 Inertial, oscillatory and geometrical parameters

Inertial parameters Damping of rear suspension
ðc3rÞ

1165 N-s/
mMass of front wheel with

axle ðm1Þ
11.9 kg

Mass of rear wheel with
axle ðm2Þ

14.7 kg Stiffness of seat ðk4Þ 15000 N/
m

Mass of vehicle body
ðm3Þ

85 kg Damping of seat ðc4Þ 150 N-s/m

Moment of inertia of
vehicle body about C.G
ðIÞ

22.013 kg-m2 Stiffness of lower torso ðk5Þ 49340 N/
m

Mass of the vehicle seat
ðm4Þ

3.4 kg Damping of lower torso ðc5Þ 2475 N-s/
m

Mass of the lower torso
ðm5Þ

36 kg Stiffness between upper torso
and lower torso ðk57Þ

192000 N/
m

Mass of the viscera ðm6Þ 5.5 kg Damping between upper torso
and lower torso ðc57Þ

909 N-s/m

Mass of the upper torso
ðm7Þ

15 kg Stiffness between viscera and
lower torso ðk56Þ

20000 N/
m

Mass of the head and neck
ðm8Þ

4.170 kg Damping between viscera and
lower torso ðc56Þ

330 N-s/m

Oscillatory parameters Stiffness between viscera and
upper torso ðk67Þ

10000 N/
m

Stiffness of front tire ðk1Þ 130000 N/m Damping between viscera and
upper torso ðc67Þ

200 N-s/m

Damping of front tire ðc1Þ 200 N-s/m Stiffness between upper torso
and head and neck ðk8Þ

134400 N/
m

Stiffness of rear tire ðk2Þ 141000 N/m Damping between upper torso
and head and neck ðc8Þ

250 N-s/m

Damping of rear tire ðc2Þ 300 N-s/m Geometric parameters

Stiffness of front
suspension ðk3f Þ

25000 N/m Location of front suspension
joint from C.G ðLf Þ

0.595 m

Damping of front
suspension ðc3f Þ

2134 N-s/m Location of rear suspension
joint from C.G ðLrÞ

0.70 m

Stiffness of rear
suspension ðk3rÞ

58570 N/m Location of seat from C.G ðsÞ 0.30 m
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has also been used in previous studies [14]. The following equation gives the time
domain excitation of road profiles.

u tð Þ ¼
XN

i
Ai cos xitþ aið Þ ð12Þ

3 Simulation Interface

The simulation model was developed in LabVIEW using control design and sim-
ulation module. The front panel of the simulation model is shown in Fig. 2. It
provide a user interface for controlling the simulation parameters. The results were
displayed in the front panel that further was exported for statistical analysis.

4 Comfort Level Assessment

In order to predict the comfort level of rider during WBV exposure, a full factorial
analysis was performed by varying three important driving parameters, i.e. road
profile (good and average), vehicle speed (20 km/h, 40 km/h and 60 km/h) and
duration of exposure (300 s, 600 s and 900 s). The comfort level assessment was
done in accordance with ISO 2631-1 (1997) based on the weighted RMS accel-
eration (Table 2) of vehicle seat.

In addition to weighted RMS acceleration, the model also evaluates the
Vibration Dose Values (VDV), which is most widely used quantitative method to

Fig. 2 Simulation interface
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assess the WBV exposure from the safety point of view. Two limiting values, i.e.
Exposure Action Value (EAV: 0.5 m/s2 RMS acceleration or 9.1 m/s1.75 VDV) and
Exposure Limit Value (ELV: (1.15 m/s2 RMS acceleration or 21 m/s1.75 VDV)
were provided by 2002/44/EC (2002) [1]. If the WBV exposure exceeds above the
EAV, the corrective action must be taken to reduce the exposure level. On the other
hand, the WBV exposure must not be exceeded above ELV.

5 Results and Discussion

Analysis of variance (ANOVA) in SPSS was performed on a total of 18 simulation
runs. It was observed that there were significant main effects (p < 0.05) of vehicle
speed and road profile on comfort level of the rider. It predicts that the road profiles
should be smooth and the speed of the vehicle should be low in order to have a
comfortable ride. Also, the interaction effect of road profile and vehicle speed was
found significant (p < 0.05). It indicates that comfortable ride can also be achieved
on rough road profiles if vehicle speed is kept low and there may exist an optimum
combination of road profile and vehicle speed for comfortable ride. However, the
effect of duration exposure on RMS acceleration was not significant (p > 0.05)
while it showed a significant contribution on VDV (p < 0.05). This indicated that
the RMS acceleration is a time-independent parameter while VDV is a
time-dependent parameter. The same characteristicsof the duration ofexposure was
also found in the previousexperimentalinvestigation [6]. Similar effects were also
observed in the interaction of road profile and vehicle speed on duration of
exposure.

It is clearly evident from Fig. 3 that the RMS acceleration is independent on the
duration of exposure while the VDV is dependent on the duration of exposure and
increases with the increase in the duration of exposure. It is also clear that the road
profile increases the WBV exposure as the driving condition is moved from the
Good road profile to the Average road profile. However, the increasing pattern of
WBV exposure with the vehicle speed was found to be increasing on both types of
road profiles. Numerical values show that the RMS accelerations were predicting

Table 2 Comfort level
criteria as per ISO 2631-1
(1997) [7]

Acceleration (m/s2) Category

Less than 0.315 Not uncomfortable

0.315–0.63 A little comfortable

0.5–1 Fairly uncomfortable

0.8–1.6 Uncomfortable

1.25–2.5 Very uncomfortable

Greater than 2.5 Extremely uncomfortable
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the exposure to be extremely uncomfortable and VDV values were within the limits
on Good road profiles, low speed and short duration of exposure while it moved
beyond the permissible limits in the other driving conditions.

6 Conclusions

Whole-body vibration is one of the major issues causing the discomfort and health
risk to the two-wheeler riders. Mathematical modelling and simulation have proven
to be less time-consuming and cost-effective way to analyse the WBV exposure and
finding the vehicle design improvement for comfortable ride. The present study
developed a simulation model to predict the ride comfort of any two-wheeler in

Fig. 3 WBV exposure varying with the vehicle speed and the duration of exposure: RMS
acceleration for a Good road profile, b Average road profile and VDV values for a Good road
profile, b Average road profile
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different simulated driving conditions. The model predicted the ride comfort of a
rider on a two-wheeler in different driving condition and found that the road profile
has a greater significant effect on ride comfort followed by the vehicle speed and the
duration of exposure. This whole study may be considered as an important way to
further investigate the effects of WBV on two-wheeler riders as well as other
vehicle drivers.

Further work is needed to validate the model, after which, it can be used to
design a control strategy to reduce the WBV in various driving conditions by
optimizing the vehicle design parameters.
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Design and Analysis of Reciprocating
Screw for Injection Moulding Machine

Vipul Parmar and Mitesh Panchal

Abstract In this paper, the design and analysis of the reciprocating screw of
injection moulding machine has been presented. The flow of melted material is
controlled by the reciprocating screw inside the barrel, where the raw material of the
product is melted. The proper flow of melted material is required to obtain better
quality of the product. Thus, the reciprocating screw can be considered as a critical
component of injection moulding machine and its size varies model to model. The
work presented is based on parametric modelling of reciprocating screw. The
parametric modelling is carried out by merging Creo parametric and Excel
spreadsheet using Excel analysis, as well as by using pro/programming of Creo
Parametric modelling package. Using developed parametric model of reciprocating
screw, three parameters (radius of screw, feed flight depth and metering flight
depth) are required to generate the three-dimensional (3D) model for further
analysis. The ease of present approach is very useful for the development of the
different types of reciprocating screw in terms of variation in the said dimensions.
The 3D model generated using parametric modelling has been analysed for different
materials (EN-41B, EN24, EN9 and EN8). The static structural and steady-state
thermal analysis has been considered to analyse stresses, total deformation, total
heat flux and directional heat flux. The obtained result depicts that EN-41B has
higher yield strength and EN24 has low total heat flux value. Thus, EN-41B can be
considered where higher strength is required and for higher wear resistance EN24 is
preferred for reciprocating screw.

Keywords Injection moulding machine � Reciprocating screw �
Parametric modelling � Static structural analysis � Transient thermal analysis
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1 Introduction

In injection moulding processes, plastics are the most adaptable of all known
materials and have built up themselves in good position. The aggregate utilization
of plastic is more than 750,000 MT and is evaluated to cross 2500,000 MT, i.e.
more than four times before this present decade’s over. Injection moulding process
is one of the well-known techniques to convert crude material into an article of
utilization. This procedure is most regularly utilized for thermoplastic materials
which might be progressively softened, reshaped and cooled. The injection
moulding process is a practically useful process of manufacturing in the
cutting-edge world from the automobile components to the food bundling. The
injection moulding process enables us to produce simple as well as complex
components/engineering products.

The most commonly used thermoplastic materials are polystyrene, acrylonitrile
butadiene styrene (ABS), polyamide, polypropylene, polyethylene, and polyvinyl
chloride (PVC). Most popular methods for converting plastics into useful products
are blow moulding, compression moulding, injection moulding and extrusion. The
injection moulding machine has two basic components; injection unit and clamping
unit. The injection unit includes the melting process of the product material and it
includes the mechanism, which inject the melted material into the mould to get the
final product. Both these important processes of injection moulding process are
carried out in the injection unit. The reciprocating screw is the important component
inside the injection unit as it is useful to perform both the task of melting of product
material as well as injecting melted material into the mould. The reciprocating
screw is divided into three zones namely; feed zone, transition zone and metering
zone. Thus, reciprocating screw is an important part/component of the injection
moulding machine.

Several literatures can be found for addressing the design and analysis of the
reciprocating screw of injection moulding machines [1–3]. Many industries are
available, which are manufacturing the injection moulding machines, for which
design of reciprocating screw is an important component. So to ease and quick
designing process, the parametric modelling process of the reciprocating screw
needs to be developed. To overcome this requirement of industries, the present
work covers the parametric modelling of the reciprocating screw. Also, the static
structural analysis and transient thermal analysis have been presented in this paper.

The present analysis has been carried out to analyse the factor of safety of the
reciprocating screw for different possible materials (EN8, EN9, EN4 and EN-41B).
The obtained results depict that the EN-41B material is having higher factor of
safety of 5. 68359. And, the performed transient thermal analysis also suggest the
suitable material as EN-41B. The presented analysis is very useful for design of
reciprocating screw.
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2 Modelling of Reciprocating Screw for Injection
Moulding Machine

2.1 Modelling of Reciprocating Screw

Modelling of reciprocating screw of diameter 79.8 mm is carried out using Creo
Parametric (a modelling software) as shown in Fig. 1.

2.2 Parametric Modelling of Reciprocating Screw

The term ‘Parametric’ describes here the dimension’s ability of a 3D model to
change the shape of model geometry as soon as the dimension value is varied.
Feature-based is a term used to describe the various components of a model. For
example, a part can consists of various types of features such as holes, grooves,
fillets, and chamfers. A ‘feature’ is the basic unit of a parametric solid model.

In a parametric model, each entity like line or arc in a wireframe, or a filleting
operation has parameters connected with it. These parameters control the different
geometric properties of the entity, like length, width and height of a model. They
also control the locations of these entities within the model. Parametric mod-
elling uses the computer to design objects or systems that model part attributes with
real-world behaviour. Parametric models use feature-based, solid and surface
modelling design tools to manage the system attributes.

One of the main features of parametric modelling is that attributes that are
interlinked automatically change their features. In other words, parametric mod-
elling allows the designer to define entire classes of shapes, not just specific
instances. Before the advent of parametric modelling, editing the shape was not an
easy task for designers. For example, to modify a 3D solid, the designer had to
change the length, the breadth and the height. However, with parametric modelling,
the designer need only alter one parameter; the other two parameters get adjusted
automatically.

Parametric modelling becomes one of the requirements for the design of
reciprocating screw, as this involves exacting requirements and manufacturing
criteria. The industries (specially injection moulding machine manufacturer) often
go for parametric modelling when making families of parts that involve slight
variations on a core design, because the designer will need to create design between
dimensions, parts and assemblies. This supports designs that will need to be

Fig. 1 Model of reciprocating screw of 79.8 mm
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modified or iterated on a regular premise. It also creates models with single features
that can be modified or changed—such as holes and chamfers—those are captured
in a model tree.

Parameters of reciprocating screw of diameter 69.8 mm is linked with the excel
spreadsheet which is shown in below Table 1.

Table 1 linked with the Creo model of reciprocating screw of diameter 69.8 mm
for the parametric modelling of diameter 79.8 mm. Model of reciprocating screw of
diameter 69.8 mm was modified by changing few parameters highlighted in
Table 2 and reciprocating screw of 79.8 mm was obtained.

Parametric modelling is carried out by merging Creo parametric and MS Excel
using Excel analysis function. Excel analysis is used to carry out parametric
modelling in that you change a few specific parameters and get a new modified
model. An Excel spreadsheet file is made consisting of different relative dimension

Table 1 Excel spreadsheet
of reciprocating screw of
diameter 69.8 mm

Parameter (mm)

Main Dia. 70

L/D Ratio 22.9226261

Compression Ratio 2.30555556

Diameter 69.8

Total Length (L) 1600

Feed Length (Lf) 800

Compression Length (Lc) 480

Metering Length (Lm) 320

Pitch (P) 70

Flight Width 7

Metering Flight Depth (Dm) 3.6

Feed Flight Depth (Df) 8.3

Under Cut Diameter 69.5

Under Cut Length 262.5

Under Cut Thickness 0.125

Shank Diameter 1 69.4

Shank Diameter 2 69

Shank Diameter 3 60

Spline Diameter 69.31

Shank Length 1 83

Shank Length 2 199

Shank Length 3 100

Spline Length 80

Leading Radius 7

Trailing Radius 3.5

Profile Length 63

Extension in Helical Profile 35
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parameters of reciprocation screw and it is then linked with the Creo parametric
model using excel analysis function. Once the spreadsheet file is linked with Creo
parametric, any change in parameters given in a spreadsheet will lead to change in
parametric model as well.

3 Design of Reciprocating Screw

Figure 2 shows the different zones of reciprocating screw of injection moulding
machine and the empirical relations of different dimensions in terms of core
diameter of the screw. For the design of reciprocating screw, different dimensions
can be determined by the following relations [4].

Table 2 Excel spreadsheet
of reciprocating screw of
diameter 79.8 mm

Parameter (mm)

Main Dia. 80

L/D Ratio 20.05012531

Compression Ratio 2.289473684

Diameter 79.8

Total Length (L) 1600

Feed Length (Lf) 800

Compression Length (Lc) 480

Metering Length (Lm) 320

Pitch (P) 80

Flight Width 8

Metering Flight Depth (Dm) 3.8

Feed Flight Depth (Df) 8.7

Under Cut Diameter 79.55

Under Cut Length 300.1074499

Under Cut Thickness 0.125

Shank Diameter 1 79.4

Shank Diameter 2 79

Shank Diameter 3 70

Spline Diameter 79.31

Shank Length 1 83

Shank Length 2 199

Shank Length 3 100

Spline Length 80

Leading Radius 7

Trailing Radius 3.5

Profile Length 72

Extension in Helical Profile 40
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where

D = Core Diameter of Reciprocating Screw = 70 mm
Total Length of Flighted Section of Screw = 20D = 1400 mm
Length of Feed Section = 10D = 700 mm
Length of Transition Section = 5D = 350 mm
Length of Metering Section = 5D = 350 mm
Pitch of Screw = 1D = 70 mm
Width of Flight of Screw = 0.1D = 7 mm
Flight Depth in Feed Section = 0.16D to 0.18D = 11.2 to 12.6 mm
Flight Depth in Metering Section = 0.06D to 0.07D = 4.2 to 4.9 mm.

4 Result and Discussion

4.1 Static Structural Analysis

Static structural analysis has been carried out in ANSYS workbench. The different
material properties applied to carry out this analysis are density, thermal expansion,
Young’s modulus, Poisson’s ratio, yield tensile strength, ultimate tensile strength,
specific heat, thermal conductivity. The geometry of reciprocating screw was
modelled in Creo parametric, and then it is imported into the ANSYS workbench.
The meshing of model was done. Three boundary conditions are applied as follows
[1, 5, 6]. The properties of all considered materials are summarized in Table 3 [5–8].

• One end of the reciprocating screw was kept fixed, which is near to the metering
zone.

• Other end was kept free and applied moment from the machine manual, which is
near to the drive zone.

• The injection pressure was applied to the model of reciprocating screw.

Fig. 2 Terminology of reciprocating screw [4]
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4.2 Transient Thermal Analysis

Transient thermal analysis has been carried out in ANSYS workbench. The dif-
ferent material properties applied to carry out this analysis are density, thermal
expansion, Young’s modulus, Poisson’s ratio, yield tensile strength, ultimate tensile
strength, specific heat, thermal conductivity. The geometry of reciprocating screw
was modelled in Creo Parametric, and then it is imported into the ANSYS work-
bench. The meshing of model was done. One boundary condition is applied as
follows [2]. The temperatures of different considered mould materials at different
zones of reciprocating screw are summarized in Table 4. These values of the
required temperature of mould materials at different zones have been utilized to
perform transient thermal analysis.

4.3 Static Structural Analysis

The static structural analysis of reciprocating screw has been done by the ANSYS
Workbench. The same model is analysed for different materials such as EN 8, EN 9,
EN 24 and EN-41B. The results obtained from the analysis are summarized in
Table 5.

Table 3 Physical properties for different materials of reciprocating screw

Materials Young’s
modulus
(PA)

Poisons
ratio

Density
(kg/m3)

Thermal
expansion

Yield tensile
strength
(PA)

Ultimate
tensile
strength (PA)

Specific
heat (J/
g-K)

Thermal
conductivity
(W/m-K)

SAE52100
(EN-41B)

210 � 109 0.3 7810 11.9 � 10−6 9.1 � 108 672 � 106 0.475 46.6

SSAE4340
(EN 24)

205 � 109 0.292 7850 12.3 � 10−6 4.7 � 108 689 � 106 0.475 44.5

SAE1040
(EN 9)

203 � 109 0.292 7810 10.7 � 10−6 3.5 � 108 632 � 106 0.473 42.7

SAE4040
(EN 8)

200 � 109 0.292 7845 11.3 � 10−6 3.5 � 108 585 � 106 0.486 51.9

Table 4 Temperatures for mould materials applied at various zones of screw

Materials Mould temperatures (°C)

T1 (Metering
Zone)

T2 (Compression
Zone)

T3 (Feed
Zone)

T4 (Drive
Zone)

Nylon-66 240 275 280 60

Low-Density
Polyethylene

150 170 190 60

Polypropylene 200 230 240 60

Flexible Pvc 140 160 170 60

Polystyrene 170 220 230 60
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The finite element method (FEM) based simulations have been performed for
static structural analysis using ANSYS workbench. Figure 3 shows, simulated
result for directional deformation. And, Figs. 4 and 5 show the simulated results for

Table 5 Results of static structural analysis of different materials

Property EN 8 EN 9 EN 24 EN-41B

Total Deformation, m Max: 0.00175 Max: 0.00177 Max: 0.00173 Max: 0.00169

Min: 0 Min: 0 Min: 0 Min: 0

Equivalent Stress, Pa Max: 1.602e8 Max: 1.602e8 Max: 1.602e8 Max: 1.601e8

Min: 2.103e5 Min: 2.103e5 Min: 2.103e5 Min: 2.114e5

Shear Stress, Pa Max: 7.794e7 Max: 7.794e7 Max: 7.794e7 Max: 7.790e7

Min: −7.818e7 Min: −7.818e7 Min: −7.818e7 Min: −7.815e7

Factor of Safety 2.18463 2.20585 2.93364 5.68359

Fig. 3 Directional deformation of reciprocating screw of EN-41B material

Fig. 4 von Mises stress of reciprocating screw of EN-41B material
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von Mises stresses as well as shear stress analysis, respectively, for the applied
boundary conditions to the reciprocating screw of EN-41B material.

The FEM-based simulated results are summarized in Table 5 for different con-
sidered materials of reciprocating screw. The obtained results depict that for the
same dimensions of reciprocating screw, the EN-41B material provides higher
factor of safety as 5.68359. While for other considered materials factor of safety
varies in the range of 2.1–3.0. The performed analysis suggests that EN-41B is the
most suitable material for the reciprocating screw.

4.4 Transient Thermal Analysis

Figure 6 shows the meshed of 3D model of reciprocating screw for transient
thermal analysis.

The transient thermal analysis also has been done for reciprocating screw by the
ANSYS workbench. The same model is analysed for different materials such as
EN8, EN9, EN24 and EN-41B. The results of transient thermal analysis of recip-
rocating screw of different materials for different mould materials are shown in
Tables 6, 7, 8 and 9.

The obtained results depict that the EN-41B material is most suitable as it is
having lower heat flux value, ultimately which reduces wear of thread of recipro-
cating screw.

Fig. 5 Shear stress of reciprocating screw of EN-41B material

Fig. 6 Meshed model of reciprocating screw for transient thermal analysis
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Table 6 Results of transient thermal analysis using EN8 material

Property Nylon LDPE Polypropylene Flexible
PVC

Polystyrene

Temp., °C Max:
337.58

Max:
224.99

Max: 291.3 Max:
198.79

Max: 274.5

Min:
16.599

Min:
18.593

Min: 17.651 Min: 19.6 Min:
17.117

Total heat flux,
W/m2

Max:
1.022e7

Max:
6.433e6

Max: 8.859e6 Max:
5.954e6

Max:
8.003e6

Min:
2.304e-12

Min:
2.648e-12

Min: 0 Min:
1.300e-12

Min:
7.617e-28

Directional heat
flux, W/m2

Max:
7.968e6

Max:
4.150e6

Max: 7.375e6 Max:
6.282e6

Max:
5.831e6

Min:
−5.348e6

Min:
−5.3226

Min:
−7.398e6

Min:
−3.785e6

Min:
−4.135e6

Table 7 Results of transient thermal analysis using EN9 material

Property Nylon LDPE Polypropylene Flexible
PVC

Polystyrene

Temp., °C Max:
337.59

Max:
224.03

Max: 287.12 Max:
198.79

Max: 274.5

Min:
17.158

Min:
18.996

Min: 18.617 Min:
18.548

Min:
17.254

Total heat flux,
W/m2

Max:
1.224e7

Max:
7.471e6

Max:
1.0219e7

Max:
6.378e6

Max:
9.635e6

Min:
2.801e-12

Min:
3.218e-12

Min:
1.295e-12

Min:
1.448e-12

Min:
5.110e-27

Directional heat
flux, W/m2

Max:
1.072e7

Max:
4.905e6

Max: 8.855e6 Max:
5.277e6

Max:
7.107e6

Min:
−6.495e6

Min:
−3.452e6

Min:
−5.315e6

Min:
−3.247e6

Min:
−5.023e6

Table 8 Results of transient thermal analysis using EN24 material

Property Nylon LDPE Polypropylene Flexible
PVC

Polystyrene

Temp., °C Max:337.59 Max:
224.03

Max: 289.98 Max:
200.32

Max: 274.5

Min:17.533 Min: 18.58 Min: 17.887 Min: 19.39 Min: 18.334

Total heat flux, W/m2 Max:1.0737 Max:
6.474e6

Max: 9.279e6 Max:
5.673e6

Max:
8.309e6

Min:5.379e-12 Min:
2.759e-12

Min: 0 Min:
1.241e-12

Min:
1.664e-27

Directional heat flux,
W/m2

Max:7.887e6 Max:
5.526e6

Max: 7.549e6 Max:
4.557e6

Max:
6.079e6

Min:
−5.576e6

Min:
−3.291e6

Min:
−7.678e6

Min:
−4.655e6

Min:
−4.309e6
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5 Conclusion

Parametric modelling of reciprocating screw of injection moulding machine has
been created of diameter 79.8 mm. The excel analysis function of Creo (modelling
software) has been used to generate parametric modelling of reciprocating screw of
injection moulding machine. The required sizes of the reciprocating screw can be
easily incorporated in terms of core diameter and model can be generated based on
the Excel analysis. The result obtained for the static structural analysis depict that
EN41B material has the higher factor of safety compared to other materials like
EN8, EN9 and EN24. The obtained results based on transient thermal analysis
depict that among all the considered steel grade materials, the SAE 52100
(EN-41B) has been found as the most suitable material for reciprocating screw, as it
exhibits the minimum heat flux generation while processing. The EN-41B material
which is having higher value of factor of safety for the considered dimensions of
reciprocating screw and the minimum value of heat flux generation is the most
suitable material for the reciprocating screw of injection moulding machine.
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A Neural Network Classification
of sEMG Signals for Estimation
of Force While Gripping

Salman Mohd Khan, Abid Ali Khan and Omar Farooq

Abstract In recent years, surface electromyography (sEMG) has been an important
aspect in the control of prosthetic and orthotic devices. However, such devices are
still subject to discussion because of the inability to perform actions of daily living.
One such issue is the retrieval of clear neural information from noise-free EMG
signals. In this paper, the objective is to identify optimal time domain sEMG features
for a task of low-level gripping force by performing classification with neural net-
working technique. The classifier was designed using an artificial neural network for
different gripping force level. The gripping gestures were performed at two levels:
first, simple gripping, when no force was applied and second, simple gripping with a
force of 10 N. The multichannel sEMG signals were recorded from six forearm
muscles namely ECD, ECR, ECU, FCU, FCD, and FCR. This paper helps to identify
the merits of ANN and importance of different forearm muscles for feature selection.
The results are obtained from the neural networking indicated root mean square
(RMS) and waveform length (WL) as superior time domain features. Further;
extensor muscles were found to be more responsive as compared to flexor muscles.

Keywords EMG feature extraction � Neural networking � ANN

1 Introduction

Surface electromyograms (sEMG) are extensively used in prosthetic devices as well
as in assistive devices. These devices are controlled by electromyogram
(EMG) signals, which take information from the muscles in the form of electrical
activity. These signals are retrieved when the muscles undergo contraction. The
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upper limb myoelectric prosthetic devices are based on surface EMGs, which help
to restore the functionalities lost after amputation. Several studies have been carried
out for the upper limb prosthetic devices to discuss the role of EMG signals for
grasping of objects [1], the posture of hand [2], and applied force for gripping
purposes [3].

The authenticity of the relationship between sEMG and grip force depends on
muscles selection, features derived from muscle signals, and method to derive to
relations. The earliest known research was done by Duque and Masset for different
postures and forces varying with respect to maximum voluntary contraction
(MVC). The EMG signals were measured on the flexor muscles of a forearm [4]. In
2010; Matheiesen [5] recorded the EMG signals from only flexor digitorum pro-
fundus muscle for prediction of power grip. Baranski [6] also analyzed the role of
flexor muscles. However, very few researchers [3, 7] have incorporated extensor
muscles in their study.

The features most often used in the development of EMG-grip force relation are
integrated EMG (iEMG), Variance (VAR), Mean Absolute Value (MAV),
Waveform Length (WL), Wilson Amplitude (WAMP), Power Spectrum ,and
autoregressive model. [8] In general; the optimality was obtained for iEMG,
waveform length, VAR and autoregressive models [9, 10].

The performance of features to predict force can be modeled by using
techniques/algorithms named as linear discriminant analysis, support vector
machines, [11] artificial neural networking (ANN), etc. Often, the researchers
investigated linear relationship between EMG and grip force, but this resulted in
poorer performance and predictability than techniques mentioned earlier [2, 5, 11].
The most frequently used and much predictable algorithm has been artificial neural
networking [5, 11, 12]. More importantly; there isn’t any work to our knowledge
where more than three muscles of the forearm are used as input in a single model to
predict low-level force.

In this study; an artificial neural network based classifier has been proposed to
identify best features to predict a gripping task at different low-level force. Further,
sensitivity analysis was performed to reveal the importance of the muscles for
classification of the task. The focus of this study was on the low-level grip forces in
the robotic prosthetic hand, which are essentially required for light and fragile
objects. The models relating sEMG and force were developed with the help of
artificial neural networking or multilayer perceptron. This would further help to
identify the features and forearm muscles which respond most to low-level forces.

2 Methodology

The experiment was performed on eight able-bodied human subjects (age range:
23–27 years; mean: 25.625 years). All the subjects were right handed. The subjects
were asked to provide their written consent prior to the experiment.
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2.1 Experimental Procedure

The subjects were seated on an adjustable chair with their right arm placed on the
armrest shown in Fig. 1. The arm on the armrest with all fingers in the direction of
the arm was considered as the home position. The subjects performed a gripping
action (i.e., bringing four fingers and a thumb simultaneously around the Jamar
handgrip dynamometer).

The objective of the experiment was to retrieve the data for no force and low grip
forces which can be subsequently used to design a system for the classification of
these cases of grip forces. The whole gripping process was completed in 12–15 s. It
involved the following steps: starting from the home position to forming a grip;
maintaining a grip for 4–5 s (prescribed time was 5 s); bringing back fingers to
home position. Each subject was asked to perform each case for multiple trials. In
each case; the subjects were asked to rest for 2 min in between each trial. After one
case; the rest period was 5 min.

Before the recording; all subjects were allowed to get used to the experimental
setup and practice to maintain a grip with a required force.

A Jamar handgrip dynamometer (Biometrics) with an adjustable grip was used
to measure the grip force. The grip size was changed accordingly for the conve-
nience of the subject as well as ensuring that the grip is formed by the proximal
phalanges and metacarpals of fingers and thumb.

The EMGs were recorded using bipolar wire electrodes from six muscles: Flexor
Digitorum Superficialis (FDS), Flexor Carpi Radialis (FCR), Flexor Carpi Ulnaris

Fig. 1 Data acquisition setup for the recording of EMG signals
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(FCU), Extensor Carpi Ulnaris (ECU), Extensor Carpi Radialis (ECR), and
Extensor Digitorum Superficialis (EDS). The standard protocol for surface elec-
tromyography for noninvasive assessment of muscles (SENIAM) was followed for
the placement of electrodes. The reference electrode was placed behind the earlobe.
The EMG signals were recorded using a Datalink system with a sampling rate of
1000 Hz. The force signals were sampled at a rate of 50 Hz.

2.2 Feature Extraction

The features were extracted over the entire interval of gripping; Altogether, six
features were extracted from six EMG channels placed on six different muscles
mentioned earlier. These features are most commonly used to estimate muscle
behavior for gripping actions. They are as follows:

Mean Absolute Value: It is calculated as an average of absolute values of the
EMG signal amplitude in a segment [8].

Integrated EMG: Integrated EMG is defined as a summation of absolute values
of the EMG signal amplitude [8].

Root Mean Square: RMS is the quadratic mean of the EMG signal [8].
Waveform Length: This feature provides information about the frequency,

duration, and waveform amplitude of the EMG signal [8, 11].
Variance: Variance is the average of square values of the deviation of the EMG

values.
Power Spectrum: Power spectrum, also called total power is an aggregate of the

EMG spectrum.
The individual ability of the feature to estimate grip force of a hand can be

established by using a neural networking method named as a multilayer perceptron.
A multilayer perceptron is one of the earliest neural networking techniques based
on feedforward artificial neural networking.

The models were designed for each feature involving six muscles; thus forming
a network of six muscles as input. The network designed; consist of a single hidden
layer; with 10 neurons. The activation functions for the hidden layer and the output
layer were sigmoid functions. The batch training was performed based on the
gradient descent algorithm. The output module consisted of two neurons; one with
no force and other with force of 10 N. 70% of the data was used for training of the
network while the rest was used to test the model. The number of epochs was set as
1000. The resulting data was analyzed on the basis of the sum of squares of error
(Fig. 2).
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3 Results and Discussion

The superiority of features extracted for classification of grip force was estimated by
sum of squares of error and the percent of correct prediction. The range of the sum
of squares of error for all features was 1.62-0.34. The highest percent correct
predictions were 94.9% and 93.8% for RMS and waveform length (WL) features,
respectively. The overall analysis depicted that the performance was worst for
power spectrum feature. The second worst performance was of integrated EMG
(iEMG) feature. The sum of squares of error and percent correct prediction for
iEMG feature were 1.15 and 83.3%, respectively. Figure 3 shows sum of squares of
error and percent correct prediction for each feature.

Figure 4 shows the behavior of different muscles for different features. The data
is in terms of normalized importance. These graphs helped to identify the signifi-
cance of different muscles in features, showing superior classification.

Extensor Carpi Digitorum (ECD) and Extensor Carpi Ulnaris (ECU) are the
most significant muscles for generating a relation between EMG feature and grip
force outcome. Based on the electromyography signal; ECD muscle showed highest
influence in the classification models of RMS, MAV, iEMG and Variance features.
However, in rest of the cases, not all muscles were heavily involved in generating a

Fig. 2 Neural network for
RMS feature
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model relationship between input features of all muscles and respective grip force.
For instance; to define a model relation of MAV and force/no force output, three
muscles were relatively important.

Although the classification of all features was quick and precise, the most
optimal classification of data was from RMS and waveform length.

3.1 Force Prediction Using ANN

Using ANN helped better nonlinear force sEMG feature of muscles relationship
resulting in improved correct prediction and lower sum of squares error for the
tested data. This is in concurrence with the results of the Kamavuoko et al. [13],
where ANN performed better than first-order polynomial. Apart from it, ANN
classification error for RMS was 5.1% compared to the classification error of 10%
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Fig. 3 a Classification rate of six time domain features; b Sum of squares of error for all features
extracted
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by linear discriminant analysis (LDA) for low-level forces [12]. The emphasis has
been laid on small change in force. Such forces are specifically important to hold
objects which are small, fragile, and easily deformable. The performance of a model
also depends on the features selected for the application in myoelectric prosthetic
devices. Off the six features analyzed, RMS, waveform length (WL) mean absolute

Fig. 4 a Muscle importance graph of muscles for MAV feature, b Importance graph of muscles
for RMS feature, c Importance graph of muscles for variance feature, d Importance graph of
muscles for WL feature
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value (MAV), and variance features were found to be better predictor of the grip
force from the ANN classifiers designed. ANN didn’t perform well on power
spectrum and iEMG. The features mean absolute value (MAV) and variance also
performed well but not as good as the root mean square (RMS) and waveform
length (WL).

3.2 Muscles Behavior

The muscles which were predominantly affecting no force/force output were
extensor muscles and flexor carpi digitorum (FCD) (Fig. 4). However, this partially
contradicts the work by Hoozemans et al. [3] where extensor digitorum and flexor
carpi radialis resulted in the lowest validity of the EMG model. These contradic-
tions may be because of the fact that high-level handgrip force up to 300 N was
taken in their study. Another study by Baranski et al. [6] found the contribution of
FCU and FCR muscles was significantly low among all forearm flexor muscles.
This conforms to our results. The muscles contributing most, in most of the models
designed were extensor carpi digitorum and extensor carpi ulnaris. Thus, for this
task especially while grasping at no force or low force, extensor muscles were
found to be a better predictor than flexor muscles. The focus has been more on
flexor muscles. In this study, flexor as well as extensor muscles have been
incorporated.

As a future scope, different combinations of upper limb muscles can be tested to
increase the prediction rate. It is evident from the study that intensity of the gripping
task (gripping force) needs to be addressed differently for classification purposes.

4 Conclusion

The aim of this study was to investigate the features contributing highest in the
classification of no force/low force condition using neural networking. It has been
found that root mean square (RMS) and waveform length (WL) responds best for
the designed classifier. Also, correct predictions rate in percentage for MAV and
variance was estimated as well. This study helped us to identify the muscles which
are most responsive to these forces. The extensor muscles play a significant role
during gripping along with flexor muscles. The least responsive muscle was FCR.
Thus, it can be concluded that neural networking can be used as an essential tool/
technique to further discriminate in different levels of low-level grip forces.
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Estimation of Plastic Zone at Crack Tip
Under Fatigue Loading of AA6061-T6
Aluminum Alloy by Finite Element
Analysis Using ANSYS

Yatika Gori and Rajesh P. Verma

Abstract The plastic zone shape and size are analytically estimated at crack tip
under fatigue loading (at stress ratio (R) = 0.1 and 0.5) of AA6061-T6 aluminum
alloy by finite element analysis using ANSYS. The stress intensity factor (SIF) is a
measure of the mechanical force required for crack growth and is closely related to
the plastic zone formed in the vicinity of the crack tip. The stress intensity factor
range (DK) was determined by finite element analysis using ANSYS and was
compared with the experimental data obtained as per ASTM standard to decide the
applicability of the analytical method in the present work. The comparison
exhibited that the error to determine SIF using ANSYS is less than 20%, which lie
under acceptable range. The finite element analysis was applied to determine the
plastic zone shape and size at crack tip using ANSYS. A butterfly type of cyclic
plastic zone was observed in the plane strain condition. At lower ΔK, smaller plastic
zone was measured for R = 0.5 in comparison to R = 0.1. After
ΔK = 12.00 MPa√mm, comparatively larger area of plastic zone was observed for
R = 0.5. At constant DK = 12.88 MPa√mm, the value of maximum SIF (Kmax) was
obtained as 14.29 MPa√mm and 16.11 MPa√mm at stress ration (R) = 0.1 and 0.5,
respectively. It was also observed that at same Kmax = 16.55 MPa√mm, the value of
DK is 14.86 and 18.13 for R = 0.1 and 0.5, respectively. The increased value of
DK results in larger plastic zone for R = 0.5 at later stage of crack growth.

Keywords Crack growth � Plastic zone � Stress intensity factor � AA6061-T6
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1 Introduction

The design of any mechanical component needs the proper examination of failure
mechanism of the component. Fracture is the common mode of failure in engi-
neering applications. Fracture mechanics deals with a crack and the crack becomes
very dangerous under fatigue loading. Fatigue fracture covers approximately 90%
failure in engineering applications [1]. The growth of crack under fatigue loading is
a primary concern of any designer. In real conditions, the stresses at the crack tip
are very large that they cause an elastic deformation in the front of the crack tip. The
elastic deformation forms a plastic zone near crack tip [2]. It is very useful to know
the plastic zone at crack tip to designers so that it may be analyzed to understand the
crack growth behavior.

Many researchers have proposed methods to determine the plastic zone size and
shape at crack tip. Benrahou et al. [3] have studied the formation of plastic zone
under mode I, II, and combination of the two. von Mises and Tresca criteria were
applied to estimate the plastic zone and the estimated plastic zone area was com-
pared to those measured by FEA (ABAQUS). Paul [4] stated that the nature of
cyclic plastic deformation and damage on a fatigue crack tip is expressible to
understand the failure mechanism under cyclic loading. The plastic zone size was
studied and effect of stress intensity factor was investigated. Park et al. [5], Wu et al.
[6], Mohanty et al. [7] also proposed various methods to estimate plastic zone at
crack tip under fatigue loading.

The fatigue crack growth phenomenon is different for different materials. There
are a number of experimental and analytical techniques available to determine the
plastic zone size in literature [3–7]. But there is limited information available on
plastic zone formation in AA6061-T6 aluminum alloys. AA6061-T6 aluminum
alloy is the most used aluminum alloys in structural applications. In the present
work, fatigue plastic zone at crack tip of compact tension specimen of AA6061-T6
aluminum alloys was estimated by finite element analysis. The plastic zone size at
stress ratios, R = 0.1 and 0.5, were compared to understand the crack growth at
different stress ratios.

2 Methodology

Finite element analysis (FEA) of compact tension (CT) specimen was carried out to
estimate the plastic zone size using ANSYS. The result obtained from ANSYS
model was verified with experimental data to ensure the suitability of ANSYS
model. The methodology followed in the present work is presented in (Fig. 1).

The experimental data were obtained for CT specimens of AA6061-T6 alu-
minum alloys. Commercial plates of AA 6061-T6 [8] were used. Chemical com-
position of the alloy AA6061-T6 is given in Table 1. The dimension and geometry
of CT specimen were as per ASTM E647-08 (Fig. 2). The CT specimens were cut
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AA 6061-T6

CT Specimen

Experimental
Analysis

Analytical 
Analysis

FEM Analysis

• ANSYS
• Crack length (a) vs No. of Cycles 

(N)
• Crack length (a) vs SIF (∆K)
• At R = 0.1, 0.5

FEM Analysis

• ASTM
• Crack length (a) vs No. of Cycles 

(N)
• Crack length (a) vs SIF (∆K)
• At R = 0.1, 0.5

Comparison experimental data to 
Analytical data

(To check the applicability of ANSYS 
to the present application)

Crack tip plastic zone estimation 
using FEM

Fig. 1 Methodology followed in present work
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by power hacksaw from the plates of AA6061-T6. The fatigue crack growth tests
were performed at two stress ratios, R = 0.1 and 0.5. The crack progress was
observed and corresponding number of cycles (N) and stress intensity factor (ΔK)
were observed.

3 Finite Element Analyses

Finite element analysis was applied to estimate the fatigue crack growth rate and
formation of plastic zone with the help of ANSYS Workbench 15 for CT specimen
of AA6061-T6 aluminum alloys. The CT specimen was modeled in SolidWorks
and fatigue failure analysis was carried out in ANSYS environment. The following
steps were followed for the finite element analysis of CT specimen:

Table 1 Chemical composition of AA6061-T6

Material Si Cu Fe Zn Mg Ni Mn Cr Ti Sn Pb Al

6061-T6 0.79 0.19 0.02 0.07 0.98 0.03 0.17 0.04 0.03 0.02 0.024 Rem

Fig. 2 a A CT specimen
b Geometry specification of
CT specimen as per ASTM
standard
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(a) Modeling of CT specimen in SolidWorks,
(b) Importing model to ANSYS,
(c) Meshing,
(d) Applying boundary conditions and loading conditions in fatigue module of

ANSYS,
(e) Applying fracture tool in ANSYS, and
(f) Obtaining data (a versus N and a versus ΔK).

Fig. 3 a 2D CAD model in
SolidWorks b Solid CAD
model in ANSYS
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In the present work, the 2D model of CT specimen was used (Fig. 3a). The
dimensions of CT specimen were taken according to ASTM standards as shown in
Fig. 1. The 2D model of CT specimen was imported in ANSYS and was converted
into 3D CAD model (Fig. 3b) of 6 mm thickness.

Meshing is the process of dividing or discretizing the geometry into finite ele-
ments. In the present analysis, the model of CT specimen was discretized into 4054
elements with 7483 nodes. Three-noded triangular elements were used in meshing,
as it is sufficient to analyze the fatigue crack growth. The meshing of CT specimen
is shown in Fig. 4a, in which the crack tip region was discretized with refined
meshes to capture the large strain gradients. The refined meshes near the crack tip
(Fig. 4b) were used as the crack tip region which is the critical region. The sizes of
element in the fine mesh zone increase linearly along the crack line in the present
investigation.

After meshing, boundary conditions were applied to the model. The CT speci-
men contains two holes of 10 mm diameter on upper and lower edges of the
specimen to hold the grip. Fixed support is applied to the lower grip (Fig. 5a) and a
tension load of 2.2 kN (Fig. 5b) is applied to the upper grip of the specimen. In
fatigue tool, stress ratios, R = 0.1 and 0.5, were taken with frequency, f = 10 Hz.
The crack growth rate of CT specimen along with the values of stress intensity
factor (SIF) at the crack tip was estimated using fracture tool.

Fig. 4 a Meshing of CT
specimen geometry
b Meshing near crack tip
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4 Result and Discussion

4.1 Comparison of FEA with Experimental Data

The data obtained from the FEA analysis was compared with the experimental data.
The experimental fatigue crack growth tests were performed on a servo-hydraulic
universal testing machine (Make: BIS Solutions (P) Ltd. India) having a load
capacity of 25 kN with graphic interface. The comparison of FEA and experimental
data is shown in Figs. 6 and 7.

A slight fast crack growth is observed experimentally as compared to FEA
analysis. The reason may be that the mechanical analysis is the only analysis

Fig. 5 a Fixed support at the
lower edge of CT specimen
b Tension load on the upper
edge of the CT specimen
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considered in the FEA analysis, the microhardness is not considered. The error in
obtaining the data from FEA was found less than 20% at any point, which is
acceptable. Therefore, the same finite element model was used to estimate the
plastic zone at crack tip.

4.2 Estimation of Plastic Zone at Crack Tip

It is very useful to know the plastic zone at crack tip so that it may be analyzed to
understand the crack growth behavior and designed to avoid fracture failure in
machine components. The plastic zone shape and size at crack tip of the specimen

Fig. 6 a Crack length, a versus number of cycles, N a at R = 0.1 b at R = 0.5
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were determined using FEA in ANSYS environment. In the present study, the
modeling is purely mechanical, i.e., the force was the only loading condition and
the microstructure was not considered. Plain strain condition is assumed for the
formation of plastic zone as the thickness of CT specimen is small. Figure 8 shows
the formation of plastic zone at the crack tip for stress ratio, R = 0.1. A butterfly
type of cyclic plastic zone was observed in the plane strain finite element analysis
(for both R = 0.1 and 0.5). Figure 9 shows the size of plastic zones obtained at
R = 0.1 and 0.5.

Fig. 7 Crack length, a (mm) versus SIF, ΔK (MPa√mm) at a R = 0.1 b R = 0.5
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The maximum and minimum values of von Mises stress at crack tip of the CT
specimen were found 2.0541 MPa and 2.21 � 10-5 MPa, respectively. It was
observed that as the size of the plastic zone increases with the decrease in von Mises
stresses. Therefore, it might be concluded that the large plastic zone size helps in
reducing the value of stresses at the crack tip [9], which, in turn, increases the life of
the component.

It is clear from the figure that the plastic zone area for R = 0.5 at lower ΔK
(ΔK = 6.45 MPa√mm) is smaller than that for R = 0.1. At ΔK = 12.00 MPa√mm,
the plastic zone areas for R = 0.1 and 0.5 are approximately equal. At higher
ΔK = 14.50 MPa√mm, the plastic zone area for R = 0.5 is greater than that for
R = 0.1. Larger plastic zone leads to great difficulty in crack growth. It means that
the crack growth for R = 0.1 at lower ΔK is lower than that for R = 0.5. It increases
with an increase in ΔK with respect to R = 0.5. This trend was also verified from
experimental data as shown in Fig. 9.

Fig. 8 Fatigue plastic zone at crack tip (at R = 0.1)

Fig. 9 Area of plastic zone at Kmax = 16.55 MPa√mm and da/dN vs ΔK obtained from fatigue
crack growth experiment
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At lower ΔK, lower plastic zone area was obtained for R = 0.5. After
ΔK = 12.00 MPa√mm, larger plastic zone area was observed than that for R = 0.1.
The crack growth depends on the values of Kmax. Kmax is the main driving force
of crack propagation [1]. At constant ΔK = 12.88 MPa√mm, the value of Kmax is
14.29 MPa√mm for R-ratio 0.1, whereas the value of Kmax for R-ratio 0.5 is
16.11 MPa√mm. There is a slight increase in the value of Kmax for R-ratio 0.5 as
compared to R-ratio 0.1, which means that there is an increase in the size of plastic
zone. The plastic zone area at lower ΔK for R = 0.1 and 0.5 is dependent on Kmax.

5 Conclusion

The following conclusions are made from the present work:

• There was less than 20% error (with comparison to experimental data) to esti-
mate crack growth (Δa) and stress intensity factor (SIF, ΔK) by FEA using
ANSYS. Therefore, FEA may be applied satisfactorily to study the fatigue crack
growth phenomena for AA6061-T6 aluminum alloys.

• It was observed that as the size of the plastic zone increases with the decrease in
von Mises stresses. Therefore, it might be concluded that the large plastic zone
size helps in reducing the value of stresses at the crack tip, which, in turn,
increases the life of the component.

• Before ΔK = 12.00 MPa√mm, comparatively smaller plastic zone was observed
at R = 0.5. In initial stage of crack growth, the AA6061-T6 aluminum alloy
shows significant higher crack growth resistance at stress ratio, R = 0.1 as
compared to R = 0.5.

• In later stage (after ΔK = 12.00 MPa√mm), comparatively larger plastic zone
was observed at R = 0.5. That is, faster crack growth was observed in
AA6061-T6 aluminum alloys for R = 0.1.

• Butterfly shape of plastic zone was formed during the plain strain FEA analysis.
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Detection of Crack and Unbalancing
in a Rotor System Using Artificial
Neural Network

Ram Babu Gupta and Sachin Kumar Singh

Abstract Crack and unbalance are two important effects experienced by a rotor
system during its motion. These are a common source of high vibration and
undesirable functioning in rotating machinery. The methods of detection of rotor
faults have improved from time being such as single fault identification at any given
instance, but generally more than one fault is existent in a rotor system simulta-
neously which has not been discussed so far. In this work, a method is being
devised to critically identify unbalance and crack in rotor system using artificial
neural networks (ANN) by statistical features. Moreover, a confusion matrix is also
obtained by statistical features. Then, by the help confusion matrix, the class of
crack and unbalance was decided. Validation and testing of the neural network have
been done with simulation data.

Keywords ANN � Confusion matrix � Crack � Unbalance

1 Introduction

Rotating machinery is of prime importance for industrial applications. Unbalance
and crack are a common source of high vibration and malfunction in rotating
machinery. In rotating system, main cause of vibration is fault. In a continuous
process industry, an undesirable failure of rotating system may result in huge
economical losses in terms of maintenance cost as well as huge production losses.
Vibration analysis seems to be an effective tool in diagnosis of problems related to
rotating machinery. There are many vibration-based diagnosis techniques available
for rotating machinery [1]. Lei et al. [2] proposed a new way to carry out fault
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problems diagnosis in rotating machinery using statistical analysis, and adaptive
neuro-fuzzy interface system (ANFIS). In literature, different techniques are used
for modelling and identification of unbalance and crack response of the system.
Genta and Bona [3] obtained unbalance response of the system using a modal
approach. Considering one loose pedestal in a rotating machine, unbalance response
has been studied using experimental, analytical and numerical approaches [4].
There are many methods used for obtaining the periodical response in rotor sys-
tems, such as the series expansion method [5] and the harmonic balance method [6,
7]. Curti et al. [8] used dynamic stiffness method for the rotor-bearing system and
obtained unbalance response. Sekhar [9] proposed a method based on the online
identification of unbalance and crack in a rotor and simulated identification process
when simultaneous occurrence of unbalance and crack exists on the rotor. Recently,
Kankar et al. [10] have successfully examined fault diagnosis of problems pertinent
to ball bearings using ANN.

In this paper, the work is mainly focused on crack and unbalance in rotor system
using Artificial Neural Network. A Simulink model of rotor has been generated
with the help of linearised stiffness and damping coefficient, simple model which
enables investigation of unbalance in rotor system. This model helps to provide
some insight into rotor system when unbalance and crack are present in rotor
system. The rotor model has been given a specific spin speed and numerically
simulated rotor displacements are generated. For crack and unbalance, various
vibration data are taken as time-domain signals for various eccentricity values
ranging from 0 to 0.000007 m and taken 20 data set for each statistical feature at
additive stiffness of 16100 Nm�1 and 18000 Nm�1. ANN uses trained and tested
statistical features extracted from time-domain signal.

2 Analytical Model by Simulink

The system of equations for motion

M€u þC _uþKu ¼ Fst þ Funb; ð1Þ

where [M], [C] and [K] are defined as the mass, damping and stiffness matrices,
respectively, for the given system, {Fst} is given as the force vector to take into
account the static deflection in the specified system, {Funb} is defined as the force
vector to accommodate the disc unbalance and{u} is the displacement vector of the
disc, m is the disc mass and c is the viscous damping.

M½ � ¼ m 0
0 m

� �
; C½ � ¼ c 0

0 c

� �
; K½ � ¼ k0 0

0 k0

� �
; u½ � ¼ ux

uy

� �
:
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Final equation of motion

m 0

0 m

� �
€ux
€uy

� �
þ c 0

0 c

� �
_ux
_uy

� �
þ k0 0

0 k0

� �
ux
uy

� �

¼ 1
2
sðtÞDk ð1þ cos 2xtÞ sin 2xt

sin 2xt ð1þ cos 2xtÞ

� �
xy

0

� �
þmex2 cosðxtþ bÞ

sinðxtþ b

� �
:

ð2Þ

Rotor system data for the numerical simulation:

Disc mass, m = 2 kg, Intact shaft stiffness, k0 ¼ 3:2135� 10�5Nm�1;

Additive (negative) crack stiffness, Dk ¼ 1:601� 104Nm�1;,
Viscous damping in rotor system, c ¼ 16:03N� sm�1;
Phase of unbalance, b = 10(p/180) rad;
Shaft deflection due to disc weight, xy ¼ 6:105� 10�5 m and
Disc eccentricity, e = 0.000007 m.

2.1 Simulink Model

See Fig. 1.

2.2 Unbalance Identification

Various unbalance conditions are taken such as unbalance at e = 0 m, e =
0.00000233 m, e = 0.00000467 m and e = 0.000007 m. In each case, 20 sets of
data are taken. The preprocessing is performed on the time-domain signal to extract
the required statistical features like mean (µ), root mean square (RMS) and variance
(r2), standard deviation and skewness using MATLAB. Training and testing of the
neural network are done with the extracted data from Simulink diagram and con-
fusion matrix is obtained in two different cases. First one is with statistical features
in X-direction, second one is with statistical features in Y-direction. Unbalance
severity of the rotor system is classified according to the various explained methods
and also using ANNs.
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2.3 Unbalance and Crack

In the present work, the results of a theoretical study on a simple linear rotor
dynamic model are being analysed, capable of simulating the effects of crack and
unbalance across a rotor system. The mathematical model for dynamics of a
cracked rotor is presented. A Laval rotor, which is a simply supported elastic shaft
with a centrally located disc, is considered. It is based on lumped modelling with
the assumption that the shaft is massless. Take rotor speed of 600 rpm and taken
eccentricity values range between 0 and 0.000007 m. In each case, 20 sets of data
are taken such as statistical features like mean (µ), root mean square (RMS) and
variance (r2) standard deviation, and skewness using MATLAB software. Extract
the statistical features by performing the preprocessing on the whole signal. Neural
network is trained and tested with the Simulink data. Moreover, a confusion matrix
is also obtained by statistical features. Unbalance and crack of the rotor system are
classified based on the abovementioned two methods and using ANNs.

2.4 Feature Extraction

A complete list of features that are evaluated from the vibration signals using
statistics are given below:

(a) Mean value: Mean value is the average value of a signal,

mean ¼
Pn

i¼1
Xi

n
;

(b) RMS value: The RMS value is given by

rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

X2
i
1
n

s
;

(c) Standard deviation: It is a measure of energy content in the vibration signal and
is termed as standard deviation, which is given by

Standard deviation ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1
ðXi � �XÞ2

n� 1

vuuut
;
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(d) Variance: Variance is the square of the standard deviation, which is given by

Variance ¼ std2;

(e) Skewness: Measure of symmetry is skewness, or the lack of symmetry, which
is given by

Skewness ¼ n
ðn� 1Þðn� 2Þ

Xn

i¼1

Xi� �X
r

� �3

:

2.5 Application of Neural Network

ANNs working mechanism is based on biological neurons and it is used for pattern
recognition in many situations where data are incomplete or fuzzy. ANN’s
advantages are automatic detection and diagnostics of rotating machines. However,
they require a large number of training examples. The basic building block for an
artificial neural network is the neuron. ANN is working with input and output
numerical values. Each neuron consists of many inputs and outputs. Each con-
nection, which is present between artificial neurons, is capable of transmitting a
signal from one to another. The artificial neuron which is receiver of the signal can
successfully process it and then signal artificial neurons attached to it. Two-layered
feedforward neural network consists of two layers as given below:

(i) First layer which is hidden and processes the data and
(ii) Second layer is the output layer that gives the result by the analysis, i.e.

unbalance severity class.

The configuration of the feedforward neural network is explained in Fig. 2. Input
layer consists of five neurons, no of hidden neurons are 10 and output layer consists
of four neurons. Initially, the random weights are taken varying from 0 to 1.

Fig. 2 Artificial neural network
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3 Results and Discussion

ANN training and classification of faults are being analysed and explained using
MATLAB software. This study is mainly focused on crack and unbalance, and are
classified using ANN as shown in the confusion matrices shown in Figs. 3 and 4.

3.1 Unbalance Severity Identification

As explained in Sect. 2.2, the Simulink model is conducted with different unbal-
ance conditions at additive stiffness (Δk) value 16010 Nm�1 to 18000 Nm�1. Each
case is considered as a separate class like unbalance at e = 0 m, e = 0.00000233 m,
e = 0.00000467 m and at e = 0.000007 m. From the Simulink data, various sta-
tistical features are extracted in both X-direction and Y-direction. The rotor runs at
600 rpm. Data is fed to the neural network and confusion matrices in all four cases.

Fig. 3 Confusion matrix for unbalance a Statistical features in X-direction and b Statistical
features in Y-direction

Fig. 4 Confusion matrix for crack and unbalance a Statistical features in X-direction and
b Statistical features in Y-direction
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Some typical ANN training data are presented in Table 1 at e = 0. Table 1 gives the
statistical features at e = 0 m unbalance and at Δk = 16010 Nm�1 statistical features
of 10 data sets and at Δk = 18000 Nm�1, another 10 data sets are taken in
X-direction. Similar results have been generated for other unbalances and in both
X- and Y-directions, these are, however, not shown in here. In this case, similar
data for vertical direction have also been developed. The result obtained on a test
set is often shown as a 2-D confusion matrix with a row and column for each class.
Each matrix element depicts the counts of test examples for which the actual class is
designated as the row and for predicted class as the column. The confusion matrix
shown in Fig. 3a corresponds to the statistical features in X-direction while Fig. 3b
corresponds to that of in the Y-direction. From Fig. 4b, it can be inferred that ANN
has correctly predicted 20, 20, 20 and 20 cases for four classes, i.e. at e = 0, e =
0.00000233 m, e = 0.00000467 m and at e = 0.000007 m, respectively, with sta-
tistical features in Y-direction. It can be noticed from Figs. 3a to 4b that statistical
features are giving 100% accuracy by analytical model. In confusion matrix, the
percentages are calculated in the last rows and columns as count of samples which
are classified in correct sense to the total number of samples classified. Hence, the
horizontal ANN results and vertical results are giving 100% accuracy due to ana-
lytical model of Simulink. Hence, ANN’s results are the same in X- and
Y-directions. The time-domain vibration signals response at rotor running speed of
600 rpm with various unbalance situations which are depicted from Figs. 5a to 8b.

Table 1 Statistical features at eccentricity (e) = 0

S.N. Mean (m) RMS (m) Variance (m2) Std. deviation (m) Skewness

1 −2.46E-09 9.79E-07 9.79E-07 9.59E-13 0.041051

2 −2.75E-09 1.09E-06 1.09E-06 1.20E-12 0.041051

3 −1.82E-10 9.96E-07 9.96E-07 9.91E-13 0.033355

4 −2.03E-10 1.11E-06 1.11E-06 1.24E-12 0.033355

5 −1.36E-09 9.81E-07 9.81E-07 9.62E-13 0.036061

6 −1.53E-09 1.10E-06 1.10E-06 1.20E-12 0.03606

7 8.15E-09 9.82E-07 9.82E-07 9.65E-13 0.041668

8 9.12E-09 1.10E-06 1.10E-06 1.21E-12 0.041668

9 −1.26E-09 9.81E-07 9.81E-07 9.63E-13 0.035445

10 −1.41E-09 1.10E-06 1.10E-06 1.20E-12 0.035445

11 7.21E-09 9.82E-07 9.82E-07 9.63E-13 0.037293

12 8.06E-09 1.10E-06 1.10E-06 1.20E-12 0.037292

13 −1.48E-09 9.82E-07 9.82E-07 9.64E-13 0.036118

14 −1.65E-09 1.10E-06 1.10E-06 1.20E-12 0.036118

15 1.29E-09 9.78E-07 9.78E-07 9.56E-13 0.034385

16 1.44E-09 1.09E-06 1.09E-06 1.20E-12 0.034385

17 −1.03E-09 9.82E-07 9.82E-07 9.64E-13 0.034902

18 −1.15E-09 1.10E-06 1.10E-06 1.20E-12 0.034902

19 −1.20E-09 9.77E-07 9.77E-07 9.55E-13 0.035641

20 −1.35E-09 1.09E-06 1.09E-06 1.19E-12 0.03564
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3.2 Unbalance and Crack Identification

Data are extracted from Simulink diagram and obtained statistical features. Each
case is considered as a separate class like (i) crack at Δk = 0 Nm�1 v and e value at
0.0000035 m and 0.000007 m change w.r.t. time (ii) unbalance at e = 0 and Δk =
16010 Nm�1 and Δk = 18000 Nm�1 change w.r.t. time. From the Simulink data,
various statistical features are extracted. Neural network is modelled as a classifi-
cation problem. Data is fed into the neural network and obtained confusion matrices
as shown in Fig. 4a and b in X-direction and Y-direction, respectively. It shows that
100% of the data is classified accurately in X-direction and 100% of the data is
classified accurately in the Y-direction. It shows how classification is done between
target class (actual class) and output class. Once the neural network is stabilised that
can be used to take the new values and it tells which class it belongs to. From this,
we can make decision by knowing the fault to which it belongs to, whether
unbalance or crack depending on the class to which it belongs to. Different data sets
used for training and testing, 70% of the data are used for training and 30% of the
data are used for testing. In each data set, 20 data points are used. The network is
modelled as a two-class problem and trained and tested accordingly. Here, unbal-
ance and crack faults are separately simulated. It is a two-class problem, it just tells
whether the fault is unbalance or crack. Because of mathematical simulation, ver-
tical data classification and horizontal data classification are the same. Here, we will

Fig. 5 Eccentricity (e) = 0 m a X-direction and b Y-direction
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not get the severity of the problem, we get only type of problem, i.e. unbalance or
crack. Based on the input (statistical features) given to the ANN and the ANN
toolbox of MATLAB program will form the confusion matrix (Figs. 6, 7, 8).

Fig. 6 Eccentricity (e) = 0.00000233 m a X-direction and b Y-direction

Fig. 7 Eccentricity (e) = 0. 00000467 m a X-direction and b Y-direction
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4 Conclusions

The work presented in this paper an analytical procedure, which is conducted by
simulating different unbalances and cracks that occur in the system comprising
rotor-bearing system. The statistical features were given as input to the ANN. Then,
for the cases of crack and unbalance, confusion matrix was obtained. In both cases,
ANN is trained and tested by both X-direction and Y-direction readings.

By modelling the neural network as a classification problem, the data was
classified. It was observed that Y-direction readings are classification results and
X-direction vibration readings are giving the same result as that obtained by
Simulink model. These results are quite useful for making a maintenance decision
based on unbalance severity, whether the machine is allowed to run or not. The
present neural network is classified with 100% accuracy by statistical features in
X-direction for unbalance identification and with 100% accuracy by statistical
features in Y-direction for cracks. The present model can be improved by adding
measurement noise in this model. Addition of measurement noise will mimic the
actual system more closely. The working of the algorithm can be tested after adding
measurement noise in the model.
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Characterization of ABS Material
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Abstract The importance of polycarbonate/acrylonitrile butadiene styrene
(PC/ABS) alloy is increasing day by day in today’s world. In this work, we have
analyzed and compiled the ABS substrate both qualitatively and quantitatively in
various fields like doping, surface modification, polymerization, conductivity, and
electroplate decomposition. Also, an in-depth overview of the mechanical behavior,
thermal properties, metallization, and modulus of materials has been investigated
here. ABS plates with nickel and copper serve good in industrial applications. Apart
from this, their widespread applications in automobiles, communication instruments,
electrical and electronics equipment, injection molding, and fused deposition
modeling were studied to analyze the mechanical behavior of virgin ABS because of
its user-friendly behavior and simplicity for machinery actions. The degeneration of
ABS substrate caused due to less amount of nitrogen obtained from the paralysis of
DABS has been discussed thoroughly. Quasi-static mechanical properties of FDM–

ABS materials were also taken into account. In order to improve flame retardancy, it
was advised to promote char formation using tin- and zinc-based Lewis acid salts as
charging additives on ABS during combustion. Also, flame-retardant properties in
ABS were observed by the reaction of hexachlorophosphazene with phenol and
catechol. ABS rubber resin and fumed hydrophobic silica nanoparticles were dis-
persed together to get the best wear abrasion resistant polymer, Taguchi method was
introduced to calculate signal-to-noise (S/N) ratio. Later, the study on laser trans-
mission welding of polymer joints by two ABS sheets has also been taken into
consideration. The emphasis on production of innovative models using ABS waste
has been laid. The discussion on the tribological behavior of composites has also
been studied. Boiling effects of ABS fraction on glassy transition temperature and
strain rate on deformation behavior of PC, ABS alloy are theoretically concluded in
this work.
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1 Introduction

Thermal resistance, lightweight, easy formability, and reflectivity are some of the
properties of a plastic material due to which plastics are useful in many ways. These
properties of plastic are helpful in fabrication of materials like ABS/PS. The study
of ABS material can be helpful in reducing economics, energy, and environmental
issue of a country. Acrylonitrile, Butadiene, and styrene are three monomers of
ABS polymers. A nonconductive material can be made conductive by several
methods. Applying a conductive layer on the nonconductive material is one of the
very useful methods and is called metallization which is done for the determination
of property of any alloy. After adding additives, it is important to know the effect of
additives on the alloy [1, 2]. An alternative of additive has been developed recently
which can be useful in having similar properties as before with less price. In this
approach, the polarity range of the system can be enlarged by the use of ionic liquid
(ILS) as adjuvant in ABS [3]. Combination of properties of individual components
is useful in giving an optimum price–service ratio because of its low cost and high
performance [4]. Introducing pores to the material system helps in further weight
reduction and energy absorption through large compressive deformation, and this is
(fabricating porous structures) easier and cost-effective compared to metals and
ceramics [5].

An environmental-friendly surface etching and activation technique for ABS
material is a replacement for conventional chromic acid bath. By using this, peel
strength increases and adhesion strength reaches its maximum value [6]. If ther-
moplastic polymers (ABS/PC) were treated with atmospheric plasma, the slower the
plasma treatment tends to the greater wetability of the treated polymers, somehow
which gives idea about surface modification [7]. During the recycling of ABS from
waste electrical and electronic equipment (WEEE) voids, defects can occur (caused
by the evolution of volatile substances) and it was found that flexural strength and
ductility, in particular, decreased with increased level of voids [8]. Nickel elec-
troplating of ABS plastic has been achieved without any palladium pretreatment
which is environmental friendly [9]. ABS material has wide range of applications
and use of polymeric composites has grown at a rapid rate since 1960s. Hence, in
this review paper, we are theoretically summing up all the physical and chemical
properties of ABS/PC and its effect on environment.
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2 Literature Review

1. ABS material and organic polymeric varistor: Varistors are the electronic
devices which cause a variation in the resistance with the applied voltage. The
relationship between resistance and applied voltage in varistor is inversely
proportional. The resistance of the varistors is high at lower voltage and
decreases as the voltage is raised. The varistors have an inverse relation between
applied voltage and resistance, and hence it shows a nonlinear/nonohmic
behavior of current and voltage characteristics. Varistors are used in controlling
and compensating devices, and hence it was built at large scale as controlling
devices. Due to availability and cheap in price, varistors are made from the
ceramic materials. These varistors are made from ceramic materials, and hence
known as ceramic varistors. Basically, these ceramic varistors are made up of
n-type semiconductors. These n-type grains are then surrounded by insulating
electrical barriers at the grain boundary [10]. To protect these systems against
transient overvoltages, low-voltage varistors are developed [9]. Varistors till
now were being built by using ceramic materials which were showing a non-
linear electric behavior on polymerization. The limitation of using
ceramic-based varistors is its preparation and uses. The preparation of ceramic
varistors is done at high temperature and with toxic chemicals, and hence these
things are making it less desirable. Also, non-flexibility in the mechanical
behavior and high density is also a cause of its undesirability [11].
To overcome with abovementioned problems, a new varistor is investigated
[11]. Organic varistors are made by the combination of the low-cost dielectric
polymer and condensing polymers, polyaniline, acrylonitrile–butadiene–styrene
copolymer. Preparation of PANI emeraldine-salt form (PANI-ES) is done by
oxidative polymerization synthesis in which 6.0 ml of aniline in presence of
1.0 mol/L of HCl is combined with 3.756 g of (NH4)2S2O8. This synthesis is
done by stirring the mixture for 2 h. Aqueous solution of 0.1 mol/L of NH4OH
when stirred with PANI-ES for 24 h, it gives PANI emeraldine-base form
(PANI-EB). PANI-ES with ABS composite dissolves in adequate amount of
ABS in chloroform [11]. The dispersion of PANI particles takes place in
polymer matrix of dielectric. ABS was chosen because of its mechanical and
thermal properties [12] as well as because recycling is possible. One more
advantage of using ABS is that the composition of acrylonitrile, butadiene, and
styrene in ABS can be varied which will cause new physical and chemical
properties.
The following figure, Fig. 1a, shows SEM micrographs of PANI-DBSA/ABS
and Fig. 1b shows SEM micrographs of OPV composites. In both the com-
posites, the percentage of PANI is 20%. In Fig. 1a, the homogeneous phase of
PANI-DBSA/ABS can be seen. While in Fig. 1b, i.e., in the varistor sample, the
grains of PANI are closely packed and it can be distinguished by normal
methods. This can be concluded that the PANI gets dispersed in the ABS matrix.
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E–J curve of PANI-DBSA/ABS Blend and PANI/ABS varistor is shown in
Fig. 2. Comparative study of both is done on the curve which is shown.
PANI-DBSA/ABS blend shows a linear ohmic behavior while PANI/ABS
varistor shows nonlinear ohmic characteristics [12]. In the recent time, it was the
first attempt for the preparation of organic polymeric varistors in which a
nonlinear coefficient of a = 5.0 and breakdown voltage of 10 V/mm is taken. Its
characterization was also done with flexible, inexpensive, and stable properties
[12].

2. ABS material modification by treating with an atmospheric pressure
plasma: In this, the effect of treating ABS with atmospheric pressure plasma has
been discussed. It is observed that about 80% of the tensile strength is recovered

Fig. 1 a SEM micrographs of PANI–DBSA/ABS b PANI/ABS composites varistor

Fig. 2 Current density
electric field (J–E) curve for
20% wt of PANI–DBSE/ABS
blend and PANI/ABS varistor
composites
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by using this process [13]. Atmospheric pressure plasma treatment is an alter-
native surface preparation method for plastics and organic matrix composites
prior to structural adhesive bonding [14]. Atmospheric pressure plasma is the
best technique for replacement of traditional method of preparation. By
acquiring the plasma treatment, the oxygen content increases [14]. The use of
plasma results in only minor changes to composite surface structure. The use of
this method in the joining of composite surface has been the subject of several
publications [14].
Wet chemical cleaning and mechanical abrasion are two techniques of
replacement of traditional method for surface preparation. The traditional
preparation method also causes the environmental issue when used to prepare
the ABS material [14]. By treatment of ABS with atmospheric pressure plasma,
there is an increase in O peak and decrease in C peak, respectively, and also the
strength of adhesive bonding increases considerably [14]. Also, the strength of
repaired sample is increased by 12% up to 92% of virgin specimen.
Atmospheric pressure plasma activation not only improves static bond strengths,
but also significantly increases the durability of joint [14].

3. ABS material copper metallization: In this work, we studied an
environmental-friendly surface metallization on ABS copolymer as a replace-
ment of conventional chromic acid etching bath [8]. By using copper metal-
lization, its peel strength and adhesion strength improves, and at the temperature
of 50 °C adhesion strength reaches its maximum value. It is also theoretically
studied that there is no difference between “Cu and Pd” catalyst on crystalline of
electroless-plated copper film. Copper (Cu) has an excellent electrical conduc-
tivity and is relatively inexpensive. In the following work, it has been widely
studied for POP and variety of plastics which are being Cu plated that includes
acrylonitrile–butadiene–styrene (ABS), polypropene, and Teflon. Conductive
Cu layers were developed on ABS from bath of H2SO4, CH3COOH, and H3PO4

to increase the electrical performance [15].
Further, at low temperature, CuS nanoparticles were prepared under hydrother-
mal reaction between Cu(NO3)2.4H2O and thioglycolic acid. CuS nanostructure
added to acrylonitrile–butadiene–styrene copolymer and influence of copper
sulfide on the thermal stability and flame retardancy of ABS matrix were studied.
As a result, it was concluded that CuS nanostructure can enhance the thermal
stability of the ABS Matrix [16].
In Fig. 3, XRD pattern of pure ABS polymer and ABS–CuS nanocomposites
have been shown. XRD pattern of any composite shows the phase identification
of it. Figure 3a shows the phase pattern of pure ABS polymer. Figure 3b shows
the phase pattern of ABS–CuS nanocomposites. From the figure, it can be
concluded that the peaks of CuS in XRD pattern of nanocomposite confirm the
existence of copper sulfide in the polymeric matrix [16].
Most common durable plastic is acrylonitrile butadiene styrene (ABS). Copper
and nickel have large industrial uses and are used in different processes. These
are used in making of toys, automotive, electronic housing, computer body
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parts, pipes, switches, etc. [4]. Due to large-scale uses of nickel, it is selected as
the coating material in direct metal electroplating on ABS. Because of its
eco-friendly behavior, less in cost and quick in process, it is largely in demand
for planting industries [4]. In this paper, we have studied and analyzed the
electrodeposition of nickel (Ni) on the ABS material with the help of electro-
plating process. The main reason for adopting this process of electroplating is its
eco-friendly properties and less cost of operation.
The electroplating of nickel on the surface of ABS takes place in three steps. In
first step, polypyrrole is chemically deposited on the layer of ABS surface.
Second, the electroplating of copper on ABS surface is done. At the end, nickel
is deposited on the top layer of ABS. This process of electroplating has some
advantages over the conventional methods of electroplating. This method may
be completed in three steps but it is quicker than conventional method. This is
because several steps like palladium autocatalysis and chromium etching are
reduced here. Homogeneity, thickness, and adherent of coating can be analyzed
by SEM, X-ray mapping, and EDS [17]. In this work, an effect of alkaline nickel
sulfate and aqueous acid nickel chloride on the ABS is analyzed when ABS is
dipped in it. As a conclusion, it was found that the acid nickel chloride bath had
a greater stability and wide operating range. Also, acid nickel chloride bath gave
better coating thickness than alkaline nickel sulfate bath. Later on, effects of
sodium hypophosphite and sodium citrate concentrations on the electroless
nickel plating thickness were discussed.

4. ABS material surface etching: Surface etching of ABS using electroless
deposition method is responsible for achieving good conditions for metal–
plastic bonding and we studied that chromic acid etched samples show better
electrical performance. Etching generally provides anchoring sites for activator
material, increase in the surface area, and some residual remaining also got
eliminated in the etching [18]. In this section, an environmental-friendly etching

Fig. 3 XRD patterns of
a pure ABS polymer b ABS–
CuS nanocomposite
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system containing MnO2–H3PO4–H2SO4 was developed to investigate surface
etching for ABS–polycarbonate (PC/ABS) as the replacement for conventional
chromic acid etching solutions. When the ABS substrates were treated in
optimal swelling and etching conditions, preferable surface hydrophilic condi-
tions were studied by SEM observation and surface contact angle measurement
to obtain desirable surface finish conditions and thus adhesion strength was
improved. The result showed that the TMAH–NMP–H2O swelling treatment
and the MnO2–H3PO4–H2SO4 etching treatment were very effective and envi-
ronmental friendly for ABS surface treatments [19]. Further, a device made up
of ABS and fabricated by FDM was treated to render their surfaces impervious
to water and grafting of PEGMA, which was presented and evaluated for
increasing the hydrophilicity and biocompatibility of the ABS surface. In order
to overcome this problem, sealing an FDM–ABS surface with an acetone
treatment was implemented to the device and the grafting of PEGMA into ABS
is a viable method to increase surface hydrophilicity and biocompatibility [20].
Copper particles were deposited on the ABS surface which served as a
replacement for SnCl2/PdCl2 colloid, and thus Cu proved to be a feasible
replacement for Pd catalyst [21].
In Fig. 4, FT-IR spectra of treatment of PC/ABS substrates with swelling and
etching has been shown. The variation in the wave number range with per-
centage of treatment is shown in the graph. When there was no treatment of PC/
ABS substrate with swelling, there is a long dotted line present in the graph.
This shows that the wave number range is decreasing initially when the per-
centage of transmittance is decreasing till a point and then the wave number
range is decreasing even increasing the percentage of transmittance. After
swelling treatment of PC/ABS, a small dotted line is shown in the graph. In this,
comparatively high-transmittance percentage is giving approximately the same

Fig. 4 FTIR spectra of PC/
ABS substrates with swelling
and etching treatments, wave
number range: 1650–1800 cm

Characterization of ABS Material in Hybrid Composites: A Review 625



wave number range. After the etching process, a continuous line is shown. In
this, comparatively high variation of percentage of transmittance is showing
very less variation in the wave number range.
From the above information, this can be concluded that the surface absorption
capacity of PC/ABS has increased when the process of etching is done on it.
Low value of transmittance percentage is showing that less amount of light
beam is detected on the other side of the sample [19].

5. ABS material metallization: Whenever any nonmetallic plastic components or
part is imparted by a metallic property, then this process is called metallization.
The process of metallization is done by decomposing the thin metallic film over
the surface of plastic material. In this literature, the metallization of part
material, i.e., acrylonitrile–butadiene–styrene copolymer is done. To do this,
fused decomposing modeling machining is required. The metals which are used
for the metallization are silver (Ag), Gold (Au), copper (Cu), and nickel
(Ni) [18]. Having good electrical conductivity and comparatively less expen-
sive, copper is widely used. Different techniques are available for the metal-
lization process. These techniques are spray metal techniques, vacuum
decomposition techniques, sputtering, dipping the part in metal paint, paint by
brush, and electroless plating [22]. Fused decomposition method is a method to
fabricate the part of specific dimensions. By use of this method, the prototyping
is done rapidly, as the layer-by-layer decomposition principle is used to fabri-
cate. In this method, the CAD design model is directly converted into
fabrication.
Before the process of electroless decomposition, it is essential to prepare the
surface on which decomposition is achieved. This surface preparation method is
also known as conditioning of surface. The conditioning of the surface of the
metal or plastic surface increases the adhesiveness between the plastic and

Fig. 5 Surface conditioning of ABS through different routes
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decomposed materials [23]. The optimum time for the conditioning of the
surface depends upon the properties of the plastic which is dependent upon the
composition and fabrication used in the production of the plastics [24]. For the
preparation of the ABS surface for electroless surface decomposition, two dif-
ferent routes are identified. These routes are shown in Fig. 5.
In Fig. 5, it is shown that the surface preparation of ABS materials can be done
through different methods. These methods are represented in the form of routes
in the image. Also, bath of different materials with its wt% with ABS is indi-
cated at the lower of the image.

For the surface conditioning through Route 1, chromium acid is used as an
etching agent in different processes of the surface. These processes are cleaning,
etching, neutralization, activation, acceleration, and electroless decomposition. At
the end of the process, the sample is washed with the water and dipped in the acidic
solution. In second route, all the processes remain same other than etching process.
In the second route, the composition and the constituents also remain the same. For
the etching process, chromium acid is replaced by sulphuric acid (H2SO4) and
hydrogen peroxide (H2O2). After all steps in the first route, the ABS part is
immersed in the 192 ml solution of H2O2, 160 ml of sulphuric acid (H2SO4), and
448 ml of deionized water. All these are maintained at room temperature.

Figure 6 is showing the SEM image of copper-deposited ABS for different–
different time periods. The analysis of sample of Route 1 is done on SEM and
EDM. These crystals are observed when electroless copper decomposition is done
in acidic solution of HF for 24 h and 48 h at room temperature [25].

SEM and EDS images of sample dipped in HF bath at room temperature is
shown in Figs. 6 and 7. In Fig. 6, the deposition of copper is not clearly visible.
However, some crystals can be seen from EDS mapping.

In Fig. 7, the copper distribution on the Al-seeded ABS surface is shown. This
pattern is obtained by EDS mapping to examine the distribution of copper.

Fig. 6 SEM image of copper-deposited ABS part surface in HF bath a For 24 h b for 48 h
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Figure 8a shows the copper distribution after 24 h and Fig. 8b shows the copper
distribution after 48 h [25].

Now, from this, we can conclude that whenever the observation likes electrical
performance, SEM image and EDS analysis are examined, and then the following
results appear:

• Copper can be obtained on the surface of ABS by all three routes.
• The conductivity of specimen prepared by different route differs in some scale.
• Also, the conductivity has been affected by different types of acidic baths.
• In Route 1, resistance value was noted in all the points but not in Route 2.
• When we prepare the ABS surface by way 1, it removes the stages that we did in

Route 2.
• Route 2 is not cheap because of the seeding of the plastic surface with the

catalyst, e.g., palladium (Pd) and/or tin (Sn).
• Hence, way 1 is the best because it involves less stages [26].

Fig. 7 EDS map of copper-deposited ABS part surface in HF bath a 24 h b 48 h

Fig. 8 SEM image of copper-deposited ABS part surface in CH3COOH bath a 24 h b 48 h
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3 Result and Conclusion

In this literature, we have reviewed the effect of different decomposition methods on
the conductivity of ABS material, effect of different methods on use of ABS as
varistors, E–J curves of ABS plastic, etc. From considering all the above literature
and the theory, we came to the following conclusion:

1. In the varistor preparation, the dispersion of PANI in the ABS matrix is more
than the dispersion of PANI in ABS–DBSA. This shows that for the preparation
of varistor, PANI should be dispersed in the ABS material.

2. The ABS surface modification by atmospheric plasma is discussed. This affects
the surface of ABS materials. The tensile strength of the ABS material is
recovered by 80%. This conclude that plastic materials when treated with
atmospheric plasma increases the tensile strength.

3. The copper metallization of ABS plastic material is done by the bath of acidic
solution of nickel chloride and alkaline nickel sulfate solution. Effects of both
the methods have been compared and the conclusion is brought that the acid
nickel chloride bath had a greater stability and wide operating range. Also, acid
nickel chloride bath gave better coating thickness than alkaline nickel sulfate
bath.

4. The surface modification of the ABS material is done to ensure the proper
bonding between the metallization metal and ABS surface. The etching of the
ABS surface gives better surface absorbing capacity. Low value of the trans-
mittance percentage gives high absorbing capacity.

5. In the last section of the paper, we have reviewed the different processes
involved in ABS material metallization. The results are obtained and we con-
cluded that before the ABS material metallization, it is essential to modify the
surface of the ABS material. The surface modification is obtained best when it is
etched by chromium acid. Also, the conductivity of the ABS material is
increased when different acidic baths are used.
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Experimental Investigation
of Mechanical Strength
and Temperature of Friction Stir
Welded Joint

Jitender Kundu, Siddhartha Kosti, Mandeep Kumar,
Nav Rattan, Gyander Ghangas and Satish Kumar Sharma

Abstract Friction stir welding (FSW) is one of the primary technologies in the
manufacturing industry for joining. In the present article, an experimental investi-
gation has been carried out to reveal the temperature range for the maximum
mechanical strength of friction stir welded (FSWed) joint. In a total, 30 experiments
have been designed by response surface methodology (RSM) for four input process
parameters. These experiments have been carried out and welding temperature data
are recorded through thermocouples. The mechanical testing results indicated that
tool rotational speed is the most dominating parameter which influences the joint
strength. Other parameters like traverse speed, tool tilt angle, and dwell time also
have a significant impact on ultimate tensile strength. Both response, i.e., ultimate
tensile strength and frictional temperature also have a correlation which can predict
the joint quality. An optimization of the process parameters has been done for
ultimate tensile strength keeping frictional temperature in the range. The optimized
parameter settings have been validated by confirmation experiments.
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1 Introduction

With the rapid change of product variety in manufacturing industry, experts need to
use innovative manufacturing techniques which must be cost-wise as well as
quality-wise effective. FSW is one of the important joining processes among these
new and innovative techniques. FSW is invented at The Welding Institute, UK in
1991 [1, 2]. FSW process is one of the joining material techniques which produce
sound- and defect-free welding. FSW process is widely used in advanced manu-
facturing industries like aviation, space, marine, etc. [3, 4]. FSW is a solid-state
welding in which a cylindrical rotation tool moves on weld line of two metal plates.
The high temperature is produced due to the friction between tool shoulder and
material plates. This high temperature transforms welded edge material into plas-
ticized form which is further stirred by the rotation of tool pin. Tool pin is firmly
attached with bottom of the shoulder. At the optimized value of the process
parameters, this FSWed joint produces the same or 90% strength of base material.
This process has number of advantages, e.g., no melting of materials, and therefore
welding defects like entrapment of gases, blow holes can be avoided [5, 6].
Heat-affected zone is narrow as compared to conventional welding processes.
Nonconducting materials like plastics also can be welded easily. The effect of
different parameters has been investigated by researchers [7–9].

A number of researchers have been doing optimization of process parameters to
get the efficient and quality weld. Taguchi approach with the GRA has been used
which also gives considerable good results [10–12]. RSM has been used compar-
atively less but this technique is widely accepted. With the increase of its appli-
cations, FSW optimization is needed for the industrial use.

2 Materials and Methods

For the current research, aluminum alloy 5083-T321 has been used. The working
material is widely used in aviation industry and marine industry due to its higher
strength-to-weight ratio and resistance to corrosion. For the experimental planning,
a statistical technique named “Design of Experiment” has been used. Four process
parameters such as tool rotational speed, traverse speed, tool tilt angle, and dwell
time have been selected. Dwell time is the time interval when tool shoulder is kept
at initial point of actual welding before giving traverse speed. Dwell time provides
initial heat so that better weld occurs at the starting point. The response parameters
for the experimental study are ultimate tensile strength and frictional temperature.

Table 1 Chemical composition of working material AA5083-T321

Element Mg Mn Fe Si Zn Cr Cu V Ti Al

Weight % 4.9 0.5 0.33 0.13 0.11 0.0 0.05 0.01 0.01 93.78
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Table 2 Working process parameters with minimum and maximum values

Process parameter Notation Units Level values

Minimum Maximum

Traverse speed A mm�min−1 16 40

Tool rotational speed B rpm 500 1400

Tool tilt angle C degree 1 3

Dwell time D second 8 20

Table 3 Experimental settings and recorded response data

Std no Run A B C D Ultimate tensile strength Frictional temperature

Test 1 Test 2 Avg. Test 1 Test 2 Avg.

29 1 28 950 2 14 317 319 318 287.4 283.2 285.3

2 2 40 500 1 8 193 197 195 201.4 203.6 202.5

20 3 28 1400 2 14 253 253 253 298.6 300.6 299.6

27 4 28 950 2 14 305 303 304 272.8 267.4 270.1

19 5 28 500 2 14 239 245 242 244.6 244 244.3

6 6 40 500 3 8 236 246 241 243 244 243.5

23 7 28 950 2 8 309 311 310 255 259.2 257.1

13 8 16 500 3 20 236 234 235 275.6 277.6 276.6

7 9 16 400 3 8 250 264 257 337.6 340 338.8

28 10 28 950 2 14 314 316 315 274.5 268.1 271.3

16 11 40 1400 3 20 254 252 253 252.6 259 255.8

10 12 40 500 1 20 207 213 210 211.1 213.1 212.1

8 13 40 1400 3 8 255 255 255 322.8 319.6 321.2

22 14 28 950 3 14 312 318 315 276 276 276

24 15 28 950 2 20 315 313 314 240.6 238.4 239.5

25 16 28 950 2 14 315 319 317 266.7 272.9 269.8

11 17 16 1400 1 20 154 166 160 287.7 291.9 289.8

3 18 16 1400 1 8 175 171 173 298.5 299.7 299.1

26 19 28 950 2 14 317 317 317 256.6 251.4 254

15 20 16 1400 3 20 212 216 214 318.1 313.7 315.9

4 21 40 1400 1 8 170 172 171 268.3 271.3 269.8

30 22 28 950 2 14 318 310 314 245.4 253.8 249.6

12 23 40 1400 1 20 171 169 170 225.4 233.6 229.5

18 24 40 950 2 14 278 276 277 272.4 279.2 275.8

17 25 16 950 2 14 290 272 281 289.9 290.5 290.2

21 26 28 950 1 14 278 280 279 242.6 246.4 244.5

9 27 16 500 1 20 209 205 207 242 244.2 243.1

14 28 40 500 3 20 233 237 235 236.2 237.4 236.8

5 29 16 500 3 8 230 232 231 265.3 264.1 264.7

1 30 16 500 1 8 206 204 205 226 223.6 224.8
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The working material constituents have been reported in Table 1. Two plates of
aluminum alloy 5083 of 150 mm*75 mm*4.5 mm have been used for experi-
mentation. The pilot study and literature survey has been used for estimation of
minimum values and maximum values of different process parameters.

For the FSW process, a tool steel H13 has been used. Tool fabrication is also an
important factor for FSW of aluminum alloy. Tool pin profile affects the frequency
of the stirring pulses under the tool shoulder, which, in turn, affects mechanical
properties of joint. Therefore, a concave shoulder with diameter 18 mm, pin
diameter 6 mm, and pin length 4.4 mm has been fabricated. Table 2 reported these
minimum and maximum values of process parameters. These intervals confirm the
good weld strength for aluminum alloys.

Totally 30 experiments with single iteration have been performed to reduce the
effect of noise factors. Central composite design of RSM has been used for the
number of experiments and find out the effect of process parameters on responses.
The central composite design consists of 30 experimental points in random order:
16 factorial points, 8 axial points, and 6 central points, as given in Table 3. The
experimental data from the central composite design were utilized to fit
second-order polynomial equation. Vertical milling machine has been used with a
cast iron fixture for the FSW. Figure 1 shows welding process and the welded joint
produced. L-type thermocouples and infrared temperature measuring device have
been used for estimation of the temperature on the welded joint.

3 Result and Discussion

Tensile strength testing samples have been prepared as per ASTM-8 M standard.
The main objective of this experimental study is to maximize the tensile strength.
The frictional temperature has a particular effect on the welding joint strength. At
very small frictional heat, there is low temperature and low mixing of plasticized
material. As frictional heat is increased, the tensile strength also increases and at a
particular critical point higher frictional heat starts producing adverse effect on weld

Fig. 1 Picture of FSW in action and welded joint for experiment number 7
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joint. Higher frictional heat means higher temperature and aluminum is a good
conductor of heat. Repeated thermal cycles make detrimental effect on the prop-
erties of aluminum alloy. High temperature produces wide heat-affected zone and
welded joints break from the HAZ region. Therefore, optimum heat is necessary for
the FSWed joint. The desirability approach has been used for the optimization of
both responses.

3.1 Analysis of Variance for Ultimate Tensile Strength

Analysis of Variance (ANOVA) has been utilized to find out significant factors for
the tensile strength and temperature. A quadratic model has been solved through
statistical software Design Expert v7 (trial version). Backward ANOVA for the
ultimate tensile strength and frictional temperature have been given in Tables 4 and
5. All the significant process parameters and their interactions have been selected at
95% confidence level.

From Table 4, significant process parameters and their interactions are B, C, BC,
A2, and B2. Interaction terms also have significant effects on the ultimate tensile
strength. R-square has a considerably desired value of 0.97 which is near to the
predicted R-square. Tool rotational speed plays a most significant role in the fric-
tional heat generation as well as intermixing of the plasticized material. At higher

Table 4 ANOVA for ultimate tensile strength

Source Sum of
squares

df Mean
square

F
value

p-value
Prob > F

Model 74941.68 9 8326.85 97.49 <0.0001 significant

A-Traverse
speed

107.56 1 107.56 1.26 0.2751

B-Tool
rotational speed

501.39 1 501.39 5.87 0.0250

C-Tool tilt angle 12064.22 1 12064.22 141.25 <0.0001

D-Dwell time 88.89 1 88.89 1.04 0.3198

BC 2025.00 1 2025.00 23.71 <0.0001

BD 342.25 1 342.25 4.01 0.0591

A^2 2296.56 1 2296.56 26.89 <0.0001

B^2 10200.01 1 10200.01 119.42 <0.0001

C^2 309.59 1 309.59 3.62 0.0714

Residual 1708.19 20 85.41

Lack of fit 1573.36 15 104.89 3.89 0.0705 not
significant

Pure error 134.83 5 26.97

Cor total 76649.87 29
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tool rotation speed, intermixing is more uniform in advancing side as well as
retreating side which creates a uniform crystallized nugget zone, i.e., high ultimate
tensile strength. Dwell time and traverse speed have lower effect on the perfor-
mance of the FSWed joint. A quadratic model has been given in Eq. (1) for the
ultimate tensile strength.

Ultimate Tensile Strength ¼ �168:66 þ 11:265 � A þ 0:53 � B þ 43:91 � C þ 1:25694 � D þ
0:025 � B � C � 1:71E� 003 � B � D � 0:2 � A2 � 2:966E� 004 � B2 � 10:44 � C2:

ð1Þ

3.2 Analysis of Variance for Frictional Temperature

From the ANOVA table, it has been estimated that all input process parameters are
significant with five interactions. R-square for the frictional temperature is 0.94
which is in a good agreement with the predicted R-square. Therefore, generation of
heat is the combined result of all the involved process parameters. To keep the
value of frictional heat in a target is necessary so that flow of material under the tool
shoulder is good. A quadric model for the friction heat has been given in Eq. (2).

Table 5 ANOVA for frictional temperature

Source Sum of
squares

df Mean
square

F
value

p-value
Prob > F

Model 27451.02 9 3050.11 38.78 <0.0001 significant

A-Traverse
speed

4867.56 1 4867.56 61.89 <0.0001

B-Tool
rotational speed

12329.73 1 12329.73 156.76 <0.0001

C-Tool tilt angle 5481.04 1 5481.04 69.69 <0.0001

D-Dwell time 832.32 1 832.32 10.58 0.0040

AD 635.04 1 635.04 8.07 0.0101

BD 1827.56 1 1827.56 23.24 0.0001

CD 235.62 1 235.62 3.00 0.0989

A^2 894.09 1 894.09 11.37 0.0030

D^2 1190.19 1 1190.19 15.13 0.0009

Residual 1573.09 20 78.65

Lack of fit 731.10 15 48.74 0.29 0.9718 not
significant

Pure error 841.99 5 168.40

Cor total 29024.11 29
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Frictional Temperature ¼ þ 112:27 � 6:41 � A þ 0:11 � B þ 26:40 � C þ 20:81 � D�
0:09 � A � D � 3:96E� 003 � B � D � 0:64 � C � D þ 0:11 � A2 � 0:52 � D2:

ð2Þ

For the ultimate tensile strength, a contour plot has been drawn (Fig. 2) which
depicts that the increase in tool rotational speed also increases ultimate tensile
strength with shallow pace.

500.00 725.00 950.00 1175.00 1400.00
1.00

1.50

2.00

2.50

B: Tool Rotational Speed

C
: T

oo
l T

ilt
 A

ng
le

213.153

235.123
257.093

257.093

279.063

301.032

312.134

318.465

291.425

Fig. 2 Contour plot for
ultimate tensile strength

16.00 22.00 28.00 34.00 40.00
8.00

11.00

14.00

17.00

20.00

A: Traverse Speed

D
: D

w
el

l T
im

e

257.093

279.063

279.063

301.032

291.425
281.439

281.439

Prediction 269.785
Fig. 3 Contour plot for
frictional temperature

Experimental Investigation of Mechanical Strength and … 637



In other significant process parameters, an increase in tool tilt angle sharply
increases ultimate tensile strength which is due to the high pressure of tool shoulder
on the plasticized material. The contour plot for the frictional temperature is also
shown in Fig. 3. From contour, it has been identified that lower the value of the
traverse speed the higher will be the friction temperature because number of
rotations per unit area will be maximum and number of thermal cycles will be more
at a given region. But, it will also increase the heat-affected zone which decreases
the strength around the joint.

3.3 Optimal Setting for Process Parameters

Desirability approach has been used for the optimal setting of the input process
parameters. In this approach, our desirability is considered 1.000 and respective to
this input process parameters have been given some values. In current experimental
study, maximum ultimate tensile strength is our desirability. The response frictional
temperature must be in a given range otherwise it will decrease joint strength.
Multi-response optimization has been utilized for best results.

A ramp function graph has been plotted which showed all the predicted values of
input process parameters and corresponding response values (Fig. 4).

The predicted maximum value for the ultimate tensile strength is 325.22 MPa at
a frictional temperature of 291.95 °C. The corresponding values for input process
parameters have been given in Fig. 4.

Traverse Speed = 26.15

16.00 40.00

Tool Rotational Speed = 918.01

500.00 1400.00

Tool Tilt Angle = 2.90

1.00 3.00

Dwell Time = 12.59

8.00 20.00

Ultimate Tensile Strength = 325.176

160 318

Frictional Temperature = 284.33

202.5 338.8

Desirability = 1.000

Fig. 4 Ramp function graph of input process parameters and responses
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For the validation of the results, two confirmation experiments have been per-
formed and the value of ultimate tensile strength has been found out. The average
value for the confirmation experiments comes out to be 318.37 MPa which is 95%
confidence interval of the predicted optimal range.

4 Conclusions

From the above experimental study, following conclusions are drawn:

• The tool rotational speed and tool tilt angle are most significant factors for sound
FSWed joint.

• The optimized setting for input process parameters suggested by desirability
approach are traverse speed = 25.10 mm min−1, tool rotational speed
= 1044.23 rpm, tool tilt angle = 2.96º, and dwell time = 9.74 s.
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Effect of Front Slant Angle
on Aerodynamics of a Car

Vishal Dhiman, Tanuj Joshi and Gurminder Singh

Abstract In this study, flow over the surface of a simplified car body is investigated
using computational fluid dynamics. 3D modeling is carried out in Creo and simu-
lation is carried out in ANSYS Fluent. Car is assumed to be moving at 40 m/s (*150
kmph). Flow behavior such as velocity profile, static pressure, and coefficient of drag
and lift is determined. Three different cases of slant angles of the front windshield are
taken, i.e., 20°, 25°, and 30° and their effect on aerodynamics of the car is determined.
Comparison is then performed for static pressure, velocity profile, drag, and lift
coefficient. Simulation results showed that the slant angle of 25° is most suitable of
all, as the coefficient of drag and lift is minimum in this case.

Keywords CAD modeling � CFD � Drag � Lift � Static pressure � Velocity vector

1 Introduction

Automotive aerodynamics has become a subject of significant importance nowa-
days. Its main objectives are reducing drag, preventing undesired lift forces, and
other causes of aerodynamic instability, producing downforce to improve traction,
improve cornering abilities at high speeds and minimizing noise emission.
Designing a vehicle by considering airflow over its surface makes it to accelerate
faster. As a result, it can achieve better fuel economy. Coefficient of drag (Cd) is a
commonly used term for a vehicle’s aerodynamic smoothness. Multiplying drag
coefficient by frontal area of the vehicle gives an index of total drag, i.e., drag area.
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By controlling frontal design of the vehicle, we can significantly reduce drag
coefficient and frontal area, and thus the drag resistance experienced by the vehicle.

Janusz Piechna explained that any airflow at front region of a vehicle strongly
influences overall flow pattern around the vehicle. Even relatively small changes in
the values of pressure, distributed over the big car body region, change aerody-
namic forces significantly [1]. Jovan Doric modeled and designed the car body
using CCM+ on the basis of elements of aerodynamics and vehicle dynamics and
impact of external influences on it. Based on analytical and CFD simulation, he
concluded that varying the geometry of the model contributes significantly to the
change in the values of lift and drag forces and coefficients [2]. Yong-Jun Jang
investigated the ability of nonlinear eddy viscosity to determine the flow around the
“Ahmed body” with the steady RANS formulation. He predicted separation from
and reattachment of streamlines onto the slanted rear roof portion at slant angle of
25° and consequently production of lift and circulation [3]. Emmanuel Guilmineau
compared numerical results with experimental data and concluded that at slant
angle of 25°, the simulation result predicts significant separation, and experiment
reveals that halfway down the center of the face, reattachment is taking place [4].
Saurabh Banga investigated the effect of variation of rear slant angle of the “Ahmed
body” on drag and lift coefficients. He also determined the optimum rear slant angle
giving minimum drag coefficient (Cd) and minimum positive coefficient of lift (Cl)
to reduce inefficiencies and losses [5–9].

The present study is aimed to determine important aerodynamic characteristics of
a car such as coefficient of drag, coefficient of lift, static pressure, and velocity
vectors over the surface. CFD is performed for three different slant angles of front
windshield of an arbitrary car model, i.e., 20°, 25°, and 30° and results are compared.

2 Theory

For a fluid flow, basic governing equations can be obtained by applying the fun-
damental laws of mechanics. Computational fluid dynamics involves some fun-
damental fluid flow equations based on conservation of mass, conservation of
momentum, and conservation of energy.

For a compressible fluid, continuity equation or the equation of conservation of
mass can be expressed as follows:

@q
@t

þr � q~vð Þ ¼ 0:

It is followed by the equations of conservation of momentum, also called
Navier–Stokes equations. The Navier–Stokes (N–S) equations are the basic gov-
erning equations for a heat conducting, viscous fluid and are obtained by applying
Newton’s II law of motion to a fluid element.
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For a compressible Newtonian fluid, N–S equations can be written as follows:

q
@u
@t

þ u:ru

� �
¼ �rpþ r: l ruþ ruð ÞT� �� 2

3
l r:uð Þ I

� �
þ F:

Here, ~u and ~v are the fluid velocity and p, q, and l are pressure, density, and
fluid dynamic viscosity. The above N–S equation consists of pressure, inertial,
viscous, and external forces that are experienced by the flowing fluid. These above
equations, together with the equation of conservation of energy form a set of
coupled, nonlinear partial differential equations which are then solved to get
pressure and velocity values.

For the applications, where Reynolds number is very large, turbulent flow
problems are often transient in nature. And, a fine mesh that is capable of resolving
size of even the smallest eddies in the flow is required. Solving such simulations for
complex engineering problems, using above N–S equations, require such massive
computational power that is often beyond the capabilities of most of the computers
and supercomputers. That is why, a Reynolds-averaged formulation of the basic
Navier–Stokes equations is used, also termed as RANS. It averages pressure and
velocity fields in time. These RANS equations are then solved in a stationary way
on a coarser mesh, thus drastically reducing computing power and time.

Reynolds-averaged formulation of Navier–Stokes equations is as follows:

q U:rUð Þþr: lT rUþ rUð ÞT� �� 2
3
lT r:Uð ÞI

� �

¼ �rPþr: l rUþ rUð ÞT� �� 2
3
l r:Uð ÞI

� �
þF:

Here, P and U—time-averaged pressure and velocity.
µT—turbulent viscosity, i.e., effects of time-dependent small-scale fluctuations

of velocity.
The turbulent viscosity (µT) can be calculated using turbulence models.

K-epsilon turbulence model is the most common and is often used in industrial
applications because of its robustness and computationally inexpensiveness. Above
equations are the core of fluid flow modeling. These equations need to be solved,
for a set of specific boundary conditions (inlet, outlet, and wall), in order to
determine fluid pressure and its velocity for a given control volume. From these two
parameters, all other required variables can be evaluated.

Drag coefficient can be calculated as CD ¼ FD
0:5�q�u2�A :

Lift coefficient can be calculated as CL ¼ FL
0:5�q�u2�A :

For complex engineering problems, above equations of fluid flow are nearly
impossible to solve analytically. But, it is possible to determine computer-based
approximate solution (numerically) of fluid flow equations for most of the engi-
neering problems [10].
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3 CFD Simulation

Analysis and comparison study are done through modeling and simulation using
Pro-E and ANSYS Fluent as shown in Figs. 1 and 2. A control volume (enclosure)
is generated around the car body. In order to obtain accurate and reliable results for
the simulation, meshing of the CAD model must be properly carried out. There are
various element sizes and types available in ANSYS. Solution time grows with the
cube of the number of nodes. Hence, lesser is the element size, more accurate will
be the results, but due to greater number of elements/nodes computational time is
increased significantly. So, selection of element size and type should be done so as
to get optimum results in lesser computational time [11].

Fig. 1 Dimensions of car model

Fig. 2 Meshing of CAD model
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In our study, triangular surface mesh is adopted for car body and 3D tetrahedral
elements are opted for 3D enclosure as it covers curvatures and irregularities (holes/
slots) more efficiently. Element size of 20 mm is selected. Simulation is then
performed for car model with three different slant angles of front windshield, i.e.,
20°, 25°, and 30° and results are then analyzed.

3.1 Boundary Conditions

In order to get more accurate solutions (i.e., near to experimental) using Fluent,
boundary condition inputs need to be more realistic. Following are the values of
input parameters fed in Fluent:

Dynamic viscosity (air) = 1.7894 � 10−6 kg-m/s,
Density (air) = 1.246 kg/m3,
Flow velocity at Inlet = 40 m/s,
Pressure outlet = 0 Pa (gage pressure),
Wall = Stationary No Slip,
Reference area = 0.2446547 m2, and
Reference density = 1.246 kg/m3.

Lift and drag coefficients are monitored along with residuals [12].

3.2 Results: Slant Angle 20°

(See Figs. 3, 4, 5, 6).

Fig. 3 CAD model of car
with 20° front slant angle
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Fig. 4 Contours of particle path lines

Fig. 5 Contours of static pressure
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3.3 Results: Slant Angle 25°

(See Figs. 7, 8, 9, 10).

Fig. 6 Contours of velocity vectors

Fig. 7 CAD model of car with 25° front slant angle
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Fig. 8 Contours of particle path lines

Fig. 9 Contours of static pressure
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3.4 Results: Slant Angle 30°

(See Figs. 11, 12, 13, 14 and Table 1).

Fig. 10 Contours of velocity vectors

Fig. 11 CAD model of car with 30° front slant angle
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Fig. 12 Contours of particle path lines

Fig. 13 Contours of static pressure
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From the above table, it is clearly observed that

• Minimum drag coefficient (Cd) of 0.1011 is obtained for configuration of car
body with 25° front slant angle.

• Minimum positive lift coefficient (Cl) of 0.0873 is obtained for configuration of
car body with 25° front slant angle.

Fig. 14 Contours of velocity vectors

Table 1 Drag and lift coefficients for three different front slant angles

20° slant 25° slant 30° slant

Coefficient of drag (Cd) 0.1032 0.1011 0.1052

Coefficient of lift (Cl) 0.1025 0.0873 0.0982

Table 2 Aerodynamic characteristics for three different front slant angles

20° slant 25° slant 30° slant

Particle path line (max.) 1.71 � 103 1.71 � 103 1.78 � 103

Static pressure (max.) 1.27 � 106 1.24 � 106 1.31 � 103

Velocity vectors (max.) 7.47 � 101 7.32 � 101 8.20 � 101
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From Table 2, it is clearly observed that

• Variation of front shape of the car does not affect particle path line maximum
value.

• Particle path line maximum magnitude is approximately the same for all three
cases but path line shapes are different, which can be examined from path line
contours.

• Due to more slant in the third case, i.e., 30° static pressure value is lower than
the other two cases, which shows advantage of using more slant angle.

• One of the main disadvantage of increasing slant angle is that it increases area of
static pressure on the front and consequently leads to more drag force value.

• Velocity vectors at the top surface increase with increase in slant angle.

4 Conclusion

In the above study, CFD results for three different slant angles of front windshield
are presented. Comparison is done by tabulating different coefficients obtained and
optimum rear slant angle is determined, giving minimum drag and lift coefficient.
Considering results obtained from simulations, it is inferred that the front design of
a vehicle significantly affects airflow pattern around whole vehicle body. Minimum
drag coefficient (Cd) and minimum positive lift coefficient (Cl) are obtained for the
car body with front slant angle of 25°.
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An Isogeometric-Based Study of Mortar
Contact Algorithm for Frictionless
Sliding

Vishal Agrawal and Sachin S. Gautam

Abstract Apart from the material, geometrical, and boundary non-linearities, the
enforcement of the contact constraint in an accurate manner is considered to be a
major issue for the numerical simulation of the contact problems. So far, due to the
default features of NURBS-based isogeometric analysis (IGA), e.g. ability to rep-
resent the exact form of a geometry even with a very coarse mesh, it has been
widely utilized for the study of contact problems. For the application of IGA to the
contact problem, the mortar contact algorithm has been preferably employed in
comparison to the other contact algorithms. As of now, significant efforts have been
made and is still continuing to effectively simulate the different class of contact
problems varying from small to large deformation through the application of the
IGA-based approach. In this contribution, the mortar-based isogeometric contact
algorithm is utilized for the numerical simulation of a large deformation frictionless
contact problem. For the purpose of validation and to ensure the convergence of
presented simulation, second and fourth order of the NURBS basis functions are
used for modelling of the considered problem.

Keywords Computational contact mechanics � Isogeometric analysis � NURBS �
Mortar method

1 Introduction

Since the introduction of the NURBS-based IGA technique [1], it has drawn the
attention of many researchers and has been successfully applied to a wide range of
problems such as plate and shells, fluids, fluid–structure interaction, structural
vibration, optimization, fatigue and crack and biomedical engineering. The reader
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referred to the monograph by Cottrell et al. [2] and Agrawal and Gautam [3] for the
detailed description of this technique and its implementation procedure within the
existing FEA code structure. The application of NURBS-based IGA technique for
the treatment of contact problem was first reported by Temizer et al. [4] and Lu [5]
in 2011. They applied the NURBS-based IGA technique to the frictionless contact
problems. Lu [5] introduced the NURBS-based Isogeometric formulation for the
analysis of the two- and three-dimensional frictionless contact problems. In his
work, a surface-to-surface-based contact treatment approach, in which contact
constraints are enforced directly at the quadrature points of the contact surface and
is denoted by Gauss-point-to-surface (GPTS) contact algorithm, has been adopted.
Temizer et al. [4] have analysed the thermo-mechanical, frictionless two- and
three-dimensional contact problems using the NURBS-based isogeometric formu-
lation. From the analysis of various finite deformation contact problems, it has been
found that the results obtained with the GPTS contact algorithm are qualitatively
satisfactory. However, based on the quantitative examination of the classical Hertz
contact problem, it has been found that the GPTS approach yields over-constraint
contact formulation which leads to non-physical oscillations of the contact trac-
tions. Moreover, it has been shown that the magnitude of the oscillations further
increases on increasing the value of penalty parameter. In order to relax the
over-constraining, a mortar contact algorithm, in which contact constraints are
enforced in a weak sense at the control points, has been presented. With this, stable
and superior quality results are obtained even for large value of penalty parameter in
comparison to GPTS contact algorithm.

Later, the mortar contact algorithm by Temizer et al. [4] has been extended by
Lorenzis et al. [6] for the simulation of large deformation frictional two-dimensional
contact problems. In their work, Lorenzis et al. [6] have found that the non-physical
oscillation, which has been obtained with GPTS contact formulation [4], becomes
significant for the frictional Hertz contact problem. While the proposed mortar
contact algorithm within the context of NURBS-based IGA delivers the consider-
ably improved results in comparison to GPTS or its counterpart mortar-based
standard finite element formulation. The distribution of the contact pressure
improves monotonically on increasing the mesh resolution, which is not a case with
the standard FE-based mortar contact formulation. Based on these noted features of
mortar-based isogeometric formulation of contact problems, this technique has been
extensively applied for the isogeometric-based simulation of wide range of the
contact problems, e.g. for the three-dimensional large deformation frictionless
contact problem [7], three-dimensional finite deformation frictional problem [8], for
the analysis of two-dimensional frictionless linearly elastic contact problems [9].
A review paper that thoroughly covers the available isogeometric-based treatment
procedures for various contact problems has been presented by Lorenzis et al. [10].
Based on the literature survey, it has been found that a significant amount of research
efforts have been made and is still continuing for the numerical simulations of
various contact problems using the mortar-based IGA formulation. In this contri-
bution, a two-dimensional, quasi-static, frictionless, two bodies deformable ironing
problem is numerically simulated using the mortar-based isogeometric formulation.
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To the best of author’s knowledge, no such analysis is available in the literature.
A penalty-based approach is employed for the enforcement of contact constraint. For
the purpose of numerical simulation, an in-house code incorporating the NURBS
toolbox presented in [11] is developed.

The remainder of the paper is organized as follows. In Sect. 2, the mortar-based
isogeometric formulation of the contact problem using the penalty method is briefly
described. After that in Sect. 3, the numerical simulation of the considered problem
along with the results and necessary discussion are provided. Finally, in Sect. 4, the
conclusion and the scope of the future work are presented.

2 Formulation

In this section, a mortar-based isogeometric formulation, presented by Lorenzis
et al. [6], for two-dimensional frictionless contact between two elastic bodies
undergoing large deformation is briefly described. In order to distinguish the two
bodies one is denoted as the slave, Bs, and the other as the master, Bm. The relation
between the initial configuration of bodies Xk , where the superscript k ¼ s;mf g
denotes the slave and master bodies, the displacement field uk and the current
configuration of a xk point of a body is given by xk ¼ Xk þ uk . When both bodies
are in contact, the contribution of the contact tractions to the virtual work is
expressed as [12]

dWc ¼
Z

Cs
0c

tNdgN dC ð1Þ

and the linearization of the virtual work is given by [12]

DdWc ¼
Z

Cs
0c

DtNdgN þ tNDdgNð Þ dC ð2Þ

where gN ¼ xs � �xmð Þ � n denotes the normal gap between a given point xs on the
contact surface of the slave body Cs

0c and a projection point �xm on the contact
surface of the master body Cm

c . The penalty regularized normal traction is given by
tN ¼ �N gNh i. The reader referred to the monographs by Laursen [13] and Wriggers
[12] for more details.

In case of the NURBS-based discretization of the contacting bodies, the
parameterization for the contact surface is directly inherited from the
parametrization of the bulk of the domain. Based on the isoparametric concept,
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displacement field u, its variation du and the coordinates of the discretized form of
the contact surface within its current configuration xe are given by [2, 14]

ue ¼
Xncpe

l¼1

Rlul; due ¼
Xncpe

l¼1

Rldul; and xe ¼
Xncpe

l¼1

Rlxl ð3Þ

where ncpe ¼ 1þ p denotes the number of control points having support within the
element ‘e’. The above-described parametrization will be used for the contact
surface of slave and master bodies by adding the appropriate superscript s or m,
respectively, in the following discussion.

For the case of mortar-based contact formulation, the contact constraints are
enforced in a weak sense at the control points and the weak form, shown in Eq. (1),
translates to the following form [6]:

dWc ¼
Xnscp
A

pNAdgNAð ÞAA ð4Þ

where nscp denotes the total number of control points across the slave contact surface

and the normal gap evaluated at the control point is given by gNA ¼ 1
AA

R
Cs
0c
RAgN dC.

The normal contact pressure is defined as pNint ¼ �N
Pnscp

A gNARA and AA ¼ R

Cs
0c

RA dC

represents the area of competence for a control point. Based on the discretization
shown in Eq. (3), the virtual work done by contact traction, Eq. (4), can be cast into
the following matrix form [6, 12]:

dWc ¼ duT
Z

Cs
0c

pNintN dC ¼ duTRc ð5Þ

where N is the NURBS basis functions matrix and Rc is the expression for the
contact force vector. Using the Gauss–Legendre quadrature rule

Rc ¼
Xnsgp
g

pNintgNgJgwg ð6Þ

where nsgp denotes the total number of Gauss points used for the integration of
above equation, Jg is the determinant of Jacobian matrix and wg is the weight
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associated to Gauss point g. In order to obtain the consistent tangent stiffness matrix
a full linearization of the virtual work expression is carried out. It yields [6, 12]

DdWc ¼
Z

Cs
0c

DpNintdgN þ pNintDdgNð Þ dC ð7Þ

DdWc ¼
Xnscp
A

�N
AA

Z

Cs
0c

RAdgN dC
Z

Cs
0c

RADgN dC

 !
þ
Z

Cs
0c

�N
Xnscp
A

RAgNA

 !
DdgN dC

ð8Þ

From the above equation, the expression for the consistent contact tangent
stiffness matrix is obtained as [6]

Kc ¼
Pnscp
A

�N
AA

R
Cs
0c
RAN dC

R
Cs
0c
RANT dC

h i
þ

R
Cs
0c

�NpNint �gNm11 �N1 �N
T
1 � D1NT

1 � N1DT
1 þ k11D1DT

1

� �h i
dC

ð9Þ

Using the Gauss–Legendre rule, the contact tangent stiffness matrix is numeri-
cally computed as

Kc ¼
Pnscp
A

�N

Pnsgp
g

RAg Jgwg

Pnsgp
g
RAgNJgwg

Pnsgp
g
RAgN

T
g Jgwg

2
664

3
775þ

Pnsgp
g

�NpNintg
�gNgm11g

�N1g
�NT
1g � D1gN

T
1g � N1gD

T
1g þ k11gD1gD

T
1g

� �h i
Jgwg

ð10Þ

3 Result and Discussion

For the simulation of a large deformation contact problem using the NURBS-based
IGA technique, a frictionless version of the problem presented in [6] is considered.
The set-up of the problem in the undeformed configuration is shown in Fig. 1. This
problem is analysed in two steps. In the first, a cylindrical die is pushed against the
elastic block. After that, in the second step, it is moved along the tangential
direction. For this, the vertical and horizontal displacements, Uy ¼ �0:075 mm and
Ux ¼ 2:0 mm in 10 and 140 time steps, respectively, are applied at the top
boundary line of the die during the two analysis steps. For the modelling of
cylindrical die, a hyper-elastic material with E ¼ 1000 GPa and m ¼ 0:3 under the
plane strain conditions are used. The block is also modelled with same material and
conditions except with E ¼ 1 GPa and m ¼ 0:3. It is considered that the control
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points at the bottom surface of the block is fixed along the x and y directions. For
the overall numerical simulation of this problem, 48� 8 and 48� 24 mesh reso-
lution for the cylindrical die and the block, is used, respectively. For the enforce-
ment of contact constraints, the penalty parameter is �N ¼ 100: The deformed
configuration of the bodies after the application of vertical and after that, horizontal
displacement for second-order NURBS discretization is shown in Fig. 2a and b,
respectively. At the end of each displacement step, the resultant normal and tan-
gential contact reaction forces are accounted and the resultant plot for the overall
simulation of this problem is shown in Fig. 3. Theoretically, due to the absence of
friction, the normal contact reaction force remains constant during the second stage
of analysis. Moreover, no tangential force act on the bodies and its contribution
remains zero throughout the analysis. These theoretical results of the contact

Fig. 1 The set-up of the undeformed geometrical configuration of the frictionless ironing problem
for displacement step t ¼ 0

Fig. 2 The deformed configuration of the problem after a first analysis step at displacement step
t ¼ 10 and b second analysis step at displacement step t ¼ 150

660 V. Agrawal and S. S. Gautam



tractions are used as a reference. In order to ensure the validity and convergence of
the numerical simulation, the fourth-order NURBS basis functions have also been
used to describe the bulk of the die and block bodies. The resultant curve for the
normal and tangential contact reaction forces is also included in Fig. 3. In Fig. 4,
the zoomed view of the variation of the normal and tangential reaction forces for the
second and the fourth order of NURBS discretization are also shown. From Figs. 3
and 4, it can be observed that on increasing the order of NURBS basis functions, the
evaluated result converges towards the theoretical solution.

Fig. 3 The resultant normal and tangential contact reaction forces for the overall simulation
process

Fig. 4 Zoomed view of the variation of a normal contact reaction force and b tangential contact
reaction force shown in Fig. 3
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4 Conclusion

Based on the numerical simulation of large deformation frictionless ironing problem,
it is found that the presented NURBS-based IGA formulation using the mortar
contact algorithm matches well with the theoretical solution for this problem.
Moreover, the amplitude of oscillations is reduced on discretizing the bulk of bodies
with fourth-order NURBS functions. This ensures the validation as well as the
convergence of the implementation. However, for the considered mesh resolution
and discretization, artificial oscillations are present which are needed to be
eliminated. For this purpose, the future objective is to utilize the enhanced formu-
lation to improve the accuracy and efficiency of the numerical result in comparison
to present formulation.
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Optimization Design for Aerodynamic
Elements of Indian Locomotive
of Passenger Train

Bhargav Goswami, Anmol Rathi, Sharf Sayeed, Pulakesh Das,
Rakesh Chandmal Sharma and Sunil Kumar Sharma

Abstract The objective of this paper is to optimize the WAP-5 Indian locomotive
with the help of a multi-objective optimization technique so as to steady the plural
aerodynamic factors. An evolutionary algorithm along with shape parameterization
method, which makes use of B-spline curves and Coons patches and also a com-
putational simulation, which makes use of a message-passing interface that are
involved in this multi-objective design optimization method. For determining the
efficiency of this technique, we design a train head which has optimized aerody-
namic drag and aerodynamic forces in relation to affecting other trains. Reasonable
Pareto results were obtained with the help of a 10th generation evolutionary
algorithm.

Keywords Aerodynamic � Locomotive nose shape � Optimization � CFD

1 Introduction

While optimizing the head shape of the locomotive, various aspects have to be
considered, and some of them are manufacturing price, aerodynamic properties,
mechanical structures, and ease with which the maintenance will be done. Of all
these, the most important factor for a WAP-5 is its aerodynamic properties, for
which factors such as aerodynamic drag, car vibrations induced due to flow,
crosswind response, and aerodynamic forces affecting the other trains and trackside
structures must be taken into consideration [1–9]. The aerodynamic drag is cal-
culated using wind tunnel and CFD analysis [10–13]. For minimizing the drag
force, a guiding principle is being used. As mentioned above, so many researches
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have been done just to improve aerodynamic properties of a WAP-5 Indian loco-
motive [14–19]. Regardless of how, it is very difficult to meet the necessities of
multiple aerodynamic properties at the same time. Multi-objective optimization has
been widely used in aerospace and aeronautical engineering to design an aircraft
[20–30]. However, this method is not much used in the field of railways. Despite
the fact that the idea of multi-objective optimization for a magnetic elevated
vehicle, but they only studied an optimum two-dimension nose shape. So, in this
study, a multi-objective optimization method is developed for the three-dimensional
shape of a train with the aim of supporting the train design process.

2 Methodology

2.1 Outline of the Method

The following figure describes the process of multi-objective optimization. At first,
the random generation of initial train shapes. Then, the calculation of aerodynamic

Fig. 1 Flowchart of the proposed method
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properties is carried out. Before recurring to the flow simulation phase, new feasible
design constraints are recognized with the help of using an evolutionary algorithm.
The cycle will keep on repeating until and unless the objective is achieved (Fig. 1).

2.2 Train Shape Definition

The important technique of optimization is the shape parameterization, and some
parameters are required for higher degree of flexibility in representing shapes. In
this, B-spline curves first define the cross section shapes, which are mostly used for
airfoil designs. Next, the bilinear Coons patches are used for determining the sur-
face between the cross section shapes. In this, the B-spline curve of third order with
multiple points to define the cross section shape. The “d” as a distance of a concern
points, V1 and V2 set to be constant, to reduce the computational cost and the
curvature of corners should be the same. Equation A is defined as cross-sectional
area in Eq. 1. [20]:

A xð Þ
pb2

¼ 1� a2ð Þ 1� a1ð Þ x
a
þ a1

ffiffiffi
x
a

r� �
þ a2

x
a

� �2
: ð1Þ

where x = front end distance; a = train nose length, pb2 = maximum part of the
nose area, which is said to be 11 m2. a1 1 = 4.18 and a2 = 0.75 are design variable,
where a/b = 5 (Figs. 2 and 3).

2.3 Multi-objective Evolution Algorithm

At constant condition, the objective function lies between maximizing or mini-
mizing value. It is said to be multi-objective optimization problem. It is a
Pareto-optimal solution rather than a unique solution [20], and it denotes the

Fig. 2 Representation of
train nose shape
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competing objectives of a trade-off information. The optimization procedure is
divided into two groups: stochastic ones and deterministic methods. When the
deterministic method struck with local optima having a number of peaks in a
maximum value of the function is said to be stochastic method. In the deterministic
method, the objective function has a single peak. Mostly, in the problems of
aerodynamic, it has stochastic methods [20]. Stochastic Universal Sampling
(SUS) is applied to stop diversity loss of population (Fig. 5). In this study, the
numbers of indicators are two (Fig. 4).

The value of fitness after modification is as follows (2):

f
0
i ¼ fi=

XN
j¼1

s di; jð Þ ð2Þ

Fig. 3 Definition of cross
section by third-order
B-spline curve

Fig. 4 Pareto solution
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where N = populations size, s = function of the population density (3).

s di; jð Þ ¼ 1
0

�
� di; j

rshare

� 	x

:

di; j\rshare

di; j� rshare
ð3Þ

where di, j = Euclidean distance between i and j of the function. x = 0.25;
rshare = is the value which controls the increase and decrease of the optimal value
relative with the population density. Solving the following value (4)

Nr
q� 1
share

�
Qq�1

i¼1 Mi � mi þ rshareð Þ �Qq
i¼1 Mi � mið Þ

rshare
¼ 0: ð4Þ

where Mi and mi is the maximum and minimum number of objective function.
q = number of objective function. As the two equation becomes (5),

N � 1ð Þr2share � M1 þM2 � m1 � m2ð Þrshare � 2 M1 � m2ð Þ M2 � m2ð Þ ¼ 0 ð5Þ

Crossover: Crossover means the exchange of genes between some individuals who
are selected. In our case, here the design parameters are the genes. BLX-a technique
have an area which is wide for exploring, and generally is used to combine the
design parameters or genes of the two parents [31–41].

xchild1 ¼ c � xparent1 þ 1� cð Þ � xparent2:

xchild ¼ 1� cð Þ � xparent1 þ c � xparent2:

Fig. 5 Stochastic universal
sampling
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where xchild1 = design parameter of children; xchild2 = design parameter of children,
xparent1 = design parameter of parents; xparent2 = design parameter of parents

c ¼ 1þ 2að Þu� a

where u = uniform random variable (0 < u < 1). As per a, the parameters of design
for the child is set to be exterior and in middle of the parameters of design of the
parents in a stochastic manner a = 0.5.

2.4 Objective Functions and Numerical Solution

Two aerodynamic properties are used in this study as objective functions: aerody-
namic drag on the nose of the locomotive and pressure variation around the loco-
motive, which influences aerodynamic forces affecting other locomotives and
trackside structures [42–47]. First, a surface grid generation method is used, which is
based on the unstructured grid to create a surface grid on the surface. The length of
the grid is 2.5 times the length of the locomotive. The whole grid has a total of
17,7500 nodes with 95,0000 elements approximately. Figure 6 shows an example of
the grid system. The pressure drag acting from the upper edge to the tip of the nose
section is used to evaluate the aerodynamic drag on the nose. The maximum and
minimum pressures along a line on the side of an oncoming train (absent in com-
putation) is used to estimate the pressure variation around the locomotive (Fig. 7).

Fig. 6 An example of grid
system

Fig. 7 Sampling location of
pressure variation

668 B. Goswami et al.



3 Result and Discussion

The feasibility of this method is shown by optimizing the WAP-5 locomotive shape
using the two objective functions described above. The evolutionary calculation
was done, until the 10th generation with 520 individuals. The computation was
done on ANSYS fluent and the approximate computational time required for each
generation was 3 h. The objective value distribution for each generation is shown in
Fig. 8. Pareto-optimal solutions and examples of their train shape are shown in
Fig. 9.

A total of 110 Pareto-optimal solutions were found. The locomotive with min-
imum pressure variation along the body has a shape, which gradually expands in
sideways and upwards directions with a shorter nose length. A comparison between
the simulated aerodynamic properties of the real WAP-5 locomotive and the
Pareto-optimal solutions are shown in Fig. 10.

Fig. 8 Objective value distribution at each generation
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4 Conclusion

Optimization of the nose shape of WAP-5 locomotive to meet requirements for
aerodynamic properties using a numerical flow simulation and an evolutionary
algorithm was done. Its feasibility was demonstrated with the help of two objective
functions, pressure variation along the body and aerodynamic drag. Optimization
was done for a relatively simple locomotive shape using the two objective functions

Fig. 9 Pareto solutions and examples of nose shapes

Fig. 10 Comparison of aerodynamic properties between present results and original WAP-5
locomotive
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in this study. More objective functions can be employed for more practical shapes
and in the future study, this method can be applied for the design process of actual
locomotives also.
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A Comparative Study of Five Explicit
Time Integration Algorithms
for Non-linear Dynamic Systems

Amandeep Sahu, Rishiraj K. Thakur, Vishal Agarwal
and Sachin S. Gautam

Abstract For the numerical simulation of the dynamic structural problems special
attention is needed to be paid while choosing the time integration algorithm. The
task becomes even more challenging if any non-linearity (especially the boundary
non-linearities) is involved in the system. In the literature, a number of time inte-
gration algorithms are available. However, the choice of an appropriate time inte-
gration algorithm is an essential criterion to ensure the efficiency and the robustness
of the numerical simulations. The difficulty in this choice resides in being able to
combine the robustness, accuracy and the stability of the algorithm. Time inte-
gration algorithms are usually classified into two categories: (1) explicit and
(2) implicit. For stability reasons, explicit algorithms use smaller time-step in
comparison to implicit algorithms. Explicit algorithms are used for the
multi-degree-of-freedom system having various non-linearities, e.g. geometrical,
material and boundary, for which carrying out the iterations operation becomes
prohibitively expensive, and convergence issues are frequent. In this contribution,
the stability, robustness and the accuracy of popularly employed explicit time
integration algorithms are investigated and compared through a number of single
and multi-degree-of-freedom non-linear systems.

Keywords Non-linear � Dynamic system � Time integration algorithms �
Multi-degree-of-freedom

1 Introduction

Numerical simulation of dynamic problems, represented by equation of motion,
requires numerical integration in time, which in turn requires time integration
algorithm.
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The direct time integration algorithms for the linear and the non-linear equations
of motion are categorized into two different families: collocation-based algorithms
and momentum-based algorithms [1]. In the momentum-based algorithms, the
equation of motion is developed over the time interval. The idea is to integrate the
equation of motion over the respective time interval. In collocation-based algo-
rithms, the equation of motion is satisfied at discrete points in time.

Collocation-based algorithms are further divided into implicit algorithms (IA’s)
and explicit algorithms (EA’s) [1]. In EA’s, the solution at current time depends
upon the solution of previous time point, while in IA’s the solution at current time
depends on some quantities at current time point too requires the use of iterative
solution procedure like Newton–Raphson methods. Also EA’s are conditionally
stable while IA’s are unconditionally stable—at least for linear problems.

Currently, active research is carried out in the area of EA’s. A number of EA’s
have been proposed for example Noh and Bathe [2], Pajand and Rad [3], Zhai [4],
Grobeholz et al. [5]. However, a comparative study of these has not been carried
out.

The objective of the present work is to study the performance of some recently
proposed explicit time integration algorithms for non-linear dynamic systems. The
rest of the paper is structured as follows: Sect. 2 gives the background on some
explicit time integration algorithms. Section 3 presents the results of some
numerical problems which show the performance of the EA’s. Section 4 concludes
the paper.

2 Explicit Time Integration Algorithm

A general non-linear and non-dissipative system at time tþDt is governed by the
following equation [1]

M €UtþDt þFinttþDt þFctþDt ¼ FexttþDt ð1Þ

where U is the displacement vector, and M is the mass stiffness matrix. The
internal, contact and the external force vectors at tþDt are represented by FinttþDt ,
FctþDt and FexttþDt , respectively. The superimposed dote denote the derivative of the
quantity with respect to time. To obtain the solution of the above-described system
at time tþDt, direct time integration algorithms are employed. Based on the
application, direct time integration algorithms are broadly classified into two cat-
egories: (1) explicit, and (2) implicit time integration algorithms. Explicit time
integration algorithms (EA’s) utilize the state or values of quantities evaluated at the
previous time-step, i.e. t, to obtain the solution at the current time-step. Moreover,
EA’s have computational advantages over IA’s and are found to be more appre-
ciable for the wave propagation problems [5]. In this contribution, five most popular
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explicit time integration algorithms are considered for their comparative study. The
description of each algorithm is presented in the following.

2.1 Standard Central Difference Algorithm [1]

With the standard central difference (CD) algorithm, the equation for displacement,
and velocity quantities at the time t þ Dt are given by the following equations [1]

UtþDt ¼ Ut þDt _Ut þ 0:5Dt2 €Ut ð2Þ
_UtþDt ¼ _Ut þ 0:5Dt €Ut þ €UtþDt

� � ð3Þ

where U is the displacement vector, and Dt is the time-step. Equations (2) and (3)
are the iterative equation, which are used to calculate U and _U quantities at suc-
cessive time-steps. After that €U is evaluated from Eq. (1). As being the explicit
algorithm, it is conditionally stable. Therefore, it should satisfy the condition D t
x � 2. Here, x denotes the highest natural frequency of the system.

2.2 Stabilized Central Difference Algorithm [5]

With the stabilized CD algorithm, proposed by Grobeholz et al. [5], the original
equation given by Eq. (1), is first modified to the below form

Mþ aDt2DFju
� �

€UþFinttþDt þFctþDt ¼ FexttþDt ð4Þ

The above equation then discretized according to the standard CD algorithm. In
Eq. (4), the term DFju denotes the Jacobian matrix of FinttþDt þFctþDt

� �
evaluated at

U; a = 0.25 tanh(aDtx) is a positive scalar function, and x is taken as the highest
natural frequency of the differential equation. The value of a is taken as 0.25, which
is determined from the stability analysis of the stabilized CD algorithm [5].

2.3 Noh and Bathe Explicit Algorithm [2]

Noh and Bathe [2] proposed a two-step EA, which yields the second order of
accuracy, for the problems with and without considering the damping. In this
algorithm, each time-step Dt is further subdivided into two sub-steps. The size of
each sub-step is given by pDt and (1 − p)Dt, respectively, where p 2 (0,1). The
values of the displacement, velocity and the acceleration at time t and (t − 1) are
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known. For the first sub-step, the velocity and displacement quantities are calcu-
lated using the following expression [2]

Utþ pDt ¼ Ut þ a0 _Ut þ a1 €Ut ð5Þ

_Utþ pDt ¼ _Ut þ a2 €Ut þ €Utþ pDt
� � ð6Þ

After that, for the second sub-step, these values are evaluated as

UtþDt ¼ Utþ pDt þ a3 _Utþ pDt þ a4 €Utþ pDt ð7Þ

_UtþDt ¼ _Utþ pDt þ a5 €Ut þ a6 €Utþ pDt þ a7 €UtþDt ð8Þ

where the constants used in above equations are defined as follows:

a0 ¼ pDt; a1 ¼ 0:5 pDtð Þ2; a2 ¼ 0:5a0; a3 ¼ 1� pð ÞDt

a4 ¼ 0:5 1� pð ÞDtð Þ2; a5 ¼ q0a3; a6 ¼ 0:5þ q1ð Þa3; a7 ¼ q2a3

q1 ¼ 1� 2p
2p 1� pð Þ ; q2 ¼ 0:5� pq1; q0 ¼ �q1 � q2 þ 0:5

For higher accuracy, the value of p suggested by [2] is 0.54. In order to be
conditionally stable, the above algorithm satisfies the following criteria: Dt

T � 0:2.
This algorithm can easily be extended for a non-linear system.

2.4 Zhai Explicit Algorithm [4]

The following relationships give the algorithm proposed by Zhai [4] to solve the
equilibrium Eq. (1):

UtþDt ¼ Ut þDt _Ut þ 0:5þ/ð ÞDt2 €Ut � /Dt2 €Ut�Dt ð9Þ
_UtþDt ¼ _Ut þ 1þuð ÞDt €Ut � uDt €Ut�Dt ð10Þ

The algorithm is controlled by two parameters: / and u. From stability analysis,
/ ¼ u ¼ 0:5 is considered. For this algorithm, the stability criteria are same as that
for standard CD algorithm, i.e. D t x � 2.
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2.5 Pajand and Rad Explicit Algorithm [3]

Pajand and Rad [3] proposed a new family of EA’s for calculating displacement,
velocity and acceleration as follows:

UtþDt=2 ¼ Ut þ Dt
2

_Ut; _UtþDt=2 ¼ _Ut þ Dt
2

€Ut ð11Þ

M €UtþDt=2 þFinttþDt þFctþDt ¼
1
2

Fextt þFexttþDt

� � ð12Þ

_UtþDt ¼ _Ut þDt€UtþDt=2 ð13Þ

Ûn ¼ Ut þ Dt
2

_Ut þ Dt2

4a
€UnþDt=2 þ a� 2ð ÞDt2

8a
€Ut ð14Þ

Ut ¼ 4
3
Ût � 1

3
Ut þ Dt

3
_UtþDt ð15Þ

Within this algorithm, the least relative period error occurs in the range of
0:8� a� 1. Pajand and Rad [3] have shown that the algorithmic damping ratio is
negligible when D tx� 0:6.

3 Numerical Examples

To compare the performance and to investigate the difference in the performance of
above mentioned explicit time integration algorithms following non-linear
problems are considered: (1) a single-degree-of-freedom problem, (2) a
two-degrees-of-freedom spring pendulum problem and (3) one-dimensional adhe-
sive contact problem. The obtained result and the necessary discussion for each
problem are included in the respective following section.

3.1 Single-Degree-of-Freedom Non-linear Problem

Consider the following equation of a non-linear conservative system

vUþU3 � 2U2 � 411Uþ 6 ¼ 0 ð16Þ

with initial conditions as U 0ð Þ ¼ U 0ð Þ
:

¼ 0 [5]. For further details, the reader is
referred to Grobeholz et al. [5]. The critical time-step for the standard CD
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algorithm, stabilized CD algorithm [5] and Zhai explicit algorithm [4] is Dt ¼
0.0453 s. Also, critical time-step for Noh and Bathe [2] and Pajand and Rad [3] is
Dt ¼ 0.0285 and 0.0136 s, respectively. Therefore, solution is calculated for fol-
lowing time-steps: 1 � 10−3, 1 � 10−4, 1 � 10−5 and 1 � 10−6 s. Total time for
simulation is taken as 10 s. As the problem is non-dissipative and self-excited, the
total energy of the system is conserved. From the initial condition, total energy at
every time-step should remain constant. Due to paucity of the space, the plots for
the variation of the displacement and energy quantities over time are not shown. In
Table 1, the maximum error in the total energy for all the explicit time integration
algorithms is shown.

Based on the evaluated result, it can be summarized that the algorithm proposed
by Noh and Bathe [2] produces the least maximum error and algorithm proposed by
Zhai [4] produces the maximum error in the total energy for all the time-steps
except 1 � 10−4 s.

3.2 Non-linear Two-Degree-of-Freedom Problem

The schematic arrangement of the considered problem is shown in Fig. 1a [3]. The
details of the problem can be found in Pajand and Rad [3]. The solution is cal-
culated for following time-steps: 1 � 10−3 s, 1 � 10−4 s, 1 � 10−5 s and
1 � 10−6 s, respectively. The equation of motion for a spring pendulum can be
written as follows:

m€r � m L0 þ rð Þ _h2 � mgcos hð Þþ kr ¼ 0

m€hþ
m 2_r _hþ gsin hð Þ
� �

L0 þ r
¼ 0

By solving the above equation, it can be observed that almost all the algorithms
produce the same variation of displacement. While looking into Fig. 1b, the
algorithm proposed by Pajand and Rad [3] shows least radial displacement error,
and is also relatively stable with respect to the other algorithms over the time,
followed by Noh and Bathe algorithm [2] and the standard CD algorithm. It can be
noted that increase in the radial displacement error over the time produced by the
algorithm proposed by [4] is more as compared to others. With respect to

Table 1 Maximum error produced in total energy at different time-steps

Time-step Noh [2] CDM [1] STB [5] Zhai [4] Rad [3]

1 � 10−6 2.31 � 10−6 6.118 � 10−3 6.141 � 10−5 3.311 � 10−5 3.147 � 10−5

1 � 10−5 2.316 � 10−4 6.112 � 10−4 6.112 � 10−4 3.3 � 10−3 1.6 � 10−3

1 � 10−4 2.38 � 10−2 6.11 � 10−2 6.11 � 10−2 3.314 � 10−3 1.8 � 10−1
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computational time, the algorithm proposed by [3] is found to be more economical
because of its simpler mathematical formulation.

3.3 One-Dimensional Adhesive Contact Problem

A two point mass system, in which a fixed mass and a free mass are interacting
under the application of adhesive forces, is taken from Gautam and Sauer [6]. In
this problem two cases are considered: (1) free mass is connected with spring, and
(2) both masses freely interact with each other. The set-up of the system is shown in
the Fig. 2. The reader is referred to Ref. [6] for further details. For solving the
problem four different time-steps, i.e. 1 � 10−3 s, 1 � 10−4 s, 1 � 10−5 s and
1 � 10−6 s are considered. The definition of the error in energy Eerr can be found in
Ref. [6].

From the Fig. 3a and b, it can be observed that the relative error produced by the
Noh and Bathe [2] is less when compared with other algorithms followed by the

Fig. 1 a The spring pendulum problem [3]. Variation of displacement error in radial displacement
(rerr) at time-step Dt = 1 � 10−4 s with respect to time taking standard CD algorithm at time-step
Dt = 1 � 10−6 s as reference

Fig. 2 Two point mass (fixed and free) interacting with each other through van der Waals
adhesive force a under the application of spring, and b without spring
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stabilized CD algorithm [5] and the standard CD algorithm [1]. It is worth men-
tioning that the maximum relative error produced by the [2] is in the order of
1 � 10−9, while algorithm proposed by [4] produces in the order of 1 � 10−6.

4 Conclusions

From the numerical examples analyzed in this paper, it can be stated that the
performance of the EA’s depends on the various parameters. Some of these are
stiffness of the equation, the time-step and the highest natural frequency of the
considered system. These parameters play a key role in determining the perfor-
mance of the algorithm. For non-linear problems, additional efforts are needed to
determine the natural frequency of the system, especially in case of stabilized CD
algorithm. The algorithm proposed by Pajand and Rad [3] takes relatively less
computational time for the considered numerical examples because of its simpler
mathematical formulation. However, their algorithm proposed performs best in case
of the spring pendulum problem but is not good enough in case of other two
numerical examples. While, the algorithm proposed by Noh and Bathe gives the
best result in one degree non-linear and adhesive contact problem, and also per-
forms well in case of spring pendulum problem. The standard CD algorithm also
performs well in the above-discussed numerical examples after algorithm proposed
by Noh and Bathe. But in spring pendulum problem, standard CD algorithm
transforms into implicit algorithm due to the complicated mathematical formulation
and needs Newton–Raphson method to obtain the solution, hence utilizes more
computational efforts. Performance of standard CD and stabilized CD algorithm is
of the same order for all the three problems discussed above. However, the standard
CD is conditionally stable, so, it can be only used for lower time-step but stabilized
CD algorithm can be used for higher time-step considering some tolerance value in
result. The algorithm proposed by Zhai has the highest order of error for discussed

Fig. 3 Variation of the logarithmic of relative error in total energy over time for time-step
Dt = 1 � 10−5 s: a with spring b without spring
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problems followed by the algorithm proposed in [5] for one degree non-linear and
adhesive contact problem. Standard CD algorithm, Stabilized CD algorithm and
algorithm proposed by Noh and Bathe, all perform well in the above-discussed
problems. Considering the accuracy and the computational cost, the algorithm
proposed by Noh and Bathe is found to be performing better than the standard CD
and the stabilized CD algorithm.
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Static and Dynamic Characteristics
of Two-Lobe Hydrostatic Journal
Bearing

Sandeep Soni and Dnyaneshwar V. Kushare

Abstract The behavior of multi-recess hydrostatic journal bearings is now very
well known because of stability and many numerical and experimental studies that
have been carried out in this area. Noncircular or multi-lobe journal bearings are
also used in high-speed machinery, gas turbines, and test equipments due to their
excellent shaft stability characteristics and capability to suppress the whirl.
Capillary and orifice are most commonly used restrictors for hydrostatic bearings
because of simple manufacturing. The two-lobe bearings are among the commonly
used noncircular journal bearings. The aim of this study deals with the theoretical
investigation of a two-lobe six-recess hydrostatic journal bearing systems to present
static and dynamic performance characteristics with different restrictors such as
capillary, orifice, etc. and comparison of characteristics of capillary and orifice
restrictor. Recent years have witnessed quite a substantial amount of research work
in the area of fluid film lubrication. The analysis and design of two-lobe six-recess
hydrostatic journal bearing is quite a complex process. There are various parameters
such as bearing configuration, lobe position, type of restrictor, number of recesses,
shape of recesses, lubricant supply pressure, external load, bearing operating and
geometric parameters, etc., which influences this class of bearing quite significantly.
The analysis of a two-lobe multi-recess hydrostatic bearing would become more
realistic by incorporating physical effect of method of compensation device.
Further, a designer may improve the performance of bearing by varying the number
of recess.
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1 Introduction

The multi-lobe hydrostatic journal bearing consists of two, three, and four lobes.
The multi-lobe bearing is designed to overcome the disadvantages of circular
hydrostatic bearing. The bore is made of two arcs of larger radius; the bearing has
larger clearances on the two horizontal sides and smaller clearance in the upper and
bottom sides. Noncircular journal bearings are also used in high-speed machinery,
gas turbines, and test equipments due to their excellent shaft stability characteristics
and capability to suppress the whirl. In general, the two-lobe multi-recess hydro-
static journal bearing for high-speed applications offers meritorious properties such
as a multi-lobe bearing geometry which improves shaft stability. Two-lobe bearing
is more stable than the circular bearings. Two-lobe (elliptical) bearing is easier to
manufacture [1].

Figure 1 shows the basic operating principle of two-lobe six-recess hydrostatic
journal bearing. The lubricant at constant supply pressure is pumped into the
bearing clearance space. The lubricant first passes to the restrictor and then to a
pocket or recess. The recess is usually quite deep so that it offers a little resistance to
the flow of lubricant. The lubricant in a multi-recess journal bearing system is
introduced to various recesses through separate entry ports.

Fig. 1 A two-lobe six-recess hydrostatic journal bearing [2]
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Recent years have witnessed quite a substantial research work in the field of fluid
film lubrication. Design and analysis of two-lobe multi-recess hydrostatic journal
bearing is quite a complex process. There are various parameters such as bearing
configuration, lobe position, type of restrictor, number of recesses/pockets, shape of
recesses, lubricant supply pressure, external load, bearing operating and geometric
parameters, etc., which influences this class of bearing quite significantly. The
analysis of a two-lobe multi-recess hydrostatic bearing would become more realistic
by incorporating physical effect of method of compensation device. Further, a
designer may improve the performance of bearing by varying the number of recess.

The aim of this study deals with the theoretical investigation of a two-lobe
six-recess hydrostatic journal bearing systems to present static and dynamic per-
formance characteristics with capillary restrictor and orifice restrictor and com-
parison with circular journal bearing [3].

2 Analysis of Journal Bearing

2.1 Fluid Flow Reynolds Equation in Nondimensional
Form

The Reynolds equation in nondimensional is written as [4, 5]

@

@a

�h3

6
@�p
@a

� �
þ @

@b

�h3

6
@�p
@b

� �
¼ X

@�h
@a

þ 2
@�h
@s

: ð1Þ

The nondimensional parameter in the above equation is as follows:

�p ¼ p
ps
; a ¼ x

RJ
; �h ¼ h

c
; b ¼ y

RJ
; �z ¼ z

h
;

U ¼ xjRj; �l ¼ l
lr

; X ¼ xJ
lrR

2
J

c2ps

� �
; s ¼ t

c2ps
lrR

2
J

� �
:

2.2 Nondimensional Fluid Film Thickness

The following equation gives the film thickness:

�h ¼ �h0 þD�h: ð2Þ
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The above expression for a multi-lobe multi-recess bearing is modified and
written as [6, 7]

�h ¼ 1
d
� �Xj þ�x� �Xi

L

� �
cos a� �Zj þ�z� �Zi

L

� �
sin a : ð3Þ

2.3 Equation for Capillary and Orifice Restrictor

The various flow control devices used in hydrostatic multi-lobe multi-recess journal
bearings are capillary restrictor, orifice restrictor, and constant flow valves. In this
work, for two-lobe six-recess journal bearings, capillary and orifice restrictors are
used as a compensating element. The equation for capillary and orifice restrictor is
as follows [8, 9]:

�QR ¼ �Cs2ð1� �pcÞ Capillaryð Þ ð4Þ

�QR ¼ �Cs2ð1� �pcÞ
1
2 Orificeð Þ: ð5Þ

2.4 Boundary Conditions

1. Nodes situated on the external boundary of the bearing have zero pressure.
2. Nodes on pocket/recess have equal pressure.
3. The nodal flows are zero at internal nodes except those situated on pockets.
4. Flow of lubricant through the restrictor is equal to the bearing input flow.

3 Result and Discussion

3.1 Maximum Fluid Film Pressure �Pmaxð Þ [2, 10, 11]

The restrictor design parameter �Cs2ð Þ and variation in fluid film pressure �Pmaxð Þ are
presented as shown in Fig. 2. At given fixed load �W0ð Þ as offset factor (d) increases,
the maximum fluid film pressure �Pmaxð Þ also increases. Due to alteration in the
bearing geometry on the account of lobing is responsible for the increase in the
values of �Pmaxð Þ at a offset factor (d) = 1.50 for a capillary restrictor two-lobe
journal bearing and given fixed load �W0 ¼ 0:6. The value of �Pmaxð Þ increases by
40.76% as compared to circular six-recess journal bearing for the values of �Cs2ð Þ ¼
0:4 and the value of �Pmaxð Þ increases by 42.61% for orifice restrictor bearing.
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3.2 Bearing Flow �Qð Þ [2, 10, 11]

Figure 3 shows the restrictor design parameter �Cs2ð Þ and the variation of bearing
flow �Qð Þ. As restrictor parameter �Cs2ð Þ increases, the �Qð Þ also increases. When
restrictor design parameter �Cs2ð Þ ¼ 0:2, the bearing flow �Qð Þ is minimum and when
restrictor design parameter �Cs2ð Þ ¼ 1:4, the bearing flow �Qð Þ is maximum. When
there is an increase in the offset factor (d), the bearing flow �Qð Þ decreases for a
given value of �Cs2ð Þ. For two-lobe six-recess bearing when offset factor (d) = 1.50,
the bearing flow �Qð Þ is less than circular bearing.

3.3 Fluid Film Stiffness Coefficient �Sii; i ¼ 1; 2ð Þ [2, 10, 11]

The restrictor parameter �Cs2ð Þ and the variation of direct fluid film stiffness coef-
ficient �Sii; i ¼ 1; 2ð Þ have been presented for a two-lobe bearing shown in Fig. 4.
As the restrictor design parameter �Cs2ð Þ and offset factor (d) increase, the fluid film

Fig. 2 Maximum peak
pressure

Fig. 3 Fluid flow
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stiffness coefficient �S11ð Þ increases. Figure 4 reveals that fluid film stiffness coef-
ficient �S11ð Þ increases with an increase in offset factor after certain value of �Cs2ð Þ,
and the change in the fluid film stiffness coefficient is marginal for
capillary-compensated bearing as compared to the orifice-compensated bearing.

3.4 Fluid Film Damping Coefficient �Cii; i ¼ 1; 2ð Þ
[2, 10, 11, 12]

The restrictor design parameter �Cs2ð Þ and the direct fluid film damping coefficient
�C11ð Þ for the lobe bearing are shown in Fig. 5. The fluid film damping coefficient
�C11ð Þ decreases with increase in restrictor parameter �Cs2ð Þ. When offset factor is
above one, the fluid film damping coefficient is maximum and when offset factor is
equal to 0.75, the fluid film damping coefficient is smallest. The increase in offset
factor (d) improves the damping of the system. At a constant �Cs2ð Þ, when the offset
factor (d) increases, the value of damping coefficient �C11ð Þ also increases (Fig. 5).

Fig. 4 Direct stiffness
coefficient

Fig. 5 Direct damping
coefficient
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Figure 6 shows the percentage variation for maximum peak pressure, Fig. 7 shows
percentage variation for fluid flow, Fig. 8 shows percentage variation for direct stiff-
ness coefficient and Fig. 9 shows percentage variation for direct damping coefficient.

Fig. 6 Percentage variation for maximum peak pressure [13]

Fig. 7 Percentage variation for fluid flow [13]

Fig. 8 Percentage variation for direct stiffness coefficient [13]
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4 Conclusion

• In the present work for hydrostatic lobe bearings, the fluid film pressure �Pmaxð Þ
is greater than a circular six-recess hydrostatic bearing. When offset factor (d)
increases from lower value to higher value, maximum fluid film pressure �Pmaxð Þ
increases. Thus, from maximum fluid film pressure �Pmaxð Þ point of view, a
two-lobe six-recess hydrostatic journal bearing with offset factor (d) above one
will be desirable as compared to circular six-recess journal bearing.

• Suitable offset factor (d) will be chosen to get an improved performance from a
two-lobe hydrostatic bearing as compared to a circular six-recess bearing for the
range external load �W0ð Þ and restrictor used.
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Numerical Methods to Estimate
Fracture Parameters in Ceramics

Subbaiah Arunkumar, Ravi Kiran Bollineni
and Parameswaran Vignesh

Abstract Ceramic materials are widely used in most of the industries due to their
outstanding mechanical properties like high strength, high modulus of elasticity,
corrosion resistance, low coefficient of thermal expansion, etc. It is therefore vital to
understand the deformation and fracture of ceramics to take preventive measures to
circumvent catastrophic failure. The deformation process and fracture of ceramics
can be understood through fracture mechanics of brittle materials. In the first part of
this work, an overview of the fracture mechanics and the various approaches
employed to predict the failures of isotropic and homogeneous materials is briefly
presented. Following this, a brief overview of the numerical methods used to
estimate fracture parameters to analyze the failure of ceramic materials is discussed.
Estimation of stress intensity factor of a typical ceramic material used in industry
through numerical simulation and the associated result is presented in this work.

Keywords Fracture � Ceramics � J-integral � Stress–energy criterion � Numerical
method � Stress intensity factor � Alumina

1 Introduction

Ceramic materials are compounds between metallic and nonmetallic elements
which are held together in covalent and/or ionic bonds. These are classified as
carbides, fluorides, nitrides, oxides, and sulfides based on their composition. Based
on their application, ceramics are further classified as abrasives, cement, clay
products, glasses, refractories, and advanced ceramics. In general, the strength and
stiffness of ceramic materials are comparable to metals and are extremely brittle.
Ceramics are resistant to heat and electricity and can withstand high temperature
and harsh ambience [1]. The compressive strength of ceramics is higher than their
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tensile strength and it is resistant to wear and corrosion. Due to these excellent
properties, these have become attractive materials for high-temperature applications
like in gas turbines [2]. They are also used in the field of dentistry [3]. One of the
limitations of ceramics is that they have very low fracture toughness (due to their
brittle nature) which promotes the crack to propagate at much higher speeds. This
results in catastrophic failure of the structure without any prior warning. The brittle
nature is attributed by the defects (present in the bulk volume or on the surface)
formed either during the processing or secondary manufacturing processes. These
defects act as the sites of stress concentration and, in turn, promote the propagation
of the crack leading to failure of the component [4–6]. The various defects that
could be the origin of failure in ceramics are classified as (i) processing defects like
pores, foreign particles, etc. (ii) machining defects (iii) environmental- and
service-induced defects. As the size of the specimen increases, the probability of
having more number of defects increases. In addition, specimen shape also deter-
mines the nature of the flaw. From the shape of the specimen, accessible direction
of machining and the uniformity of the machining can be determined. The pro-
cessing defects show a preferential direction with the type of processing, and hence
with the specimen shape. The number of defects in the component can be reduced
significantly, but this increases the cost of processing [7]. These defects can be
detected by failure analysis procedures through nondestructive examination in
combination with fracture mechanics. Nondestructive testing identifies the location
and size of the flaw in the component, while with fracture mechanics, the critical
size of the flaw and time necessary for the growth of the flaw to its critical size can
be assessed. In other words, the remaining life of the component can be determined
through fracture mechanics. In addition, the severity of crack can also be quantified
using fracture mechanics. The aim of this work is to elaborate the techniques,
particularly, of numerical methods in estimating the fracture parameters which is
otherwise difficult to find experimentally.

2 The Mechanics of Fracture

The branch of fracture mechanics came into existence to analyze the flaws present
in the components which cause failure. Thus, the basic assumption in fracture
mechanics is that all materials contain cracks from which the failure nucleates. At
the microscopic level, fracture mechanics investigates with the nucleation and
growth of cracks. Fracture of materials, in general, can be classified into brittle and
ductile fractures. In the case of ductile fracture, the components undergo substantial
plastic deformation prior to failure. This serves as a warning from which preventive
measures can be taken to circumvent the catastrophic failure. However, in brittle
fracture (for example, ceramics), the components undergo little or no plastic
deformation. Hence, the cracks propagate at much faster rate in brittle materials and
there are remote chances for avoiding catastrophic failure. In addition, the brittle
materials have least resistance in the presence of defects in comparison to the
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ductile materials and lack an exact strength parameter like yield strength. In these
situations, fracture mechanics approach becomes more promising as it helps in
characterizing the load-bearing capacity of the brittle materials using fracture
parameters. Fracture mechanics can be classified into linear elastic fracture
mechanics (LEFM) and elastic–plastic fracture mechanics (EPFM).

2.1 LEFM

A cracked body when loaded, the tip of the crack will be subjected to plastic strain
leading to nonlinear mechanical behavior except in a perfectly brittle material. In
situations, where the magnitude of the plastic deformation and nonlinearity is very
small relative to the size of the crack, the linear theory is sufficient for the deter-
mination of stress–strain field at the crack tip. Thus, LEFM deals with quantifying
the severity of crack situation subjected to linear elastic stress field [8]. Basically,
there are three approaches in LEFM: (i) energy balance approach, (ii) stress
intensity approach, and (iii) damage tolerance approach. The energy balance
approach originally proposed by Griffith (1893–1963) uses energy release rate as a
parameter to predict the fracture of a material. If the energy release rate is equal to
or greater than the surface energy of the material, then the crack propagation takes
place which leads to the failure of the material. In fact, the energy release rate serves
“driving force” for the growth of the crack. Griffith claimed that the energy nec-
essary for the formation of two new surfaces of a crack comes entirely from the
surface energy. One of the major limitations of this approach is that it gives no
information about the state of stress at tip of the crack and the estimation of the
energy is difficult in situations where there is considerable plastic deformation.
However, the former information can be obtained through the stress intensity
approach. In 1957, George R Irwin (1907–1998) developed the stress intensity
approach. In this approach, the fracture of a material is predicted by a parameter
known as “stress intensity factor” (SIF). The SIF characterizes the state of stress
field near the tip of the crack. This approach states that, the component fractures
when the SIF reaches a critical value and is applicable only for materials with linear
elastic behavior. The damage-tolerant approach is a major tool in the remaining life
assessment of the in-service component. The phrase “damage tolerant” means the
ability to resist fracture from a preexistent flaw for a specified period. Using this
approach, it is thus possible to prevent the catastrophic failure of the components in
service that could lead to loss of property and life. The damage or flaw in a
component could occur due to manufacturing or design errors and also during
service by unexpected sources. The size of the flaw present in the component is
found through nondestructive techniques. Then, by applying this approach, the time
taken for the flaw to reach to critical size (which is obtained through the stress
intensity approach) can be estimated [9–11].
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2.2 EPFM

As mentioned above, the LEFM is applicable when the plastic strain is restricted to
a very small area around the tip of the crack (which is called as small-scale
yielding). In addition, it estimates infinite stresses at the tip of the crack. The
material, however, undergoes yielding at the tip of the crack in reality. Thus, when
the material behavior is nonlinear and small-scale yielding cannot be assumed, it is
not possible to apply LEFM, and hence an alternative approach is needed. The
stress situation near the tip of the crack with significant plastic deformation can be
characterized using EPFM. The two parameters used in EPFM to describe the crack
tip conditions are the crack tip opening displacement (CTOD) and the J-integral.
The CTOD was first proposed by Wells [12] in 1961. During his experiments on
structural steels, Wells observed that application of LEFM for these materials was
not possible. He also noticed that the crack faces of specimens made from these
materials had moved apart with severe blunting prior to failure. The amount of
crack blunting increased with the increase in the materials’ toughness. This led to
the proposal of CTOD as a fracture criterion by Wells. Another EPFM parameter
was proposed by Rice in 1968 [13] called as J-integral which characterizes the
stress field near the tip of the crack. J-integral is also a measure of material fracture
toughness. It is applicable for both linear and nonlinear elastic materials. When an
elastic–plastic material is loaded monotonically, the response after yielding is
assumed to be equivalent of nonlinear elastic material provided no unloading
occurs. It is under this assumption, J-integral is used to estimate the stress field
ahead of the tip of the crack [14, 15]. Fracture occurs when either CTOD or
J-integral approaches a critical value. CTOD is widely used in Britain while
J-integral in United States. There are certain misunderstandings held about these
EPFM parameters. Since J-integral is defined using a complex mathematical
expression, it has been granted a high rank while CTOD is relatively simple
parameter that quantifies the fracture toughness of a material. It is not appropriate to
say definitely that one criterion is superior to the other as both J-integral and CTOD
are related to each other. The numerical estimation of the J-integral is relatively
easy than CTOD as numerical estimation of CTOD requires special elements to
model the crack blunting. On the contrary, experimental determination of CTOD is
easier than J-integral and many researchers prefer CTOD as it can be understood
naturally [16].

3 Numerical Methods

The main objective of fracture mechanics is to obtain stress–strain distribution in
the cracked body submitted to external loads. In simple cases, it is easy to arrive at
closed-form solutions using analytical methods. As the geometry, loading and
boundary conditions become intricate, it becomes too difficult for the analytical
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methods to handle. In such circumstances, numerical techniques can be used to
solve such complex problems. However, these techniques give approximate solu-
tions. But, with the use of high-performance computers, the accuracy of the solution
can be improved. There are several numerical methods available as of today to
predict the onset of fracture. But, those which are reliable and frequently used are
discussed below very briefly.

3.1 Stress–Energy Criterion

One of the new methods to enhance the fracture toughness of the ceramic material
is to fabricate several layered ceramics with the internal layers subjected to residual
compressive stresses which inhibit the propagation of cracks. Hence, it is impera-
tive to understand the crack propagation in layered ceramics. The crack propagation
investigation in brittle materials is often carried out in one of the standard specimen
shapes like single edge notch bend. In order to perform this experiment, a sharp
notch or a crack needs to be introduced in the specimen which is very difficult in
brittle materials. Since the application of LEFM which uses Griffith’s or Irwin’s law
to predict the fracture is not sufficient in this case as it cannot envisage the
nucleation of a new crack particularly starting from a notch. Thus, an alternate
method which predicts both nucleation and growth of the surface cracks in layered
ceramics is needed. In this context, the stress–energy criterion was developed in the
last decade. The stress–energy criterion specifies two conditions which are to be
satisfied concurrently for the onset of a crack. The first condition is based on energy
and the second is based on the stress. If the amount of energy available is sufficient
to create a crack and the applied tensile stress is greater than the ultimate strength of
the material, the crack propagates steadily. Thus, the crack nucleation is due to the
energy aspect and propagation is due to stress aspect. Both criteria must be satisfied
together for the stable crack growth [17].

3.2 Strain Energy Density Criterion

The Griffith or Irwin’s theory of fracture mechanics is used to predict the onset of
crack growth in brittle materials. In energy approach (Griffith’s theory), the entire
cracked body is assumed as a system and crack propagation is predicted based on
the condition that if the elastic strain energy released is more than the energy
required to form two new surfaces. On the other hand, Irwin used a stress parameter
to predict the beginning of the growth of a crack. If the stress situation near the tip
of the crack reaches a critical intensity, the crack growth occurs. These theories are
limited to materials submitted to mode I loading where the crack propagates along
the initial crack plane. Suppose if the material is subjected to combined loading,
LEFM cannot give the whole picture of the crack mixed mode crack propagation.
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Sih (1974) proposed a new theory based on strain energy density (SED) to address
this problem. The theory states that crack nucleates along a particular direction
having minimum strain energy density and it grows when the strain energy density
reaches the critical value [18, 19]. Later several theories based on SED were pro-
posed by various researchers like maximum tangential SED [20], minimum dis-
tortional SED [21], maximum dilatational SED [22], and averaged SED [23]. The
averaged strain energy density criterion postulates that the component fractures
when the averaged deformation energy within the control volume (the volume of
material around the tip of the crack) approaches a critical value.

3.3 Discrete Element Method

Linear elastic fracture mechanics has seasoned enough to address the problem of
fracture of brittle materials through the theory and experiments. Nevertheless,
certain vital aspects like the crack meandering and branching have not been able to
give complete explanation. Crack meandering is most often found in heterogeneous
materials. The computational techniques can be promising in this situation to
understand the stress situation around the heterogeneity. This could possibly lead to
some understanding about the crack meandering [24, 25]. The polycrystalline
ceramics contains pores and distinct particles bonded together arbitrarily.
Techniques based on continuum models like finite element method, meshless
methods, etc. can be employed to model the behavior of ceramics but struggle to
simulate the finite deformations and relative movement of the discrete particles.
However, the discrete element method (DEM) can model the behavior of granular
particles and particle–fluid interaction. DEM was developed by Cundall [26] for
analyzing the rock and soil mechanics (which requires modeling of granular
materials). DEM is used in many fields like agriculture, mining, concrete tech-
nology, machining, and geotechnical applications [27]. This method considers a
body or material as an assembly of different particles or blocks. Thus, it models the
finite displacements and rotations of particles and identifies the new contacts on its
own during the modeling process [28].

3.4 Finite Element Method

Finite element method (FEM) is a numerical method employed to arrive at
approximate solutions to fracture mechanics problems. With the advent of com-
puters, this method has become a famous tool as it can handle multidisciplinary
problems and can deliver the solution at much faster rate. In this approach, the
domain under investigation is divided into several small elements. The governing
equation for each of the element is formulated in terms of the independent variables
(also called as field variables) and is solved to obtain its values at the
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interconnecting points. The values of the independent variables within the element
are obtained through approximating functions or shape functions. The coefficients
in the shape functions are obtained using the boundary conditions. The governing
differential equation can be solved using variational principles like Rayleigh–Ritz
and weighted residual methods. The accuracy of the solution can be improved by
dividing the domain with more elements. In the context of fracture mechanics, FEM
is used to obtain both LEFM and EPFM fracture parameters. The subroutines to
estimate these parameters are readily available in most commercial finite element
packages. In this work, the basic procedure to estimate the SIF is illustrated in the
next section [9].

4 Numerical Simulation

Standard compact tension (CT) specimen is used to estimate the fracture toughness
(KIC) or the mode I SIF as per ASTM E399 standard [29]. The schematic of the CT
specimen geometry and its dimensions is shown in Fig. 1. A 2D plane strain model
is used for the estimation of the fracture toughness. A commonly used ceramic
material like alumina (Al2O3, 99.5% pure) is used. Alumina has superior properties
like high mechanical strength, wear resistant, temperature resistant, resistance to
abrasion and corrosion, etc. Since the material behavior is under linear elastic
regime, a linear elastic constitutive model is used in the analysis. The mechanical
properties of alumina (99.5% pure) used in this analysis are given in Table 1. The

Fig. 1 Compact tension
specimen geometry as per
ASTM standard
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analysis is carried out in standard ABAQUS analysis package. The width of the
specimen is 25 mm. The crack-length-to-width ratio was 0.5 as specified in the
ASTM E399 standard.

After creating the geometry and uploading the material properties, the crack
contour and the crack front using interaction option are specified. The contour
integral method is selected in this analysis. In this method, the user will be
prompted to specify the contour region around the tip of the crack and the crack
extension direction. The next step is to mesh the model. The domain was discretized
with CPS4R—A four-node bilinear plane stress quadrilateral, and reduced inte-
gration with hourglass control is used (Fig. 2). For benchmarking the problem,
grid-independent analysis is carried out. The number of elements in the model was
increased till a constant stress intensity factor (SIF) is reached. The variation of SIF
with respect to the number of elements is shown in Fig. 3 modeling with different
numbers of elements and SIF graph is plotted.

As can be seen from Fig. 3 that SIF steeply rise when the total number of
element in the model is between 200 and 450. Then, the SIF decreases slightly and
then maintains a constant value nearly after 600 elements. This indicates that the
results are grid independent. In this analysis, nearly 900 elements are used. Figure 4

Table 1 Mechanical properties of Alumina

Material Young’s modulus E (GPa) Poisson’s ratio (m) Density (q) gm=cm3

Al2O3 372 0.22 3.98

Fig. 2 Meshed geometry of
CT specimen
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shows the influence of a/w ratio, where a is the crack length and w is the width of
the specimen, on the SIF of the specimen. As the a/w ratio increases, the SIF
increases. This is obvious as the crack length increases the stresses around the crack
increases dramatically.

5 Conclusions

In this paper, a brief introduction to ceramics and their properties are listed. Due to
the superior properties of ceramics, these are the most sought materials in various
applications like gas turbines and components subjected to harsh environments.
Therefore, it is vital to know about the techniques that give information about the
remaining life of the components made of ceramics. In this context, the fracture
mechanics is a viable tool as it can characterize the stress situation around the flaw
using various fracture parameters. In addition, there are several numerical tech-
niques which can help in determining these fracture parameters like stress–energy
criterion, strain energy density criterion, SIF, J-integral, CTOD, etc. All of these

Fig. 3 Variation of SIF vs
number of elements

Fig. 4 Effect of a/w ratio on
the SIF
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techniques have proven to be reliable and are used in in-service components. By
using finite element method, these parameters can be easily estimated with the help
of computers. This was exemplified in this work.
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Low Rolling Resistance Tires
for E-Rickshaws for Increasing Range
and Capacity

Prateek Bhatt and Umesh Kumar Vates

Abstract In the next 30–40 years, there will be an immediate need for an alter-
native method of transportation. Pollution is another major issue. Hence, electrically
charged transport system is logically the best alternative for the future. I have
focused on the electric rickshaws running in my city and it is the best and cheapest
mode of transportation for city hops. In one charge, these e-rickshaws can run up to
80 km. But, what if the range of the e-rickshaw could be increased by reducing the
energy losses and increase its range. One way this can be achieved is by reducing
frictional resistance of tires used in e-rickshaws. It is found that 15% of the fuel is
used in overcoming rolling resistance of the tires. This paper has presented different
methods for reducing the rolling resistance on the tires of e-rickshaws. Silica is the
most preferable material that can replace the traditionally used carbon black fillers.
Various other methods are presented in this paper. Finally, the results are analyzed
using Ansys software taking load factor and inflation pressure into consideration.

Keywords Silica � Carbon black fillers � Rolling resistance � Ansys � Inflation
pressure

1 Introduction

The world is now facing a fuel crisis and fossil fuels are depleting at an alarming
rate. Of all the CO2 emissions in the United States, 33% comes from the trans-
portation sector. Hence, electrically charged transport system is logically the best
alternative for the future. I have focused on the electric rickshaws that are running
in my city and are the best and cheapest mode of transportation for city hops. The
e-Rrickshaws generally can carry up to five passengers. In one charge, these
e-rickshaws can run up to 80 km but takes around 7–8 h to get a full charge again.
But what if the range of the e-rickshaw could be increased by reducing the energy

P. Bhatt (&) � U. K. Vates
Department of Mechanical Engineering, Amity University Noida, Noida, Uttar Pradesh, India
e-mail: prateek.bhatt777@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
A. Prasad et al. (eds.), Advances in Engineering Design,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-13-6469-3_65

707

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_65&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_65&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_65&amp;domain=pdf
mailto:prateek.bhatt777@gmail.com
https://doi.org/10.1007/978-981-13-6469-3_65


losses and increase its range. In one way this can be achieved is by reducing the
frictional resistance of the tires used in e-rickshaws. It is found that 15% of the fuel
is used in overcoming the rolling resistance of the tires. This paper has presented
different methods for reducing the rolling resistance on the tires of the e-rickshaws.

Silica is the most preferable material that can replace the traditionally used
carbon black fillers [1]. Carbon black uses petroleum products for being used in a
tire, and hence using silica will help protect the environment. In this paper, I have
depicted the use of natural rubber instead of styrene–butadiene rubber [2, 3].
Natural rubber when used with a filler agent like TESPT (coupling agent) helps in
cross-linking that increases the filler–filler interaction. Rolling resistance with
silica-filled natural rubber decreases as temperature increases. Using vulcanized
NR, silica interactions are highly improved. Now, industries are also using epox-
idized natural rubber for obtaining more efficient results [4]. Research on using
dynamically vulcanized rubber (DVA), that is, using resins with rubber for
increasing its strength and ability to perform at high temperature and pressure [5].
Yokohama has been doing research on using orange peel juice in tires to make use
of environmental friendly materials and reduce rolling resistance. Finally, analysis
has been done comparing effect of load on rolling resistance of a vehicle, and effect
of inflation pressure and speed on rolling resistance of a tire. The final results are
observed using graphs [6, 7].

2 Tire Properties of an E-Rickshaw

The tire used in e-rickshaw is a 10-inch wheel containing air inside it. It is generally
made of synthetic rubber, natural rubber, wires and fabric, and carbon black mixed
with other alloys. The tires manufactured today consist of cord that contains the ply
and an elastomer which encases them. The cord provides the tensile strength
necessary to contain the high inflation pressures. It can be made of natural fibers
like silk cotton or synthetic fibers like nylon and Kevlar.

The elastomer encases the cords to protect them from wearing and to hold the
cord in place. An elastomer is a composite of rubber materials like styrene–buta-
diene rubber along with other chemical compounds like silica and carbon black for
giving it strength. The tire used e-rickshaw is made slimmer (lesser width) to reduce
the rolling resistance while running on the road. But, at the same time, it has to be
made strong enough to have up to 1 ton loading capacity without any failure.

The industrial tire grade of e-rickshaw is 314(90/90-12),
Tire diameter = 526 mm (under normal inflation),
Minimum tire inflation = 514 mm (under low inflation)/Maximum tire inflation

= 538 mm (under high inflation),
Section width = 80 mm,
Minimum section width = 77 mm/Maximum section width = 86 mm,
Tire strength (Ply Rating) = 6 pr,
Loading index = 165 kg,
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Maximum allowable speed = 65 km/hr,
Inflexion pressure = 40 psi, and
Inflexion pressure is the maximum allowable air pressure inside the tire.

3 The Rolling Resistance of a Tire Can Be Expressed As

Fr = cW,

where Fr is the rolling resistance in Newton, c is the coefficient of rolling resistance,

W = mag, where W = weight of the body or the normal force (N),
m = mass of body (in kg), and
ag = acceleration due to gravity (9.81 m/s2).

The rolling coefficient for air-filled tires on a dry road is calculated as

c ¼ 0:005 þ 1=pð Þ 0:01 þ 0:0095 v=1002
� �� �

;

where

p = tire pressure (bar),
v = velocity (km/hr).

4 How to Reduce the Rolling Resistance on These Tires
Using Silica Fillers

A conventional tire contained about 28% natural rubber, 28% synthetic rubber
along with 28% carbon black filler which is produced by burning fossil fuels. To
make the system eco-friendly, now silica fillers that contain surface-treated sand
micro-particles are used to replace the carbon black fillers. This compound helps in
reducing the frictional heat created by the rubber during operation. Hence, this way
a tire containing about 97% of natural ingredients reduces the environmental impact
steadily. But now with more efforts into research, polymeric fillers are replacing the
silica in many countries. These fillers are more efficient and use only 10–12 phr of
its constituents instead of 30–60 phr of silica filler used to reinforce rubber. This
helps in reduction of overall weight of the tire, thus making them more efficient to
use. Another advantage of polymeric fillers is that they do not need the use of
polycyclic oils, mineral/vegetable oils for aiding in dispersion of filler for reducing
the viscosity of the compound.

Silica fillers used today applies solution-polymerized elastomer butadiene rubber
and solution styrene–butadiene rubber (S-SBR). However, using natural rubber
with silica fillers remains a challenge. Silica is a polar and hydrophilic reinforcing
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filler. There are a number of non-rubber constituents in natural rubber. Hence, using
epoxidized natural rubber (ENR) and deproteinized natural rubber (DPNR) are
being developed for better interactions between natural rubber and silica. Good
dispersion properties of silica into rubber mixture are very important. Coupling
agents are pre-reacted with the rubber compound during the mixing stage of rubber
and silica. TESPT and bis(triethoxysilylpropyl)disulphide (TESPD) are the most
effective coupling agents used till now. TESPT is actually a tetrasulphide that is a
mixture of silane groups. When mixing silica with rubber compounds, these cou-
pling agents react with silica resulting in the hydrophobation of the surface of silica.
This process stops the formation of silica–silica bonds, thus making silica com-
patible to mix with a nonpolar rubber. The hydrolyzable group of silane affects the
reactivity of the coupling agent. Among all the groups, ethoxy group C2H5O- is the
most preferred silanization agent because its toxicity can be controlled and it reacts
fast enough to make the reactions on time.

During tests, it is observed that at temperatures above 150 °C, viscosity of the
rubber compound increased due to premature curing of rubber. The premature
curing takes place due to sulfur in TESPT (coupling agent). At higher temperatures,
rubber becomes softer, breaking down of chains of natural rubber and silica
structures. The natural rubber reacts with TESPT at temperatures starting at 120 °C
and reaction rate increases at higher temperatures. But, at temperatures above 150 °
C, the reaction rate decreases. Hence, viscosity of silica-TESPT depends on pre-
mature cross-linking reaction of sulfur along with the salinization reaction. Filler–
filler interaction also takes place (known as Payne effect). But, at the optimum
temperature range of 135–150 °C, the filler–rubber interaction is maximum instead
of filler–filler interaction. It is due to hydrophobation, a light cross-linked net-
worked due to smaller amount of cross-linking during mixing. The rolling resis-
tance of tires with silica filled NR decreases as the tires temperatures are increased
to most optimum in the range of 135–150 °C along with 10 min of mixing interval
of silica–silane rubber after mastication, thus improving the fuel efficiency and
decreasing the environmental effect of tire manufacturing process.

5 Result and Discussion

Steady-state thermal analysis is performed using proper boundary conditions.
Hence, temperature distribution in a rolling tire is obtained. While performing the
simulation isotropic, homogeneous, and hyper-elastic properties of rubber are
taken. In this simulation, the variation of rolling resistance with respect to different
loading conditions is taken. After simulation, it is found that rolling resistance
increases as load on the vehicle is increased. Inflation pressure is applied on the
internal surface of the tire. The coefficient of friction between tire and road is set at
0.7, to avoid any slip condition between the two surfaces during simulation. The
von Mises stress is maximum on the contact region between tire and the road. The
principle strain is maximum on sidewalls of the tire. The stresses and strains caused
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by external loading help in evaluating the total strain energy stored in the tire. High
strain energy is obtained near the contact region. As the load on the tire increases,
the energy dissipation also increases, thus increasing the rolling resistance (Figs. 1,
2, 3, 4, 5, 6, 7, 8, 9, and 10).

Temperature variation in the tire using Steady state thermal analysis. The min-
imum temperature is around 29 °C at the inner surface and maximum goes up to
40 °C on the outer tread surface. Although with increasing speed tread temperature
increases and causes wear to the tires.

The stress analysis (von Mises) is performed. Maximum stress is observed at the
sidewalls of the tire.

The strain energy is maximum at the contact patch between tire and road. More
the strain energy density, more are hysteresis losses, which lead to more rolling
resistance.

Three loading conditions are taken. Initially, only the kerb mass of vehicle is
taken, i.e., 350 kg. Then, load of five passengers is taken as 300 kg that makes the
total mass up to 650 kg. Finally, luggage load of 40 kg is taken that makes the total

Fig. 1 Temperature variation in the tire using Steady state thermal analysis

Fig. 2 Stress is observed at the side walls of the tire
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mass equal to 690 kg. Weight of the vehicle will be = 690�9.81 = 6768.9 N. Hence,
load on each wheel = 6768.9/3 = 2256.3 N. This load is used to calculate the rolling
resistance on each wheel, Fr = cW, where Fr is the rolling resistance in Newton, c is
the coefficient of rolling resistance, W = mag. In this way, different rolling resis-
tances are calculated for different loading conditions.

Fig. 4 As the load on the vehicle increases, rolling resistance also increases

Fig. 5 Maximum loading capacity on each tire

Fig. 3 Strain at the contact patch between tire and road
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Case 1 Keeping inflation pressure and speed constant, variation of rolling
resistance with load on the vehicle is shown in Table 1.

It is observed that with the increase in the load on the vehicle, the contact patch
of tire and road also increases. Due to this, more energy dissipation takes place. The
strain energy density also increases that increases the rolling resistance on the tire.
With the maximum amount of stress at the contact region of tire and road, by
evaluating stress and strains caused by external loading, the strain energy and
rolling resistance can be calculated.

Fig. 6 Rolling resistance versus load obtained after analysis of the result in Ansys

Fig. 7 Inflation of pressure on tires

Fig. 8 Graph obtained by performing static analysis in Ansys
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The load of the vehicle + Passenger weight + Luggage is assumed to be dis-
tributed equally among three tires of the e-rickshaw, with the maximum loading
capacity on each tire to be 2256.3 N

Case 2 Taking a constant load of 2256.3 N (maximum loading condition) and a
constant speed of 25 km/hr, the inflation pressure is varied. It is calculated from the
result that as the inflation pressure increases, rolling resistance decreases as shown
in Table 2.

Fig. 9 Rolling resistance vs
inflation in pressure of tires

Fig. 10 Rolling resistance vs
vehicles speed in pressure of
tires

Table 1 Keeping inflation pressure and speed constant, variation of rolling resistance with load
on the vehicle

S.No. Rolling resistance (N) Inflation pressure (bar) Load (N) Speed (km/hr)

1 13.962 1.378 1144.5 20

2 25.931 1.378 2125.5 20

3 27.526 1.378 2256.3 20

Table 2 Taking a constant load of 2256.3 N (maximum loading condition) and a constant speed
of 25 km/hr, the inflation pressure is varied

S.No. Rolling resistance (N) Inflation pressure (bar) Load (N) Speed (km/hr)

1 27.66 1.378 2256.3 25

2 22.21 2.0684 2256.3 25

3 19.48 2.7579 2256.3 25

4 18.57 3.102 2256.3 25

5 17.84 3.4473 2256.3 25
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Pressure on the inner liner (inflation pressure) plays a vital role in reducing
rolling resistance. More the inflation pressure, less the amount of energy dissipated,
and hence less is the rolling resistance.

As the inflation pressure is increased, rolling resistance decreases. With 50%
increase in inflation pressure, rolling resistance decreases by 19.7% (keeping Load
and speed constant).

Case 3 For observing the variation of rolling resistance with the vehicle speed,
the load and inflation pressures are kept constant. Finally, rolling resistance at
different speeds is calculated as shown in Table 3.

6 Conclusion

From the above results, it is observed that rolling resistance remains almost constant
with the increasing vehicle speed. Although between 30–40 km/hr, it increases
slightly. But, at speeds above 80 km/hr, rolling resistance becomes a factor of
concern as heat dissipation starts to increase. This also increases tire wear and
reduces efficiency of the vehicle.
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A Comparison of Recent Experimental
Techniques to Measure Acoustic
Properties of a Muffler

Utkarsh Chhibber, Ranjeet Kumar, Sunali and R. N. Hota

Abstract The transmission loss (TL) is an important acoustic property to evaluate
the performance of a muffler, which needs to be thoroughly discussed and analyzed.
In this work, the two most commonly used techniques for obtaining TL, i.e.,
two-load method and two-source method are discussed and compared experimen-
tally. The experiments have been done using various in-house fabricated mufflers
with different geometrical dimensions. The muffler being used for experiments is
extended tube resonator. An impedance tube has been used for determination of TL
experimentally. Experimental results obtained for TL using the two methods are
compared qualitatively and it has been observed that in some cases, two-load
method gives clear frequency information as compared to the two sources in
high-frequency ranges. However, good agreements between the two methods were
obtained in most cases.

Keywords Two-load method � Two-source method � Transmission loss

1 Introduction

The most common technique today to characterize a muffler experimentally is by
the use of an impedance tube. In the recent past, various methods have been
developed to measure the bulk acoustic properties of a muffler using an impedance
tube starting from two-cavity method [1], four-pole parameter method [2], and
two-wave decomposition method [3].

Initially, Yaniv et al. [1] gave the two-cavity method which determines the
characteristic impedance and propagation constant by investigation of standing
wave patterns inside the tube driven at one end by sound source and at another end
by a sample backed by a rigid wall and a sample backed by an air space, a quarter
wave long, itself terminated in a rigid wall. However, there are some sources of
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inaccuracies in it, like the variation associated with the mounting of the sample in
the impedance tube, which could lead to unequal compression of the acoustic
sample. Utsuno and Seybert [4] later gave an improved two-cavity method in 1989.

Another method developed was standing wave ratio technique (SWR) [5] in
which a traveling microphone is used to find the location and magnitude of con-
secutive maxima and minima of a standing wave pattern in an impedance tube.
After obtaining their ratio, the reflection coefficient is calculated and absorption
coefficient is obtained. The main drawback of this method is the traversing
microphone. Use of traversing microphone increases errors while taking the
measurements.

However, all of the abovementioned methods gave absorption coefficient, but
transmission loss (TL) being one of the essential parameters used in design and
development of Mufflers is not obtained by any of the aforementioned. In 1990,
Munjal and Doige [2] gave a two-source method in which an acoustic-based ele-
ment was modeled using a four-pole parameter method. In this method, the wave is
assumed to follow plane wave propagation at the inlet and the outlet sections of the
element inside an impedance tube. Four pole is basically a method to relate velocity
and pressure at inlet to outlet of the element. By applying the four-pole parameter
method, the inevitable properties like transmission loss of a muffler as well as any
acoustical element like liners can be calculated.

Later, in 2004, ASTM began developing a standard for obtaining normal inci-
dence absorption coefficient. In this method, an impedance tube is used inside
which the test sample is mounted. A sound source such as a speaker is attached to
one end of the tube. To get transmission loss, four microphones are mounted on
each side of the sample at two locations. Further, the wave is segregated into
forward and backward traveling waves by measurement of complex sound pressure
level simultaneously at four locations, and then examination of their relative
amplitude and phase, which is why it is called wave decomposition method [3].

In this paper, the two most preferred techniques; two-load method (ASTM E 26
11) and two-source method are presented in detail. Also, in comparative analysis,
the results of the two methods and the advantages of the two-load method in
determination of TL are presented. The following paper is organized as in Sect. 2,
the two-source method is presented; in Sect. 3, two-load method is discussed; and
in Sect. 4, experimental results and discussion are given.

2 Two-Source Method

Two-source method envisages that an acoustical specimen can be successfully
modeled using the four-pole parameters. It is based on transfer matrix approach.
A transfer matrix relates the input parameter to the output parameter of the selected
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element. A schematic of four poles is shown in Fig. 1. The transfer matrix can be
written as

p1
v1

� �
¼ A B

C D

� �
p2
v2

� �
; ð1Þ

where
p1: pressure amplitude of sound wave at inlet section,
p2: pressure amplitude of sound wave at outlet section,
v1: velocity amplitudes at inlet section,
v2: velocity amplitude at outlet section, and
A, B, C, and D are the four-pole parameters.
The sound source placement in two sources is shown in Fig. 2. Two configu-

rations are shown in “a” and “b”. First configuration “a” will be analyzed. We can
easily obtain four-pole equations using transfer matrix method for the elements
between microphones 1–2 and 3–4. Likewise, for element 2–3, the four-pole
equation can also be expressed. Here, the example element is taken as a muffler, and
it could also be a screech liner in its place. The four-pole equation of element is
given as

p2a
v2a

� �
¼ A B

C D

� �
p3a
v3a

� �
; ð2Þ

Fig. 1 The four poles

Fig. 2 Schematic of
two-source method
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where “a” in the subscript is used for Configuration “a” as shown in Fig. 2. Then,
comparing the four-pole expressions for different elements, i.e., 1–2, 3–4, and 2–3,
the equation

p2a
1
B12

ðp1a � A12p2aÞ
� �

¼ A23 B23

C23 D23

� �
p3a

D34
B34

p3a þðC34 � D34A34
B34

Þp4a
� �

ð3Þ

is obtained, where Aij, Bij, Cij, and Dij are the respective notations for the four poles
defined for test specimen i–j, pia and via are the respective sound pressure and
particle velocity at point “i” for Configuration a.

Here, in Eq. (3), we can see that there are two equations and four unknowns. We
can get two additional equations by displacing the sound source from one end to the
other end and all four poles of element 2–3 can be obtained. For Configuration “b”,
it can be then written as

p3b
v3b

� �
¼ A23 B23

C23 D23

� �
p2b
v2b

� �
¼ 1

D
D23 B23

C23 A23

� �
p2b
v2b

� �
; ð4Þ

where Δ is the value of the determinant of the matrix, where Δ = A23D23 − B23C23

and minus sign “−” is for change in the direction of velocity.
By applying the same methodology as used earlier, another equation can be

written comprising of four poles as

p3b
�1
B34

ðD34p4b � D34p4aÞ
� �

¼ 1
D

D23 B23

C23 A23

� �
p2b

ðC12
D12

� A12D12
D12B12

Þp1b � ðp2bA12
B12

Þ
� �

; ð5Þ

where Δ12 = A12D12 − B12C12, Δ34 = A34D34 − B34 C34. pib are the respective
sound pressures and vib is the respective particle velocity for point i of
Configuration “b”. Then, from Eqs. (3) and (5), the four poles for Configuration “b”
can now be simplified as

A23 ¼ D34ðH32aH34b � H32bH34aÞþD34ðH32b � H32aÞ
D34ðH34b � H34aÞ ð6Þ

B23 ¼ B34ðH32a � H32bÞ
D34ðH34b � H34aÞ ð7Þ

C23 ¼ ðH31a � A12H32aÞðD34H34b � D34Þ � ðH31b � A12H32bÞðD34H34 � D34Þ
B12D34ðH34b � H34aÞ ð8Þ

D23 ¼ B34ðH31a � H31bÞþA34ðH32b � H32bÞ
B12D34ðH34b � H34aÞ ; ð9Þ
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where Hij = pj/pi, which is evaluated by the assumption of neglecting flow, then
four poles for respective elements 1–2 and 3–4 can be given by [6]

A12 B12

C12 D12

� �
¼ cos kl12 jq sin kl12

j sin kl12=qc cos kl12

� �
;D12 ¼ 1 ð10Þ

A34 B34

C34 D34

� �
¼ cos kl34 jq sin kl34

j sin kl34=qc cos kl34

� �
;D34 ¼ 1; ð11Þ

respectively. In Eqs. (10) and (11), l12 and l34 are the spaces between the micro-
phones designated for respective elements 1–2 and 3–4. The TL is then represented
in terms of two parameters, i.e., the four poles and tube area, as [7]

TL ¼ 20 log10 A23 þ B23

qc
þ qcC23 þD23

� �
; dB: ð12Þ

3 Two-Load Method

As the name signifies, the two-load method requires two different terminations
(loads) for obtaining the absorption coefficient.

In this method also, like all other methods, an impedance tube is used, but here
we use four microphones, two on either side of the test sample. Here also, we use a
loudspeaker on one end of the impedance tube. The test specimen is mounted inside
the tube. All the four microphones with the support of holders are flush mounted
inside the tube. A broadband signal generator is used for generation of plane waves
inside the tube which results in the formation of a pattern as shown by standing
waves, which is further segregated into forward and backward traveling waves A,
B, C, and D as shown in Fig. 3.

This wave decomposition is done by the measurement of complex sound pres-
sure amplitude at four specified locations simultaneously, and then analyzing their
relative amplitude and phase. From there, the pressure and particle velocity are
obtained, which are further used to obtain transfer matrix elements. And, these
transfer matrix elements can yield us, the absorption coefficient, acoustic impe-
dance, and other important properties as shown in Fig. 3 [3].

In this method, collection of microphone data for two loads (in the form of
complex acoustic transfer functions between the reference and the remaining
microphones) is the first step.

For each load case, on each side of the specimen, the acoustic wave field inside
the tube is decomposed into forward and backward traveling waves, indicated in
Fig. 3 using equations (Using microphone 1 as reference microphone).
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A ¼ i
½H11e�ikl1 � H21e�ikðl1 þ s1Þ�

2 sinðks1Þ ð13Þ

B ¼ i
½H21eikðl1 þ s1Þ � H11eikL1 �

2 sinðks1Þ ð14Þ

C ¼ i
H31eikðl2 þ s2Þ � H41eikl2

2 sinðks2Þ ð15Þ

D ¼ i
½H41e�ikL2 � H31e�ikðl2 þ s2Þ�

2 sinðks2Þ : ð16Þ

Calculating the pressure and velocity at each side of the specimen, we will get

p0 ¼ AþB ð17Þ

u0 ¼ ðA� BÞ
cq

ð18Þ

pd ¼ Ce�ikd þDeikd ð19Þ

ud ¼ ðCe�ikd � DeikdÞ
cq

: ð20Þ

Fig. 3 Set up for two-load method
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From the pressure and particle velocity values in each load case, calculate the
transfer matrix for the specimen as given below:

p0
u0

� �
loada

¼ T11 T12
T21 T22

� �
pd
ud

� �
loada

: ð21Þ

Determination of transfer matrix elements:
Relation to find transfer matrix as per ASTM 2611-09 [5] using pressure and

velocity is

p0
u0

� �
loadb

¼ T11 T12
T21 T22

� �
pd
ud

� �
loadb

: ð22Þ

From Eq. (22), we have four unknowns and four equations. By solving this, we
will get

T11 ¼ pao:u
b
d � pbo:u

a
d

pad:u
b
d � pbd :u

a
d

ð23Þ

T12 ¼ pbo:p
a
d � pao:p

b
d

pad:u
b
d � pbd :u

a
d

ð24Þ

T21 ¼ uao:u
b
d � ubo:u

a
d

pad:u
b
d � pbd :u

a
d

ð25Þ

T22 ¼ pad :u
b
0 � pbd:u

a
0

pad :u
b
d � pbd:u

a
d

: ð26Þ

After calculating transfer matrix, using elements of transfer matrix (T11, T12, T21,
T22), we can calculate all the acoustic properties of an acoustic material.

Transmission Coefficient:

t ¼ 2eikd

T11 þ T12
qc þ T12qcþ T22

: ð27Þ

Normal Incidence Transmission Loss:

TLn ¼ 20 log10ð1=tÞ: ð28Þ
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4 Experimental Results and Discussion

Figure 4 shows a schematic line diagram for the test element taken in this study
which is an extended outlet type muffler. The extended part L1 is varied by several
lengths to perform different experiments. Different mufflers have been fabricated to
test by both techniques, i.e., two-load and two-source methods.

An impedance tube of 43.54 mm dia was used having a cutoff range of 5 kHz
and B&K sensors and signal generators were used to take the measurements using a
random white noise.

The test elements geometric dimensions are given as follows:
Inner diameter = 43.54 mm, Outer diameter = 70.40 mm,
Length of chamber = 50.38 mm,
Outlet lengths taken are L1 = 10.90 mm, 11.58 mm, and 19.68 mm.

Fig. 4 Block diagram of test muffler
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Fig. 5 Comparison of experimental results for two-source and two-load methods for
L1 = 10.90 mm
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The outlet lengths were taken randomly to conduct the experiments without any
mean flow. Figures 5, 6, and 7 show the comparison of results obtained by two-load
and two-source methods.

Above results clearly show that the fluctuations in two-load method are less as
compared to the two-source method. The reason for this can be the error during
taking measurements because of moving the sound source from one place to
another. Another reason for this can be due to insufficient impedance difference
between the two two-source configurations (two sides). As we know that for almost
geometrically symmetric materials where there is no impedance difference from two
sides, the two-source method cannot be applied.
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Fig. 6 Comparison of experimental results for two-source and two-load methods for
L1 = 11.58 mm
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Fig. 7 Comparison of experimental results for two-source and two-load methods for
L1 = 19.68 mm
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5 Conclusions

The TL of muffler samples was determined separately by two-load method and then
using two-source method. The results obtained using both methods are compared
and the comparison shows a good agreement of respective results. During this
process, following points were observed:

1. Two-source method is very useful but its main drawback is that the sound
source has to be moved from one end to the other end of the tube, which is a bit
time consuming and may be prone to error while taking measurements.

2. Two-load method offers numerous advantages in comparison with the
two-source method. It is a considerable saving of time and labor, as the source
does not have to be displaced from one end of the impedance tube to other
unlike that of two-source method.

3. It is also observed that in some cases, the peak frequency information of
two-source method is not very good as compared to two load. The reason for
this may be the extended length of the muffler, which does not provide the
suitable impedance difference from one side as to other.

4. For the case of two-load method, the main limitation can be the impedance
difference of the two loads, i.e., the two loads should be different to each other
or the solution can be indeterminate due to similarity of impedance of both
loads.

Nevertheless, the obtained results from both methods show good agreements,
but the authors suggest the use of two-load method for better accuracy. The results
presented in the present work may be helpful for researchers in selecting the best
technique for measurement and evaluation of the acoustic performance of mufflers.
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Dimensional Errors During Scanning
of Product Using 3D Scanner

Mohd Javaid , Abid Haleem and Lalit Kumar

Abstract Non-contact scanners are available commercially as there is a need to
understand their application in the current processes and products. This work tries
to, explore the dimensional errors in the scanning process and also the best process
parameters for using a 3D scanner. COLIN software was used with the scanner to
convert the data of physical product into cloud data (3D CAD) file.
Used UNIGRAPHICS software used to check the actual dimension of the digital
file. Two tensile test specimens were taken to verify the scanning accuracy of the
products by using the scanner. Results identified that there was scanning error in
tensile test specimen 1 and specimen 2 during the first time. The scanning error
occurred due to seven main reasons, i.e. selection of wrong reference point, out of
field of view, alignment in measurement not appropriately done, calibration of the
scanner, temperature out of range, software problem and post-processing. The scan
depth and projected angle also affect the dimensional accuracy. After studying these
parameters and finding the causes of error, we tried to improve these factors to
improve scanning accuracy. Then again scanning of the same tensile test specimen
1 and specimen 2 was done and data obtained, as compared with first scan data.
From this comparison, we identified lesser dimensional errors comparatively during
the second scan which was taken after improving the factors. So factors identified to
improve the dimensional errors.
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1 Introduction

The 3D scanner is a digital device, which is used to convert real object data into a
digital form. The data acquired with the help of 3D Scanner is in the form of the
point cloud. A 3D scanner is used to create a 3D model in the digital form of the
physical object. The data which is obtained by the 3D scanner can be put for
different purposes through software for modification in design, build of the product
and in reverse engineering [1, 2]. Structured light is a technique which captures an
image in 3D form with the help of a 3D Scanner. Series of light patterns cast by the
projector on an object, while the camera captures an image of the object. The
expensive and specialised hardware is required for operating these 3D scanning
technologies [3]. 3D scanners have various medical applications that help to create
a medical implant by using additive manufacturing technologies [4]. 3D scanner
obtains 3D point cloud of the scene when scanned from different positions around
the object. For the quality of point cloud, scanning geometry plays an important
role. Range quality and point cloud density variant concerning scanning geometry
[5]. Conventional coordinate measurement machines (CMMs) have three simple
blocks, i.e. handling system of 3D motion, touch probe and collector and reduce
measurement uncertainty. The touch probe has a limitation in its application [6].
Contactless 3D scanners give more reliable measurements as compared to the
contact system. These provide high precision and fast measurement. It has various
advance applications in reverse engineering, environmental construction, plastic
surgery, cultural heritage and constructions of 3D optical sensors [7–9]. 3D Scanner
is a convenient and straightforward 3D laser measurement technology usually for
complex shape and small volume data acquisition of the object. Mainly this tech-
nology uses the camera self-calibration method for construction of 3D model
algorithm which creates the measurement environment of the measuring technique
in hardware and machinery [10, 11].

1.1 The Occurrence of Dimensional Errors During
Scanning

Wrong Reference Points. The first significant factor which affects the dimensional
accuracy of the product is the selection of wrong reference point. During scanning
of tensile test specimens after two rotation of rotary table, Colin software required
reference point. If the selection of the reference point is not made correctly, it
creates problems in dimensional accuracy of the product.

Out of Field of View. When an object which is to be scanned is out of a field of
view of projector and camera, it creates problem in dimensions of scanning object’s
digital file. So it is clear that proper selection of camera and projector is essential for
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the field of view and scanning with accuracy. This error affects the length of the
product.

Aligning of the Measurement. Any product which is scanned by the 3D from
both sides (front and back). During alignment of both sides, if proper alignment has
not done it also creates problem. These errors affect the thickness of the product as
in the tensile test specimen 1 in which the thickness is reduced 2.9 mm to 2.4 mm.

Calibration of the Scanner. Like other measuring devices, 3D scanner also
required proper calibration to produce accurate results. By calibration, process
scanner provides more precise data. It used a standard calibration plate as the
specification.

Temperature Difference. Proper temperature range of this scanner is 18–30 °C. If
there is difference between the temperatures, the scanner does not produce an
accurate result.

Software Problem. When software creates a problem during the scanning the
dimensional accuracy is also affected, and acquired shape in such case is not
accurate.

2 Steinbichler Comet L3D Scanner

The Steinbichler Comet 3D Scanner is non-contact type optical scanner which is
installed in Jamia Millia Islamia, New Delhi, used for scanning of product. It is a
portable scanner (due to its small size and weight) in which scanning head is placed
upon the tripod head. The product can be scanned in the various positions with or
without the assistance of a rotary table as shown in Fig. 1.

The product is first scanned only from the top view in different rotations, and
then it is scanned from the back and side positions depending upon required types,

Fig. 1 Steinbichler 3D
scanner
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shape and rotation of the product. During different rotation, it required the reference
points. It is essential to give exact reference points manually, then align all the 3D
scan arrangements to complete the digital form of the product. After completion of
scanning, data is exported in STEP, IGES, STL and other formats. Sometimes 3D
scanner also works as a mobile scanner for scanning of a large size product without
a rotary table. During this case, we have removed the rotary table, and we rotate the
scanner in the differential rotation and completing scanning process.

3 The Algorithm Used in the 3D Scanner for Mesh
Generation

The 3D Scanner used here is a blue light scanner, in which the projector sends the
light fringes of different thickness, and the camera used to detect the reflected light.
There are two methods, and the first method is finite element method in which small
elements are created from discretising of measured field. For two dimensions
commonly triangles or quadrilaterals are created which measures angles, area or
height, edge lengths of the elements. In each display image, for each camera, the
machine determines whether the projector directly illuminates the given pixel or
not. If it illuminates in any given frame, the code bit is correspondingly set high,
otherwise, it is set low. The algorithm used in this scanner consists of camera and
projector, which project light to an object. This method is computationally precise
and efficient [12]. 3D scanning is based on the triangulation principle. For scanning
of the object, it projects different fringe pattern which are captured by camera. Each
measurement generates millions of data points. The visible part is recorded by the
camera in a single scan to convert the object from physical to digitised form.

4 Comparison of Dimensional Accuracy of Product

3D scanner acquires geometry data from the physical object, and this data is used to
create a physical object and used for various applications such as inspection, reverse
engineering, quality management, restoration, rapid prototyping and cultural her-
itage documentation. We took two tensile test specimen as scanned by a
Steinbichler 3D scanner, then different errors are calculated in the scanning. The
software used by the Stenbichler 3D scanner is COLIN 3D for scanning. The
functions of COLIN create an entirely clean and watertight 360-degree virtual
model. The three-dimensional operated the Scanner and the rotary table through the
host computer. In this process, first the data registration is performed automatically,
then edit the captured scanned data (decimate, fill holes, smooth), then the scans are
merged into a single watertight mesh, and finally, can be exported to a variety of
three-dimensional data formats. In this case, data is exported in STL format.
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COLIN 3D has manual and automatic data registration, smoothing, point decima-
tion, data merging, polygon checking (degeneration, intersections), holes filling,
and texture blending and merging options. Consider the tensile test specimen 1
shown in Fig. 2. In case of a hole in specimen there is an increase in the dimen-
sions, and also the total length of the specimen increases marginally. Scanner shows
an error in thickness (B) which is 0.5 mm. The percentage error of 1st specimen as
shown in Table 1, during scanning is −0.00772 (decrease in dimension of product).
Now consider the 2nd specimen as shown in Fig. 3. The scanning errors are cal-
culated for specimen 2 as shown in Table 2. It shows that there is a reduction in
length of scanning and some dimensional errors are reduced (i.e. A and B are of
same dimensions but have a large error after scanning.

5 Post-Processing

When scanning is completed, post-processing is an important step which is done
manually. In such type errors are occurs, in the form of errors in the holes, in the
product. For reducing the dimensional errors during scanning, the focus is given on

Fig. 2 Scanned and actual dimensions of tensile test specimen 1
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the proper selection of reference point, proper alignment, calibration process,
post-processing and also examine the software problem, proper temperature and field
of view. Then again scanning of specimen 1 and 2 is done as shown in Figs. 4 and 5.

Table 1 Comparison of results of tensile test specimen 1

Part no Actual
dimension (1)

Dimension after
scanning (2)

Absolute error in
scanning = 2–1

A 21.2 20.2 −1

B 2.9 2.4 −0.5

C 45.5 44.7 −0.8

D 45.5 44.4 −0.9

E 19.7 19.6 −0.1

F 19.7 19.7 0

G 8.5 8.6 0.1

H 8.5 8.8 0.3

I 67.5 67.5 0

J 149.2 149.3 0.1

Percentage error −0.00772

Fig. 3 Scanned and actual dimensions of tensile test specimen 2
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Moreover, from the calculation, as shown in Table 3, it has been analysed that there is
a reduction in the scanning errors. The percentage error is reduced from −0.00772 to
−0.0054. From the Table 4, scanning error is calculated again after scanning of
specimen 2. It shows that there is a great reduction in scanning errors. The percentage
error is reduced from −0.00592 to 0.0009. Observed that by proper utilisation of
scanner and proper management of the factors which cause scanning errors good
results can be acquired and errors can be minimised during scanning.

Table 2 Comparison of results of tensile test specimen 2

Part no Actual
dimension (1)

Dimension after
scanning (2)

Absolute error in
scanning = 2−1

A 75.1 75.0 −0.1

B 75.1 74.1 −1

C 50.6 50.2 −0.4

D 15.8 15.8 0

E 219.5 218.7 −0.8

Percentage
error

−0.00592

Fig. 4 Scanned and actual dimensions of tensile test specimen 1
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6 Result and Its Discussion

The errors in the scanning can be due to the neglected selection of wrong reference
point, the product is out of a field of view, improper aligning of measurement,
software problems and manual post-processing. All of these errors affect the

Fig. 5 Scanned and actual dimensions of tensile test specimen 2

Table 3 Comparison of results of tensile test Specimen 1

Part no Actual
dimension (1)

Dimension after
scanning (2)

Absolute error in
scanning = 2−1

A 21.2 21.2 0

B 2.9 3.0 0.1

C 45.5 44.7 −0.8

D 45.5 44.3 −1.2

E 19.7 19.8 0.1

F 19.7 19.8 0.1

G 8.5 8.5 0

H 8.5 8.6 0.1

I 67.5 66.8 0.7

J 149.2 149.4 0.2

Percentage
error

−0.0054
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successful scanning. Projected angle, scanning depth and proper lightning also
create errors. These affect the overall performance of the scanner. A 3D scanner is
capable of capturing a 360-degree snapshot of the object. Main errors occur in the
thickness of product which is due to improper aligning of the digital scanned file. It
cannot take exact geometry measurement. The proper scanning process is important
to avoid these types of errors during scanning, and we achieve high accuracy in the
digital CAD file. 3D scanners are more suitable for measure the geometry of
complex shape product which is not measured by manual measurement. This paper
contributes to the selection of input parameters of scanning to achieve reasonable
accuracy. The seven parameters discussed are the main cause to affect the dimen-
sional accuracy of the scanned product.

7 Conclusion

3D Scanners capture XYZ coordinates of millions of points all over an object to
recreate it digitally. 3D Scanner, scan products by using Colin software to convert
the physical form of product into 3D digital form. If the reference point is taken
precisely and carefully, the scanning quality can be improved. During scanning, the
product must be in ‘field of view’ for achieving accurate scanning. Calibration is
maintained by maintaining the temperature during the scanning and by proper
handling of the software issues. The final step of post-processing is vital for
removing errors and for global optimisation. As compared to touch probe a 3D
scanner, is efficient because it easily measures the geometry of complex shape
products. To achieve accuracy in scanning, we need to remove the errors that affect
the scanning of product.

Acknowledgements We are thankful to DST for its valuable support in providing a 3D printer
(Pro Jet 460) and Steinbichler Blue Light 3D Scanner and support software

Table 4 Comparison of results of tensile test specimen 2

Part no Actual
dimension (1)

Dimension after
scanning (2)

Absolute error in
scanning = 2−1

A 75.1 75.8 0.7

B 75.1 74.9 −0.2

C 50.6 50.2 −0.4

D 15.8 15.9 0.1

E 219.5 219.7 0.2

Percentage
error

0.0009
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Friction and Wear Characteristics
of Heat-Treated Medium Carbon Alloy
Steel

Abhijit Mukhopadhyay

Abstract The microstructure of a material can produce excellent mechanical
properties as well as they have strong influence on mechanical properties like
strength, toughness, rigidity, ductility, hardness, corrosion resistance, wear resis-
tance and so on. The microstructure of alloy steel again depends on the types of
alloying constituent present in the particular steel, their concentrations and the heat
treatment procedure of the alloy steel. Heat treatment is basically the heating
process of the material at desired temperature, allowing the material to dwell at that
temperature for a specified time and finally cooling at room temperature. Various
categories of microstructures may be developed depending on the cooling process.
In the present research work, medium carbon alloy steel has been heat treated to
give annealed, normalized and quenched samples. Heating has been done in an
electric muffle furnace followed by cooling inside the furnace, in open air and in
cutting grade oil (grade 44) to give annealed, normalized, and quenched samples
respectively. Hardness of all the samples have been measured in Rockwell C scale
and compared accordingly. Microstructures of all the samples have also been
observed using an optical trinocular microscope and discussed. Finally tribo
characteristics, that is, the study of friction and wear of the heat treated samples
have been conducted in dry condition and under fixed parametric combinations of
normal load on job, speed of the wheel (rpm) and cycle time. “Winducom 2006”
software supported multi-tribotester “TR-25” (Ducom) has been used for this
experimental study. All the test results have been tabulated, compared and con-
cluded accordingly.
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1 Introduction

Tribological studies, that is, the study of friction, wear, and associated lubrication, if
any, plays very important role in different engineering and other applications par-
ticularly where interacting surfaces under relative motions are prominent. Control of
friction and wear in case of sliding or rolling contact pairs is necessary to maintain
desired functional reliability of the components. This will not only increase the
product quality but the life cycle will also be enhanced. Needless to be mentioned
that to achieve such control friction and wear-related knowledge base is very much
essential. Friction and wear are system dependent properties [1–4, 18–20].

Several research based models and data have been available for different
tool-work pair combinations and in different work situations. However, it is hardly
feasible to foretell the tribological behavior of a particular work situation based on
those available data. This necessitates the experimental investigation of friction and
wear study in each and every work situation.

Medium carbon steel with a carbon content of 0.425 along with nickel, chro-
mium and molybdenum as alloying elements had been procured from the market
and is used for the present experimental studies. Chemical compositions of the
procured/as received steel have been obtained through spectrographic analysis. The
values of the ingredients have been furnished in Table 1. Comparing the test results,
the procured steel may closely be approximated as AISI 4340 steel. AISI 4340 steel
has wide applications in military and commercial vehicles, structural steel, heavy
duty axle, connecting rod, shaft, etc. All these application areas are highly stressed
and the steel used in such application requires high strength and rigidity, resistance
to wear and deformation and so on [5].

Heat treatment is the process of heating and subsequent cooling of metals to
achieve some desired properties [7]. It makes the material suitable for different
engineering applications. Heat treatment affects the microstructure by internal stress
removal and grain refinement. Radhika et al. [6] conducted heat treatment on
Aluminum Metal Matrix Composites (AMMCs) to get maximum concentration of
the solutes in the solvent and thus generating a single phase. Without heat treatment
solute and solvent remains in separate phases. Heat treatment enhances several
desired properties of AMMCs. However, medium carbon steel exhibits improved
toughness due to heat treatment whereas hardness is not increased considerably [7].
Surface properties of metals are enhanced due to the development of different
microstructures which again depend on the temperature of heating and subsequent
cooling.

Some important heat treatments like annealing, normalizing and quenching have
been conducted on medium carbon alloy steel in the present experimental work.
Annealing is meant for the improvement of toughness, ductility and reduction of
hardness. Normalizing on the other hand improves the strength with some ductility
and quenching takes care of improved hardness in case of steel with higher per-
centage of carbon [8].
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Finally friction and wear tests have been conducted on the heat treated steel
samples. Multi tribotester “TR-25” (Ducom) supported with “Winducom-2006”
software has been utilized for this purpose [9]. Load on job (N), rotational speed of
the wheel (rpm) and cycle time (sec) have been considered as the working param-
eters in tribological testing. All the samples have been slid against the standard roller
of the tribotester at fixed parametric combinations and in dry condition.

2 Experimental

2.1 Test Material

Medium carbon alloy steel has been selected as the test material in the present
study. The material has been procured directly from the market. Samples of size
20 mm � 20 mm � 8 mm have been machined from the larger work piece as per
the dimension requirement of the sample holder of the tribotester. The chemical
composition of “as received” material has been tested by spectrographic analysis
and the result has been furnished in Table 1.

2.2 Heat Treatment

Microprocessor controlled electric muffle furnace [N.R. Scientific] with a maximum
temperature limit of 1100 °C has been used to heat the material at desired tem-
perature and allowed to dwell for specified time. Several ways of softening pro-
cesses have been discussed by different researchers in their research studies [1, 7,
10–12]. Based on the feasibility of studies in the laboratory, some basic heat
treatment processes have been selected. These operations have been discussed in
the following sub-sections. In all the cases the rate of increment of heat has been
selected as 10 °C per minute.

Annealing. Samples have been heated from room temperature to 930 °C and
allowed to dwell for 2 h at that temperature inside the furnace. At the end of the
operation the furnace has been switched off and the samples have been allowed to
cool inside the furnace, that is, furnace cooling.

Normalizing. Samples have been heated to attain a temperature of 930 °C and
allowed to dwell inside the furnace at that temperature for 2 h. Then the samples
have been taken out of the furnace and allowed to cool in open air to attain room
temperature.

Table 1 Chemical composition of medium carbon alloy steel used in the study

Elements C Si Mn P S Ni Cr Mo F

Percentage 0.425 0.238 0.55 0.031 0.032 1.41 1.09 0.228 Rest
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Quenching. After heating the samples at 930 °C inside the furnace and allowing a
soaking time of 2 h, the samples are dipped into cutting grade oil (grade 44) and
allowed to attain room temperature. This sudden cooling in oil is the quenching
process.

2.3 Friction and Wear Test

A “Ducom” make multi tribotester “TR-25” has been used to conduct friction and
wear test. The frictional force, coefficient of friction and wear data have automat-
ically been recorded through “Winducom-2006” data acquisition software.
Block-on-roller configuration of the tester has been utilized for the tribo tests. Wear
has been measured in terms of displacements in microns with the help of a linear
voltage resistance transducer [13] as designed in the said tribotester. Samples have
been cleaned with acetone prior to the test to remove any trace of grease, oil, dirt or
dust. Based on different research studies [1, 14–20 and references there in] rota-
tional speed of the wheel (rpm), load on job (N) and duration of test run (sec) have
been identified as the most important parameters for the wear test in multi tri-
botester. Fixed values of the said parameters have been considered in the present
study and the values have been fixed at 375 rpm, 50 N, and 900 s, respectively. All
the samples have been slid against a hardened steel roller of diameter 50 mm and
hardness of 82 HRC. Weights of all the specimens have been measured before and
after the wear test using an electronic analytical and precision balance (Sartorius
BSA 223S, Germany; maximum range is 220 gm with a readability of 0.001 gm).
The specimens have been cleaned thoroughly with acetone to remove any traces of
oil, dust, grease, etc., before taking the weights. Difference of the two values
indicates the weight loss of the specimen due to wear [17].

3 Results and Discussions

Hardness values of the heat treated samples have been furnished in Table 2.
The hardness of the normal sample has been measured at 50 HRC. The

improvement of hardness has been observed in case of oil quenched sample.
Sudden cooling from elevated temperature gives rise to the development of

Table 2 Hardness (HRC) of different heat treated steel

Heat treatment 1st reading 2nd reading 3rd reading Average

Annealing 52.0 51.5 47.0 50.0

Normalizing 67.0 69.0 69.5 68.5

Quenching 73.0 72.5 73.9 73.0
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martensite due to the presence of higher percentage of carbon in the medium carbon
steel sample as used in the present study. In normalized samples cooling is com-
paratively faster than that of annealed samples and hence the hardness is little bit
higher in case of normalized sample. Annealing is not meant for improving hard-
ness. It is, in general, a softening operation and the hardness remains almost the
same as that of the original sample. It is not out of place to mention that medium
carbon alloy steels may be toughened by heat treatment process; however hardness
cannot be improved to a greater extent [7].

Table 3 indicates the weight loss data due to wear during friction studies in
tribotester. The microstructures of the original as well as heat treated samples have
been depicted in Fig. 1a–d.

The annealed sample shows an iron carbide layer to curl up in spherical form (cf
Fig. 1b). Alternate layers of ferrite and iron carbide (Fe3C), that is, cementite is
formed in this process as the cooling is very slow. This alternate layer of ferrite and
cementite is known as pearlite. In Fig. 1b these layers are prominent along with
grain boundaries in places. In Fig. 1c normalized sample shows more refined and
uniform grain structure and as it is a modified annealing process it shows spher-
oidized iron carbide. Normalizing produces harder surface than annealing and this
has been supported by the respective hardness values as shown in Table 2. Oil
quenched sample of steel used in the study shows an interlaced needle like struc-
ture, known as martensite. This structure gives a harder surface. However,
martensite is also very unstable structure. The hardness of oil quenched samples is
more than normalized samples. This may also be attributed due to the presence of
ferrite, martensite and particularly chromium carbide as the alloy steel specimen
used in the study contains larger fraction of chromium. To conclude regarding the
actual composition and percentages of these structures in the heat treated samples,
micro hardness test supported by feritscopic study is needed [1].

Friction and wear characteristics of all the heat treated as well as normal samples
have been conducted. The wear values have been furnished in Table 4.

Comparative wear curves, as obtained directly from “Winducom-2006” software
based data acquisition system, have been depicted in Fig. 2. It has been revealed
that the wear data at the end of 900 s of sliding against the roller is minimum in
quenched sample (26.1 micron) followed by normalized sample (71.8 micron).
Original sample ends up with a final wear of 105.7 micron which is less than the
wear value of annealed sample (120.7 micron). However, this does not mean the
overall wear of original sample is less than that of its annealed counterpart.

Table 3 Weight loss (gm) of the samples due to wear

Specimen type Initial weight (w1) Final weight (w2) Dw = (w1−w2)

Original 24.426 24.415 0.011

Annealed 21.290 21.281 0.009

Normalized 21.595 21.589 0.006

Quenched 22.290 22.287 0.003
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Fig. 1 Microstructures of a original b annealed c normalized and d oil quenched samples of
medium carbon alloy steel

Table 4 Wear (micron) of different heat treated samples in regular time intervals

Heat
treatment
type

Wear (micron) in different times (s)

100 200 300 400 500 600 700 800 900

Annealed 61.5 69.8 75.9 83.5 84.9 95.2 103.0 118.6 120.7

Normalized 50.5 53.9 55.2 77.6 76.5 77.7 75.6 71.6 71.8

Quenched 11.9 16.7 19.7 22.2 23.7 23.8 23.7 23.5 26.1

Original 93.7 96.9 97.7 97.8 99.5 100.3 98.4 103.1 105.7
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The comparative curves in Fig. 2 reveals very high initial wear of original sample
and after 150 s of operation the stable trend in high wear is maintained. On the
contrary, the wear of the annealed samples gradually increases from the very
beginning and ends up with a maximum value, may be due to some local layer
detachment from its surface or other reason. The weight loss data, as furnished in
Table 3, are in good agreement with the wear data.

Comparative coefficient of friction (COF) curves have also been depicted in
Fig. 3. These curves have also been generated directly from “Winducom-2006”
software.

Coefficient of friction of oil quenched samples are minimum having an average
value of 0.06 and the curve is stable all along. Normalized samples have a higher

Fig. 2 Figure indicating comparative wear of different samples [maroon: quenched sample, green:
normalized sample, blue: annealed sample, black: sample without heat treatment]

Fig. 3 COF curves [maroon: quenched, green: normalized, blue: annealed, black: original]
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COF than quenched counterparts with an average value of about 0.08 and the curve
is almost stable. Other two samples show higher COF values with gradually
increasing trend.

4 Conclusion

Some important heat treatments of medium carbon alloy steel have been accom-
plished in the present experimental study utilizing the available in-house facilities.
This is a great value addition in the conceptual learning process.

Heat treatment of medium carbon alloy steel results in varied microstructures
and hardness which govern the mechanical characteristics of the concerned steel.
The particular type of heat treatment process should be selected according to the
area and severity of the application.

Tribological characterization is the study of friction, wear and lubrication, if any,
is considered as one of the important mechanical characterization processes and it
has been discussed in the present experimental work. However, the friction and
wear parameters have been calculated under dry sliding condition. Under the pre-
sent operating conditions, annealed samples show maximum wear of 120.7 micron
after 900 s of operation followed by original and normalized samples having wear
of 105.7 and 71.8 micron respectively. Quenched samples have a minimum wear of
26.1 micron. Quenched samples also reveal all along low wear starting from its
inception and maintain almost straight line trend (e.g., the graph as generated
directly from Winducom-2006, Fig. 2). In other cases, the initial wears are very
high up to 100 s of operation and then follow some stable pattern. The wear of
annealed sample is increasing gradually up to 660 s. However, the wear is less than
the other two samples. But after 660 s the wear has been increased and finally
reaches to maximum. The study gives an average idea about friction and wear
characteristics of medium carbon alloy steel after different heat treatment processes.

Future scope of work: More experiments under different parametric combina-
tions of tribology test are to be carried out before coming to a concluding remark.
Application of lubricants is another area of research in this regard. It is also planned
to conduct tribological studies of the same material after austempering and
martempering heat treatments.
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A Comprehensive Review of Materials
Used for 4D Printing

Ajay Sharma and Ajay K. S. Singholi

Abstract Rapidly 4D printing has made tremendous growth in diverse fields such
as healthcare, aerospace, manufacturing industry, and advanced manufacturing
systems. This technology is found to have a greater potential while considering the
daily applications and the economy. Besides this 4D printing allows the conversion
of a 3D printed structure to perform some interaction mechanisms by changing the
functions based on the response time to parameters such as temperature, pressure,
water, and light and so on. Also 4D printing is function of time, printer independent
targets shape and functionality. Therefore, this paper conducted an exhaustive
review of the recent researches in materials and designs leading to its use in a 4D
printing process. This review also incorporates a detailed survey of smart material
and multi-materials used to change the function and shape of those materials after
printing. An attempt has been made in this paper to cover a more conclusive review
in deciding the best appropriate material that may well be utilized in 4D printing
process.

Keywords 4D printing � SMP � Smart materials � Smart design � PZT

1 Introduction

Rapid printing technology has excelled the traditional approach of 3D printing and
continuously working on its advanced stage (4D printing) by adding fourth
dimension of time. The revolutionary changes were brought by 3D printing tech-
nology in the field of manufacturing.

There is continuous focus on substantial progresses in 3D printing technology
have been made relating to materials, printers and processes. Countries adapted
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additive manufacturing processes have declared 3D printing method as an inno-
vative manufacturing method [1]. Applications of 3D printing have been applied in
many fields like biomedical science, construction, space science, automobile, and
automated factories, etc. [2]. 3D model is designed using the computer aided
design, Solid Works, or different types of modeling software. As the 3D printing
technology grown rapidly and occupied the place of traditional approach (static
parts that show now change after printing), the emerging new dynamic approach is
called as 4D printing technology. This term was first familiarized by Skylar Tibbits
in TED conference (2013). This approach is similar as 3D printing except it
embraces the fourth dimension of time besides 3D coordinates after printing [3]. As
4D printing illustration is defined in Fig. 1.

The more comprehensive definition of 4D is a predefined continuous changing of
the 3D printed structure regarding shape, functionality, and property. 4D printed
parts having dynamics in shapes, properties, and functionality [4, 5] on exposure of
stimuli. The capacity of 4 D printing process is mainly dependent on the smart
materials in the three-dimensional space. There are two stable states in a 4D printed
object, and the object can shift from one state to another under the exposure of
stimuli [6]. 4D printing differs from 3D printing only on the two points that is Smart
material and smart design. So, smart materials for 4D printing should be fully
programmed for predefined possible changes in the printed part. The main charac-
teristic of the 4D printing method is smart material which is flexible to make changes
in the final printed part in response to the stimuli exposure. The 4D printed structure
is created by the combination of different materials in the proper distribution into one
printed structure [7]. Stimulus is required to trigger the alterations of shape or
property of a 4D printed structure. The stimuli which are generally used in 4D
printing thus include water, heat, and light [4]. The stimulus responsive material is
one of the most critical components of 4D printing. They are of many categories. The
desired shape of a 4D printed structure is not accomplished by simply exposing the
smart materials to stimuli [8]. To make 4D structures with combination of design
with the smart materials, the new printers must be used with some modifications.

Fig. 1 A simple illustration of the concept of 4D printing [23]
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The recent progresses have encashed the smart materials for 3D printed parts with
functional behavior or 4D printing. The recently developed materials in 4D printing
uses the property of water absorption to create 4D printed structure [3]. The materials
that respond to temperature for example shape memory polymers and alloys (i.e.,
SMPs and SMAs) are established 4D materials due to their capabilities of expansion
and contraction. Photo (or light) responsive materials are finding place as 4D
printing materials as 3D printed structure shows change in color after exposure of
light. The photo (or light) responsive materials are finding their spaces in stickers,
shopping bags, aerospace structure, photo-voltaic, and biomedical devices, etc. Bio
materials are main category of smart materials in 4D printing. 4D printing is showing
tits usefulness in various healthcare applications ranging from nano-particle design
to tissue engineering to manufacturing of human scale biomaterials [1, 3, 9]. The
important consideration of smart design in 4D printed objects is clear in the creation
of self-assembling origami, where a thin flat sheet naturally folds into a complicated
3D component on the induction of stimuli [4].

Overcoming the concern of low value of mechanical strength & durability of
printed active composite will widen the scope of 4D printing into making of arti-
ficial muscles that subjected to extreme stress of range of 40–80 MPa [10]. The
overall survey on the types of materials of the 4D printing is explained in the
following section.

2 Materials in 4D Printing

In additive manufacturing for the construction of a part or object, materials for
example plastics, ceramics, and metals are commonly practiced as 3D printing
materials. Though, all materials are not applicable to 4D printing as they do not
respond when exposed to stimuli. Moreover this also can be explained that a final
structure made by 3D printing method doesn’t show any change over a period of
time when any stimuli is introduced. So, selection of a proper material is important
for creating a 4D printed part. The materials structures in 4D printing are classified
as based on smart materials and those are based on design are conventional
materials. Regarding additive manufacturing, materials structures can be further
classified as single material and multi-material structures. Further multi-material
structures classified into discrete and composite and porous materials [11]. Tibbit in
his research applied rigid plastic and active expandable polymer materials in the
experiments [12]. 4D printing materials must be having properties of low glass
transition temperature and for proper distribution must be of suitable viscosity [2].
Besides SMPs, wood, fibers and botanical cellulose, with smart behavior are good
candidate materials for 4D printing as all shows behavior when exposed to heat,
light or water.
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2.1 Shape Memory Alloys

Shape memory alloys are the developing smart materials which have dual shape
changing capacity. Shape memory materials are stimulus responsive materials.
These alloys when exposed to the proper stimulus they transform with predefined
shape from one to another. The concept has been extended to direct thermal
actuation or indirect actuation. The applications are found in many areas of
everyday life. Medical parts, self-deployable parts in spacecraft are the areas used.
Shape memory polymer requires the combination of polymer and then it is pro-
grammed. The structure of the polymer is deformed and is put into irregular shape.
The polymer gains its final form whenever external energy is applied. The acti-
vating agent is heat [13, 14]. Figure 2 shows the time series of shape memory tube.

The material used in cell is polymethacrylyate polymer (Dileep. 2017). Shape
memory alloys do have some limitations such as low modulus, low strength and
low operating temperature.

Ge et al. [15] proposed method of 4D printing which creates high-resolution
multi-material 4D printing using highly tailorable SMPs on a projection micro
stereolithography. By optimizing the constituents and their percentage, the flexi-
bility of the methacrylate based copolymer networks enabled highly tailorable SMP
thermomechanical properties including elastic modulus (*100 MPa), glass tran-
sition temperature(Tg), and the failure strain (up to 300%).

Zarek and team designed a shape memory 4D airway stent in the temporary
state. These alloys are used in biomedical applications. The shape memory recovery
is triggered, and then the stent recovers its original shape matching the target
anatomy. Thus, personalized 4D medical devices can be fabricated with any
geometry in medical applications [16].

2.2 Piezoelectric Materials

Piezoelectric materials are also finding great interest of researchers due to their
property of transforming mechanical energy to electric energy or vice versa. Chen
and his team in study demonstrated that piezoelectric composite slurry with
nanoparticles of BaTiO3 can be used in 3D printing using mask image projection
based stereolithography technology to make a 4D part [17].

Further piezoelectric ink made of Pb (Zr 0.53 Ti 0.47) O3 (PZT) particles with a
normal size of 170 nm and settled with polyacrylic acid built by Kuscer et al. [18].
This ink was streamed onto a platinized alumina substrate and very much dispersed
in a blend of water and glycerol 155, then utilized for the manufacture of thick films
(up to 6 m) by piezoelectric inkjet printing. The printing system was effectively
performed at room temperature with 21 µm nozzle, a 20 µm drop dispersing and
jetting amplitude of 15 V at 2 Hz of greatest working frequency.
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A low temperature piezoelectric (PZT) with 0–3 availability composite creation
and utilized screen printed process and adaptable materials by Almusallam [19].
The optimized composition had proportion weightage as 12/1 (PZT/polymer),
showing a relative dielectric of 146 (at 1 kHz) and a greatest d33 of 70 pC N-1 to
alumina substrate.

Thus, the piezoelectric materials are used further for 4D printing as its most
commonly used in 3D printing.

Fig. 2 Timeline of shape memory tube [13]
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2.3 Magnetostrictive Materials

Like piezoelectric material, a magnetostrictive material uses a magnetic energy and
converts this energy into mechanical energy and vice versa. Terbium, Iron, dys-
prosium (D), etc. are most common magnetostrictive materials. These materials can
be utilized as transducers and actuators where magnetic energy is utilized to cause
shape change. The application incorporates telephone receivers, oscillators, sonar
scanning, and hearing aid, damping systems, and positioning equipment. The
advance researches of magnetostrictive material alloys with compatible properties
will help the 4D printing method [12]. These find applications in Stimuli
responding material in structures, sensing, and actuation and so on.
Magnetostrictive films are in use as micro-pumps since the inception of Micro
Electro Mechanical Systems (MEMS) [20, 21]. 4D Printing technologies presents a
solution of comparatively low cost and robust tool for production of magne-
tostrictive sensors and actuators.

Fig. 3 4D printing responsive to thermal behavior [2]
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Light sensitive self-changing materials
Liu et al. [22] proposed the method for smart polymers activated by light by

making hinges of the pre stressed polystyrene sheets, printed with black color ink.
The techniques use infrared light to raise the temperature of the material beyond its
glass transition temperature (Tg). The temperature of the black ink areas rises
quickly and also bend quickly compare to the remaining material. The ink printed
on the top of the sheets turns towards the light direction and ink printed on the
bottom side of a transparent layer bends away from the light direction. By adjusting
the geometry of ink, ink width, and number of printed lines produces distinctive
turning points, twisting angle, and light power necessities (Fig. 3).

3 Conclusion

4D printing has the capabilities to enhance the functions of a product made through
3D printing technology. The feature of 4D printing is concerned with developing a
product through smart material, smart design, exposure to stimuli and mathematical
modeling. The process of 4D printing enables innovative and useful applications
which are difficult to achieve through conventional rapid prototyping techniques.
As 4D printing is obtaining popularity because of its functionality concerning time,
smart materials, new designs for the printing process, it has enormous of applica-
tions from daily lives to the global manufacturing applications. This process helps
in reduction of the manufacturing time and the human effort and labor required
assembling the machine. The smart materials emerged in 4D printing technology is
discussed and is reviewed. Thus, the comprehensive review of all smart materials
and multi-materials used for the 4D printing technology is made in this research and
found that smart materials are best and efficient in 4D printing and further research
is conducted to improve and maximize the potential applications of the 4D printing
process.
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Integrated Topsis-Moora Model
for Prioritization of New Bike Selection

Sumit Chawla, Saurabh Agrawal and Ranganath M. Singari

Abstract Nowadays purchasing two wheeler especially bike in this fluctuating
market is backbreaker task for the customers due to lots of complex specifications like
mileage, style, life span, cost and suspension, etc. To tame this problem, we have
many techniques available with us like multi-criteria decision-making (MCDM),
fuzzy logic, etc. We have used MOORA (Multi-Objective Optimization on the basis
of Ratio Analysis) and TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution and these methods are one of the best techniques among MCDM
because it gives best results and it is used by most of the researcher. Using this
technique, we find out the best optimal bike from the customer point of view based on
their requirements. First time MOORA and TOPSIS methods are used together to
solve this type of problem. Main ten attributes were identified through literature
review, and discussion with the experts from the Indian automobile industry.
Integrated TOPSIS-MOORA approach is proposed for prioritizing alternatives based
on four selected attributes. Perusal of literature indicates that these methods have not
been applied earlier for selection of new bikes in Indian automobile industry. Six
Indian automobile companies were selected for evaluation of this methodology.
Results indicate that best optimal bike based on customer requirements. Fuel econ-
omy, style, cylinder capacity and cost are top four prioritized factor taken in this
study. The findings will be useful for every new customer and all automobile
industry.

Keywords CDM � TOPSIS � MOORA � Bike selection � Relative closeness �
Positive and negative ideal solutions � Priority � Normalized decision matrix
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1 Introduction

Buying a bike is an arduous task for customers. Customer wants to spend their
money in good products which fulfills their needs. Normal middle class man wants
to buy a bike which is economical to their budget. Even in the budget range of
customers, many options are available which make customer decision for bike
selection more challenging. The last decade has seen remarkable growth in the
automobile industry because automobiles become the daily routine need for
everyone. Due to the presence of global automobile companies and tremendous
expansion of automation, Indian markets are filled with vast varieties of automobile.

Fourteen bike alternatives are determined based on best bikes of 2017. Six
alternatives among them are used in this study Necessary data like specification
parameters are taken from www.bikedekho.com/best-bikes. Table 1 shows the
specification parameter of bikes.

2 Literature Review

With the help of decision-making process, we can select the ideal alternatives in
line with the requirements of the customer. MCDM gives best solution in this type
of case [7]. Rathi et al. [14] express a best way for identification of critical factors

Table 1 Specification parameter of bikes

Best Bikes in India
2017

On road price (Delhi) (approx.)
(Rs)

Mileage
(kmpl)

Cylinder
capacity

Honda navi 43,000 60 109

Royal Enfield
Himalayan

1,82,000 33.5 411

Honda shine 61,500 65 124.7

Bajaj V 63,000 57 125

Royal Enfield classic
350

1,53,000 37 346

KTM duke 200 1,57,000 35 199.5

Bajaj Pulsar 150 85,000 65 149

Yamaha YZF R15 1,30,000 40 149

Hero Splender Ismart 58,000 92 97.2

Suzuki Hayabusa 15,22,000 17 1340

Royal Enfield Bullet 1,28,000 40 346

Harley Davidson 5,47,000 17.4 749

TVS Apache 1,05,000 35 197.7

TVS Sport 42,800 95 99.7
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responsible for machine failure in center less grinding machine. Srikrishna et al.
[15] proposed a new procedure for four wheeler selection in line with the best
alternative using TOPSIS model. Nima Zoraghi et al. [12] presents a fuzzy MCDM
model for ranking the service quality in hotels.

Rajnish Kumar et al. [13] finds the best material for engineering design, based on
criteria weights are calculated and alternatives are ranked using TOPSIS method.

Moreover, studies on automobile choice have mostly focused on developed
country consumers with very little focus on automobile brand choice in developing
countries especially in sub-Saharan Africa and India, etc. [5, 6, 9, 18].

MCDM is a very popular approach that in complicated materials selection
problem more than one MCDM methods to be applied for the best decision [17].
TOPSIS and MOORA are selected for this problem because they are very efficient
MCDM methods for solving real life problems like general bike selection problem
due to its outstanding features and rational correlation with the previous studies.
Many MCDM techniques like AHP, ANP, SAW, TOPSIS, MOORA, ELECTRE,
VIKOR, COPRAS, PROMETHEE, DEMATEL, SMART, PSI, WPM, EVAMIX
and GTMA, etc., have been applied to solve MCDM problems over last many
years.

3 Methodology

In this study, TOPSIS model is developed for bike selection using seven-step
unique approaches and to identify the best alternative for customers. The type of
best alternative depends on customer. For some customers, economy is main cri-
teria and for some customers, style and pick up of bike are main criteria. Based on
weights of criteria results will vary.

3.1 Selection Criteria

For proper selection of bike according to customer point of view, we have to
compare performance parameters of these bikes. The performance parameters taken
for this study are Cost, Mileage (Fuel economy), cylinder capacity (CC), and style.
Although thousands of bikes are present in market and it is very difficult to compare
the performance parameter of all of them. So for our study, we have taken six bikes
which are Hero Splender Ismart, Honda Navi, Bajaj pulsar 150, Royal Enfield
bullet, TVS Sport and Honda Shine (Fig. 1).
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3.2 TOPSIS Method

It is one of the best methods among all MCDM techniques for selecting the best
alternatives in real-life problems [8].

Step 1: The first stage of this method is to construct Decision Matrix (DM).
(Typed all equations again)

DM ¼ ½xij�m� n ð1Þ

where i (i = 1….. m) and j (j = 1…. n) are the criterion index and alternative index
respectively; m is the number of potential sites.
Step 2: Calculate a normalized decision matrix (NDM)

NDM ¼ Rij ¼ xijffiffiffiffiffiffiffiffiffiffiffi
Pm
i¼1

x2ij

s ð2Þ

Step 3: Determine the weighted decision matrix

V ¼ vij ¼ wj � Rij ð3Þ

Step 4: Identify the Positive and Negative Ideal Solution

PIS ¼ Aþ ¼ fvþ1 ; vþ2 :. . .; vþn g; where : vþj
¼ fðmaxi ðvijÞ if j 2 JÞ; ðmini ðvijÞ if j 2 J 0Þg ð4Þ

Fig. 1 Selection criteria of TOPSIS
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PIS ¼ A� ¼ fv�1 ; v�2 :. . .; v�n g; where : v�j
¼ fðmini ðvijÞ if j 2 JÞ; ðmaxi ðvijÞ if j 2 J 0Þg ð5Þ

where, J is related with the beneficial attributes and J’ is related with the
non-beneficial attributes [19].
Step 5: Find the separation distance of each alternative from ideal and non-ideal
solution.

Sþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn
j¼1

ðvþj � vijÞ2
vuut i ¼ 1. . .. . .. . .m ð6Þ

S� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn
j¼1

ðv�j � vijÞ2
vuut i ¼ 1. . .. . .. . .m ð7Þ

where, i = criterion index, j = alternative index.
Step 6: Measure the relative closeness of each location to the ideal solution.

Ci ¼ s�i
sþi þ si

; 0�Ci � 1 ð8Þ

Step 7: Rank the preference order from higher relative closeness values to lower
relative closeness values.

3.3 The MOORA Method

First two steps are almost similar to TOPSIS method. The MOORA methodology is
shown below[1]

Step 1: The first step of MOORA method is to find decision matrix X in which xij
represents performance index of ith alternative w.r.t jth attribute, i = 1, 2,…, m and
j = 1, 2, …, n:

X ¼ ½xij�m� n ð9Þ

Step 2: Find normalized decision matrix (NDM).

NDM ¼ x�ij ¼
xijffiffiffiffiffiffiffiffiffiffiffi
Pm
i¼1

x2ij

s ð10Þ
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Step 3: The overall performance score of each alternative y�i in Eq. (11).

y�i ¼
Xk
j¼1

x�ij �
Xn

j¼kþ 1

x�ij ð11Þ

Here, k and (n–k) are the number of criteria to be maximized and minimized,
respectively. If we want to give importance order to the criteria, then we can use the
weightages also in the formula as seen Eq. (12) [4, 11].

y�i ¼
Xk
j¼1

wjx
�
ij �

Xn
j¼kþ 1

wjx
�
ij ð12Þ

AHP method is simple to use, we used this method for obtaining weights in our
study.
Step 4: Finally, values of y�i obtained from step 3 are arranged in descending order
in order to get ranking of alternatives. Higher values of y�i gives higher rank of
alternative.
The ration system part of MOORA method is shown in first four steps. Remaining
steps show reference point part.
Step 5: Tchebycheff Min–Max metric is given in Eq. (13) [1–3].

min
i fmax

j sj � x�ij
���

���g ð13Þ

sj is the jth coordinate of the reference point which shows those alternatives having
most desirable performances with respect to jth criterion. For determining sj,
Eq. (14) may be used [16].

sjfmaxi x�ij
mini x�ij

; ð14Þ

max x�ij for criteria to be maximized & min x�ij for criteria to be minimized.
If we want to give importance order to the criteria, then we can use the

weightages also in the formula (13) and it can be reformulated as seen Eq. (15).

min
i fmax

j wjsj � wjx
�
ij

���
���g ð15Þ

Step 6: At last best alternative is selected based on minimum deviation value from
reference point [10].
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3.4 Application of TOPSIS Technique

This case study is associated with the automobile showroom which is the part of
automobile industry. The Showroom management wants to sell the bikes to the
customers. The R & D department is responsible for pinpoint the alternatives and
choose the best bikes for the customers. We did this study for the showroom as well
as for R & D department and determined the criteria according to the needs of the
customer.

This entire numerical and linguistic variable used in Table 2 is converted to
approx. score out of 10 as shown in Table 3.

4 Result and Discussion

The positive ideal Aþð Þ and the negative ideal A�ð Þ solutions are

Aþ ¼ 0:1912; 0:0486; 0:101 and 0:0975f g

A� ¼ 0:1116; 0:0358; 0:0702 and 0:1512f g

Table 2 Criterion parametric values

Criteria’s Alternatives

Hero Splender
Ismart

Honda
Navi

Bajaj
Pulsar 150

Royal Enfield
Bullet

TVS
Sport

Honda
Shine

Mileage (kmpl) 92 60 65 40 95 65

Style Good Better Good Extreme Good Better

Cylinder
Capacity (CC)

97.2 109.19 149 346 99.7 124.7

Cost (Rs)
(approx.)

58,000 43,000 85,000 1,28,000 42,800 61,500

Table 3 Elements of decision matrix

Alternatives Criteria’s

Mileage (kmpl) Style Cylinder capacity (CC) Cost (Rs) (approx.)

Hero Splender Ismart 9.2 7 6.8 7

Honda Navi 7.2 8.2 7.3 6

Bajaj Pulsar150 8.1 7.3 8.3 8

Royal Enfield Bullet 5.5 9.5 9.8 9

TVS Sport 9.4 7.3 7.1 5.8

Honda Shine 8.1 8.3 7.8 7.4

Weights 0.4 0.1 0.2 0.3
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The separation distance is calculated using Eq. (7).

Sþ ¼ 0:03914; 0:0522; 0:04922; 0:0960; 0:030 and 0:0433f g

S� ¼ 0:0827; 0:0617; 0:0578; 0:0333; 0:0961 and 0:061f g

The relative closeness values are calculated using Eq. (8).

Ci ¼ 0:3212; 0:4582; 0:4595; 0:7424; 0:238 and 0:4151f g

So, relative closeness values show the best optimal bike according to customer
requirements is Royal Enfield Bullet and 2nd best choice is Bajaj pulsar 150
(Figs. 2 and 3).

4.1 Results (Using MOORA Method)

Using steps 1 and 2, we will get same values of decision matrix and normalized

values of decision matrix table as given in Table 3 and 4 respectively.
Pk
j¼1

x�ij, this

value is calculated by adding weighted normalized values of three beneficial criteria

Fig. 2 Weighted values of
decision matrix

Fig. 3 Relative closeness
values of different bikes
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which are mileage, style and cylinder capacity. Similarly,
Pn

j¼kþ 1
x�ij is taken directly

from single non-beneficial criterion which is cost.y�i shows overall performance
score of each alternative. Based on their performance score values ranking is
decided (Tables 5, 6 and Fig. 4).

Table 7 shows the descending order of deviations from the reference point.

Table 4 Normalized values of decision matrix

Alternatives Criteria’s

Mileage
(kmpl)

Style Cylinder capacity (CC) Cost (Rs) (approx.)

Hero Splender Ismart 0.468 0.358 0.351 0.392

Honda Navi 0.366 0.419 0.376 0.336

Bajaj Pulsar150 0.412 0.373 0.428 0.448

Royal Enfield Bullet 0.279 0.486 0.505 0.504

TVS Sport 0.478 0.373 0.366 0.325

Honda Shine 0.412 0.424 0.402 0.414

Table 5 Weighted values of decision matrix

Alternatives Criteria’s

Mileage
(kmpl)

Style Cylinder capacity
(CC)

Cost
(Rs) (approx.)

Hero Splender
Ismart

0.1872 0.0358 0.0702 0.1176

Honda Navi 0.1464 0.0419 0.0752 0.1008

Bajaj Pulsar150 0.1648 0.0373 0.0856 0.1344

Royal Enfield Bullet 0.1116 0.0486 0.1010 0.1512

TVS Sport 0.1912 0.0373 0.0732 0.0975

Honda Shine 0.1648 0.0424 0.0804 0.1242

Table 6 Overall performances of the alternatives

Alternatives Pk
j¼1

x�ij
Pn

j¼kþ 1
x�ij

y�i Ranking

Hero Splender Ismart 0.2932 0.1176 0.1756 2

Honda Navi 0.2635 0.1008 0.1627 4

Bajaj Pulsar150 0.2877 0.1344 0.1533 5

Royal Enfield Bullet 0.2612 0.1512 0.11 6

TVS Sport 0.3017 0.0975 0.2042 1

Honda Shine 0.2876 0.1242 0.1634 3

Integrated Topsis-Moora Model for Prioritization … 763



5 Conclusions

Using TOPSIS method of multi-criteria decision-making (MCDM), we find a seven
step procedure to select the best new bike among the given alternatives in the
market. By applying this method on various process parameters, technical speci-
fications, under different cases, it is concluded that proposed model is simple in use
and is able to find final ranking preferences in descending order in terms of relative
closeness values w.r.t. ideal solution. This proposed model also helps in comparing
the relative performances of different bikes. From both methods TOPSIS and
MOORA, we get best bike alternative for the customer is Royal Enfield Bullet.
These results can be varying based on the weightages and customer interest.

The MOORA method gives the overall performance of alternatives w.r.t various
criteria. This method is easy to apply, flexible and represents subjective part of
selection process [7].

Fig. 4 Overall performance
score using MOORA method

Table 7 Deviation from the reference point

Alternatives Criteria’s

Mileage
(kmpl)

Style Cylinder
capacity (CC)

Cost
(Rs) (approx.)

Maximum
values

Ranking

Hero Splend.
Ismart

0.004 0.0128 0.0308 0.0201 0.0308 4

Honda Navi 0.0448 0.0067 0.0258 0.0033 0.0448 2

Bajaj Pulsar 0.0264 0.0113 0.0154 0.0369 0.0369 3

Royal Enfield
Bullet

0.0796 0 0 0.0537 0.0796 1

TVS Sport 0 0.0113 0.0278 0 0.0278 6

Honda Shine 0.0264 0.0062 0.0206 0.0267 0.0267 5
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Numerical Simulations
of Bore-Finishing Tool Lubrication
System to Achieve Minimum Quantity
Lubrication Using the Discretized Phase
Model

Rohan V. Sawant and Chandrakant R. Sonawane

Abstract Cooling as well as lubrication is essential for almost all types of metal
cutting/machining processes. Nowadays, the Minimum Quantity Lubrication
(MQL) technique has been found very popular and is been used widely during
metal cutting/machining over the flood lubrication. In contrast to flood lubrication,
minimum quantity lubrication uses only a few drops of lubrication (5–50 ml/h) in
machining. Hence, the reduction in the quantity of lubricant compared to the cir-
culated quantities of conventional metal-working fluid systems is the key feature of
MQL. However, the supply of the adequate quantity lubrication as well as
homogenous (air–oil) mixture is essential to avoid dry-out conditions at machine
tool. In this paper, the numerical simulation of the lubrication system used for the
bore finishing machine line is presented. The lubrication system uses the minimum
quantity lubrication controlled by a distributor system having a common pipe
carrying lubricant. This pipe has multiple outlets (13 outlets) supplying the lubri-
cant at the respective 13 boring tool machines. The Discretized Phase Model is used
to simulate the continuous medium (air) interacted with injection (oil) particles.
Various flow rates, as well as supply (distributor) pressures, are simulated in order
to obtain the homogenous distribution of lubricating oil. From the simulation
results, it is seen inlet distributor pressure of 6 bar, inlet velocity of 39 m/s and with
an oil injection rate of 50 ml/h are optimum, as well as homogenous air–oil dis-
tribution at all 13 lubricant outlets.

Keywords Minimum quantity lubrication � MQL � Water/oil droplets �
Discretized phase model � Simulation

R. V. Sawant � C. R. Sonawane (&)
Symbiosis Institute of Technology, Symbiosis International (Deemed University), Pune,
Maharashtra, India
e-mail: chandrakant.sonawane@sitpune.edu.in

© Springer Nature Singapore Pte Ltd. 2019
A. Prasad et al. (eds.), Advances in Engineering Design,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-13-6469-3_71

767

http://orcid.org/0000-0002-3408-5060
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_71&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_71&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6469-3_71&amp;domain=pdf
mailto:chandrakant.sonawane@sitpune.edu.in
https://doi.org/10.1007/978-981-13-6469-3_71


1 Introduction

In today’s manufacturing era, it is expected that the cutting fluid not only performs
a tool cooling requirements but also most of the other functions such as lubrication,
removing metal particles and protecting workpiece and the tool from corrosion.
However, conventional cutting fluids systems have few disadvantages like their
high cost, environmental impact as well as it adversely affects the health of workers.
Hence, concepts like dry machining, minimum quantity lubrication, solid lubrica-
tion, cryogenic cooling, gaseous cooling, sustainable cutting fluids, and nano fluids
are in development as well as in utilization. Among this, Minimum Quantity
Lubrication (MQL) is developed tremendously in the cooling fluid as the best
alternative.

In the MQL process, a minute (minimum) amount of lubricant is directly applied
to the cutting tool–workpiece interface. In contrast to flood lubrication, the
minimum quantity of lubrication uses only a few drops of lubrication (approx. 5–50
ml/h) in machining. This supplied amount is sufficient to provide effective lubri-
cation, hence avoiding the wastage or excess supply. MQL is found to be very
effective in a wide variety of metal cutting processes, including sawing, turning,
milling, drilling, etc. There are two basic types of MQL delivery systems: external
feed system and internal feed system. Figure 1 shows the general classification of
devices types for MQL. Figure 2 shows the type of lubrication feed.

A number of researchers had worked on the various aspects of MQL used for
various machining processes. Kuzu et al. [1] conducted the thermal modeling of the
deep-hole drilling process under MQL conditions. They investigated the tempera-
ture distribution of a compacted graphite iron (CGI) workpiece in minimum
quantity lubrication (MQL) deep-hole drilling. Guo et al. [2] performed grinding on
nickel-based alloy for the evolution of the lubrication performance of mixtures of
castor oil with other lubricants in MQL. Zhang et al. [3] focused on the tool life and

Fig. 1 Device types for MQL

768 R. V. Sawant and C. R. Sonawane



cutting forces in end milling Inconel 718 under minimum quantity cooling lubri-
cation with vegetable oil. They had found that MQCL cutting with biodegradable
vegetable oil effectively improves the machinability and helps in the extension of
tool life and reducing cutting forces.

Breitenbach et al. [4] focused on the study of a single drop impact onto a heated
wall and his study is motivated by a wide range of industrial applications such as
spray cooling fuel injection and atomization, or particle formation and encapsula-
tion in a fluidized bed. Obikawa et al. [5] studied on the minimum quantity
lubrication (MQL) to analyze the machining with the different lubrications other
than flood coolant. MQL is to be used with < 1 ml/h, which is 10–100 times
smaller compared with conventional consumed oil in the industry. They designed
nozzles for MQL turning of Inconel 718 and their performances were investigated
based on tool life and surface finish. They also controlled oil mist flow and the
distance from the nozzle to the tooltip for enhancing the cutting performance of
MQL machining, especially in the micro-liters lubrication range.

Park et al. [6] conducted an experiment to study the droplet size, the droplet size
distribution, and the wetting angle. They utilized the Confocal Laser Scanning
Microscopy (CSLM), wavelet filtering, and image processing algorithms for cap-
turing droplet geometry and distribution for commercially available MQL oils. The
wetting angles of the oils were measured by depositing oil droplets onto TiSiN and
TiAlN-coated inserts. They studied particle distribution in the range of 10–100 µm.
From the literature survey, it has been found that numerical analysis is being used
by a number of researchers for finding the outcome of different machining opera-
tions like mass flow rate and particles distribution.

In this paper, numerical simulation of the lubrication system used for
bore-finishing machine line is presented. The Discretized Phase Model is used to
simulate the continuous medium (air) interacted with injection (oil) particles. The
results are discussed for various flow rates, as well as supply (distributor) pressures
in order to obtain the homogenous distribution of lubricating oil.

Fig. 2 (i) External
lubrication feed (ii) internal
lubrication feed
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2 Modeling: Problem Under Consideration

Figure 3 shows the typical 1-channel and 2-channel systems. These systems
eliminate investment into the sump, recyclers containers pump, and filtration
devices. There is no cost for cleaning and drying the chips before their disposal or
cleaning of the workpiece before the next process.

Figure 4 shows the geometry of the CAM bore-finishing tool; usually used for
finishing operations for CAM bore. The lubrication system uses the minimum
quantity lubrication controlled by a distributor system having a common pipe

Fig. 3 Typical 1-channel and 2-channel systems

Fig. 4 CAM bore-finishing
tool
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carrying lubricant. The red zone shows the numerical domain of the MQL lubri-
cation system under consideration. This pipe has multiple outlets (13 outlets)
supplying the lubricant at respective 13 boring tool machine. It comprises of
pressurized air and water/oil lubricant. It helps in reducing the heat generated in tool
and flown down the chips with lubricant.

Figure 5a and b show the mesh view of coolant inlet and outlet, respectively.
A hybrid mesh (combination of hexahedral and tetrahedron) with 777520 mesh
elements and 308537 number of nodes. The hexahedral mesh is created near the
pipe wall, which takes care of the proper boundary condition implementation.

Figure 6 shows the various boundary conditions used during the CFD
simulation.

3 Numerical Method

The commercial code FLUENT 16.1 was used for current numerical analysis. The
incompressible flow through the lubrication system is solved using SIMPLE [7]
numerical scheme. The lubricant injected is tracked and solved using the Discrete
Phase Model (DPM). The DPM is a multiphase model in which the dispersed phase
is tracked in a Lagrangian reference frame, whereas a continuous phase is modeled

(a) (b)

Fig. 5 Details of a mesh generated for CAM bore finishing tool. a mesh at the coolant inlet,
b mesh at the coolant outlet

Fig. 6 Boundary conditions used during CFD simulations
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by a Eulerian method. Hence, DPM process is considered as a Eulerian–Lagrangian
approach.

Figure 7 shows the typical flow of solution followed during current numerical
computations. The dispersed phase is solved by tracking a large number of particles
(bubbles, or droplets) through the calculated flow field. The trajectory of the
injected lubricant is calculated by integrating the particle force balance equation as

dupi
dt

¼ Fd ui � upið Þþ gi qp � q
� �

qp
þ Fi

qp

where

Fd ui � upið Þ = drag force, which is a function of relative velocity between the
injected particles phase and continues phase.

gi qp�qð Þ
qp

= gravity force, which is negligible in the current computations due to

horizontal layout of the lubrication system as well as the density difference is also a
negligible one. And

Fi
qp

= additional force, if present. No additional forces acting hence taken as zero.

The two phases, i.e., compressed air and injected (dispersed) oil here are con-
sidered having a one-way coupling, i.e., particle motion gets affected by the con-
tinuous phase, but continuous phase is not affected by particle flow.

The particle–wall interactions are also considered and two types of interaction
boundary conditions, i.e., (i) Trap: The particles are collected on the wall boundary
condition and (ii) Reflect: The Particle bounces off the wall and user-prescribed
coefficient of restitution are applied. Also, to the particle which leaves the flow

Fig. 7 Discrete phase model
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domain, usually the escape condition is applied to inlet and outlets. Figure 8 shows
the summary of various interaction boundary conditions applied at the wall.

The oil injected is defined as a surface injection where particle streams are
injected from a surface (from inlet). The particle diameter is distributed in the range
of 5–10 µm. Rosin-Rammler expression is used for oil particle (liquid sprays)
representation of the droplet distribution. Here, the complete range of sizes is
divided into an adequate number of discrete intervals; each represented by a mean
diameter for which trajectory calculations are performed. For the Rosin-Rammler
type, the mass fraction of droplets of diameter greater than d is given by

Yd ¼ e
� d

d

� �
n

where ḏ is the size constant and n is the size distribution parameter. The
Rosin-Rammler distribution also used to determine the distribution of mass flow
among particle sizes.

4 Results and Discussion

The main objective is to find the flow distribution of the injected lubricant from the
coolant domain. For this, the simulation domain is rotated at 1000 rpm. Also, the
total domain is divided into 4 zones, where Zone 1, 2, and 3 contains 3 outlets,
whereas, Zone 4 contains 4 outlets. Figure 9 shows the typical zone distribution
adapted for the current simulation.

Fig. 8 Summary of the various wall–interactions conditions
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The Discretized Phase Model is now solved to simulate the continuous medium
(air) interacted with injection (oil) particles. Various flow rates, as well as supply
(distributor) pressures, are simulated in order to obtain the homogenous distribution
of lubricating oil. Table 1 shows a summary of various mass flow rate and pressure
inlet conditions used.

After running the simulation, particles summary is obtained where escaped
particles, trapped particles, and incomplete particles are represented. Particles dis-
tribution along with start time and end time is given. Table 2 shows the mass flow
rate distribution of particle with respect to various outlets as well as the
area-weighted velocity magnitude attended during MQL flow.

During simulation, the total number of oil particles tracked are 1480, out of which
1045 particles escaped through various outlets. It is also observed that the total
number of particles aborted are zero, the total number of particles trapped at various
locations are 433, the total number of particles evaporated are zero, also the total
number of particles incomplete are 2. Table 3 shows a summary of oil particle
distribution through various outlets. Hence, it can be seen that 28% oil particles
escaped from Zone 1, 15% from Zone 2, 16.7% from Zone 3 and 40.3% from Zone 4.

Total escaped particles = 1045
Zone 1: 114 + 94 + 85 = 293 percentage zone 1: 28%
Zone 2: 32 + 79 + 46 = 157 percentage zone 2: 15%
Zone 3:55 + 53 + 66 = 174 percentage zone 3: 16.7%
Zone 4:107 + 98 + 109 + 107 = 421 percentage zone 4: 40.3%

Coolant Inlet

Zone Zone Zone Zone

Fig. 9 Extracted coolant domain zone distribution

Table 1 Summary of inlet flow conditions for MQL lubrication system

Sr.
No.

Mass flow rate of
the dispersed phase
(oil) used (ml/h)

Mass flow rate of
the dispersed phase
(oil) used (kg/s)

Percentage of the
dispersed phase
(oil) used (%)

Diameter of the
dispersed phase
(oil) used (µm)

1 15 0.35e-05 10 5–10

2 30 0.7 e-05 10 5–10

3 50 1.16667e-05 10 5–10

4 60 1.4 e-05 10 5–10
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Diameter Distribution plot: The particles size with injection input vary from
5 µm to 10 µm. Heavy particles that are escaped are very less in number compared
with lighter particles. The heavy particles move toward the wall due to centrifugal
force. A particle with different diameters is shown in Fig. 10.

Particle velocity plot: As the particles are moving along with the continuous flow
of pressurized air, particles allow extra flow from the continuous flow. In the main
pipe, particles move at very slow speed; when it moves into the 13 different
branches it starts moving at a faster rate. At the outlets, due to the nozzle, sudden
velocity rise takes place in each particle. The average velocity of the particle is
341 m/s. Figure 11 shows the contour plots for velocity magnitude.

Table 4 shows a summary of the percentage of the dispersed phase (oil) through
various zones for various mass flow rate conditions. It can be seen that the mass
flow rate of 50 ml/h produces the optimum particle distribution. It is seen that
Rosin-Rammler distribution actually distributes the particles with different diame-
ters and according to the mass flow rate. It has been also seen that the mass flow rate
is higher at the mean diameter, whereas it goes on decreasing toward both sides.
Figure 12 shows the histogram representing variation in particle diameters with an

Table 2 Distribution of oil particle through various outlet

Boundary
conditions

Mass flow
rate(kg/s)

Velocity
magnitude
(m/s)

Boundary
conditions

Mass flow
rate (kg/s)

Velocity
magnitude
(m/s)

Inlet 0.0159275 39.91 Outlet 7 −0.00122 361.43

Outlet 1 −0.001231 364.62 Outlet 8 −0.001221 360.76

Outlet 2 −0.001229 361.07 Outlet 9 −0.001223 362.86

Outlet 3 −0.001233 361.75 Outlet 10 −0.001221 364.62

Outlet 4 −0.001226 360.61 Outlet 11 −0.001229 364.99

Outlet 5 −0.001224 363.27 Outlet 12 −0.001218 364.05

Outlet 6 −0.001229 362.64 Outlet 13 −0.001218 365.60

Net 5.546e-06 364.98

Table 3 Summary of oil particle distribution through various outlets

DPM
condition

Boundary
condition

Number of
particles

DPM
condition

Boundary
condition

Number of
particles

Incomplete – 2 Escaped Outlet 7 55

Trapped Wall 433 Escaped Outlet 8 53

Escaped Outlet 1 114 Escaped Outlet 9 66

Escaped Outlet 2 94 Escaped Outlet 10 107

Escaped Outlet 3 85 Escaped Outlet 11 98

Escaped Outlet 4 32 Escaped Outlet 12 109

Escaped Outlet 5 79 Escaped Outlet 13 107

Escaped Outlet 6 46
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Fig. 10 Oil droplet particle diameter a for mass flow rate 15 ml/h b 50 ml/h

Fig. 11 Oil droplet particle velocity magnitude a for mass flow rate 15 ml/h b 50 ml/h
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escaped mass flow rate (kg/s) from Outlet 2. It gives a clear idea that 6.67 µm
diameter has a high mass flow rate. A similar histogram was studied at all outlets
and similar results are observed. Hence, it is concluded that 10 µm diameter carries
a less mass flow rate compared with others.

5 Conclusion

In this paper, DPM analysis is successfully applied to simulate minimum quantity
lubrication conditions used for CAM bore finishing tool. The oil is injected at
various mass flow rates ranging from 15 to 60 ml/hr. In all simulations, it has been
observed that the percentage of particles escaping are more for Zone 1 and Zone 4
as compared with Zone 2 and Zone 3. It is also concluded that oil mass flow rate of
50 ml/hr distributes the particle in even manner. The particle distribution model
used, i.e., Rosin-Rammler distribution helps in distributing the mass with all

Table 4 Percentage of the dispersed phase (oil) through various zones for various mass flow rate
conditions

Sr. No. Mass flow rate of
the DPM (oil) (ml/hr)

Percentage of the dispersed phase (oil) (%)

Zone-1 Zone-2 Zone-3 Zone-4

1 15 26 19 19 35

2 30 26 19 19 35

3 50 27 19 20 35

4 60 27 19 19 34

Fig. 12 Histogram representing variation in particle diameters with escaped mass flow rate (kg/s)
from Outlet 2
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particles with a different diameter, hence mass distribution varies for each outlet. It
has been also observed that particle velocity increases suddenly after escaping from
coolant domain to the air domain. This mainly happens due to the change in
pressure and density of operating continuous medium. It is been noted that a
particle with a higher diameter has less mass flow rate when it compared with other
particles diameters.
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Development of Collision Avoidance
System Using Fuzzy Logic

Ujjwal Deep Agarwal, Shishir Sinha, Rajeev Srivastava,
Saurav Pathak and Shiv Raushan

Abstract The collision avoidance system is the present state-of-the-art hardware/
software integration for preventing an impending collision. The developed algo-
rithm functions in two stages. It first warns the driver and if the driver fails to
respond in time, it applies the brakes automatically to avoid the collision or reduce
its severity. This paper deals with the development of a suitable mathematical
model for Collision Avoidance System. Analysis and Simulation of the mathe-
matical model has been done in MATLAB®. Simulation studies with On–Off and
Fuzzy Logic Controller are compared and usefulness of Fuzzy Inference System
(FIS) has been established. With two fuzzy inputs namely (slip ratio and rate of
change of slip ratio) and one output (fraction of Brake Pressure required), optimum
braking force is achieved. An iterative method is used to optimize the FIS con-
troller. A new definition of critical distance has also been developed for opti-
mization of the assessment of critical distance.

Keywords Fuzzy inference system (FIS) � Slip ratio � Critical distance

1 Introduction

According to the National Crime Records Bureau, Ministry of Home Affairs, GOI
[1], more than 5,00,000 accidents occur in India every year. Data also illustrate that
more than 70% of accidents happen due to the negligence of the driver. In the wake
of increasing number of accidents and the fatalities caused due to them, most of the
automobile manufacturers all over the world are trying to develop Driverless
vehicles have achieved varying degrees of success. However, in a developing
country like India, having narrow roads and less regard for traffic rules, concept of
driverless cars is not quite feasible to be introduced in one go, but it could be done
in number of stages first by introducing Collision Avoidance System, followed by
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Throttle Control thus achieving full Longitudinal Control System and then inte-
grating Steering Control to achieve fully autonomous vehicle system. This paper is
concerned with the development of collision avoidance system.

The usefulness of collision avoidance system in preventing accidents or reducing
their severity has already been established [2]. It has been estimated that of the total
fatalities caused due to accidents, 12% are due to loss of control and systems like
collision avoidance system can prevent up to 70% of these accidents. Collision of
cars is divided into mainly four types––1. Head-on Collision 2. Rear-end collision
3. Side collision 4. Pedestrian Collision. This paper focuses on rear-end collision
and pedestrian collision to develop an integrated Collision Warning and Mitigation
system for vehicles in Indian Conditions.

Another important component that has to be factored in while designing the
control system, is its ability to decide if the situation is critical or not and act
accordingly. A safety spacing policy [3] based control methodology is applied,
which relies on the ability of sensors to detect the relative velocity of the target
vehicle with respect to the host vehicle and relative distance between the vehicles to
assess if the situation is critical. The decision is made on the basis of deceleration
required and whether it lies or not in the comfort braking zone of 0.3–0.7 g.

The braking process of any vehicle has a very high nonlinear character and also
the process characteristics change with the road surface contact conditions. One of
the biggest problems faced while designing a controller for the Collision Avoidance
System is to factor in this nonlinear behavior and varying road surface contact
conditions, into the control system. The different tyres have different characteristics,
but the situations while braking can be easily approximated by using appropriate
“Tyre Model”. Though many tyre models are available such as Pacejka Magic
Formula Model, Road-Tyre Friction Model, Dugoff’s Tyre Model [4, 5], etc. In this
paper, Road-Tyre Friction Model is used to establish the balance between true
road-tyre friction behavior and computation time required by the processor. In
practical implementation of this method, parameters of this model can be tuned to
imitate actual road-tyre condition while maintaining sufficient accuracy.

For the parameters used in the Road-Tyre Friction Model in this paper, a slip
ratio value of 0.2 generates the most efficient braking performance [5]. But while
braking, slip ratio variation is highly nonlinear and does not have a predefined
mathematical model to describe its behavior. But this absence of mathematical
model is negated by using fuzzy logic in the controller and training the controller in
order to achieve optimum slip ratio value. This way our model can closely follows
the actual Anti-Lock Braking System (ABS) being used in vehicles.

In this paper, the methodology to develop the control system is described step by
step from the vehicle dynamics calculation to vehicle accident risk assessment
along with optimization of the slip ratio with FIS training. The developed control
system is then simulated for various practical situations on Simulink and then on the
basis of the results and graph obtained, inference is drawn and the results are
validated with other research papers.
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2 Methodology

2.1 Vehicle Dynamics

Due to complexities involved in full vehicle model in brake force analysis and the
control system design, Quarter Car model, which is generally used for analysis of
ABS systems, it is used to appropriately approximate the results. Two governing
equations are formed by balancing the force in the longitudinal direction and bal-
ancing the torque about the wheel center (Fig. 1).

m
dvx
dt

¼ �lFN ð1Þ

Balancing torque at the wheel center

Jeae ¼ lRFN � Tb ð2Þ

Slip ratio [4] is defined as follows:

k ¼ vx � xR
vx

ð3Þ

By applying the control system on the above equations, we can control the
variation of the slip ratio and thus can optimize the braking force.

2.2 Tyre Model

Road-Tyre Friction model.
Road Tyre friction model [5] gives the value of coefficient of friction as a function
of linear velocity ðVxÞ and slip ratio ðkÞ.

Fig. 1 Quarter car model
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lðk;VX ¼ C1 1� e�c2k
� �� C3k

� �
ec4vx ð4Þ

Fx ¼ lFN ð5Þ

Here C1, C2, C3, and C4 are constants.

2.3 Critical Distance Calculation

Calculation of critical distance between the vehicles at which the controller will
take over the braking action is very important for the development of control
algorithm. Critical Distance is the threshold separation between the host vehicle and
the target vehicle after which the system will autonomously apply brakes to avoid
collision. In the developed definition, the system calculates the real-time braking
distance of the vehicle taking into consideration the cases when the leading/target
vehicle is decelerating with ‘lvd’ m/s2. Two velocity ranges have been considered
in which two different methods of the critical distance calculation are incorporated.
These ranges are as follows (Fig. 2):

ðaÞ ðVh � V1Þ� 1:12m/s ð6Þ

ðbÞ ðVh � V1Þ � 1:12m/s ð7Þ

The following two cases are analyzed by the controller:

ðVh � V1Þ� 1:12m/s

Fig. 2 Different critical situations for application of brakes
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discr ¼ Vh � V1ð Þ � rthþ rtsð Þð Þþ lvd � rtsþ rthð Þ2
2

ð8Þ

1: Vh � Vlð Þ [ 1:12m/s

discr ¼ ðmaxðdiscccÞ �maxðv�diss1ÞÞþ ðVh � V1Þ � rtsþ lvd � rts2

2
ð9Þ

Following equations show the relationship between various distances:

1. ddis ¼ Vh � Vlð Þ � 6þ lvd�62
2

2. d min is considered to be equal to 1 m
3. criticldis ¼ discr þ d min
4. d cri ¼ ddis þ criticldis

Where,

ddis: dangerous separation distance during which driver will be warned
continuously
dis: separation between host and leading vehicle
discr: distance required by the controller to just prevent the collision when it takes
autonomous braking action
d_min: minimum safe separation between the vehicles
d_cri: separation at which warning signal goes to the driver
criticldis: separation at which controller kicks in and takes autonomous braking
action
Vh: host vehicle velocity
Vl: leading vehicle velocity
dissc: displacement of leading vehicle during autonomous braking action
v_diss1: displacement of host vehicle during autonomous braking action
rts: reaction time of system
rth: reaction time of human driver
lvd: leading vehicle deceleration

Control action of the controller is as follows:

• If dis > d_cri: Condition is Normal
• If criticldis < dis and dis < d_cri: Condition is Dangerous. Controller will give

warning to the driver
• If dis < critcldis: Condition is critical. Braking action of the controller will start

to act.
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3 Controller Design

Fuzzy Logic is applied to design the control system. The controller decides when to
warn the driver or apply the brakes automatically with the help of Fuzzy predictor
based on the distance analysis. The fuzzy logic system consists of three parts:
fuzzifier, inference engine, and defuzzifier [6, 7]. In the fuzzy control, first the
fuzzifier takes two inputs, namely, ‘Slip ratio’ and ‘rate of change of slip ratio’, the
inference engine figures out the fuzzy output based on safety assurance created by
tuning as shown in Table 1, finally, the defuzzifier calculates the emergency braking
system control signals using the centroid method (Figs. 3, 4, 5, 6 and Table 1).

Fig. 3 Membership function plot for input 1––slip ratio

Fig. 4 Membership function plot for input 2––rate of change of slip ratio

Fig. 5 Membership function plot for output variable––brake pressure
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Fig. 6 a and b Left to right: Variation of slip ratio with time in FLC with 3-input membership
functions, Variation of slip ratio with time in FLC with 5-input membership functions

Table 1 Values of membership functions of output variable (brake pressure) of fuzzy logic
controller based on membership functions of input variables (slip ratio and rate of change of slip
ratio)

slproc
slpratio

Nl Ns Ze Ps Pl

Ze N/A N/A Li Li Si

So Li Li Si Si Ho

Op Li Si Ho Sd Id

Lgo Ho Sd Sd Sd Id

Lo Ld Sd Ld Ld Id

Vlo Ld Ld Ld Ld Id

Slpratio—Slip ratio
slproc—Slip ratio rate of change
Nl—negative large
Ns—negative small
Ze—zero
Ps—positive small
Pl—positive large
So—smaller than optimum
Op—optimum
Lgo—little greater than optimum
Lo—larger than optimum
Li—large increment
Vlo—very large than optimum
Si—small increment
Ho—hold
Sd—slight decrement
Ld—large decrement

Development of Collision Avoidance System Using Fuzzy Logic 785



4 Results and Discussion

A detailed analysis of the results obtained from the simulation of autonomous
braking system using various controllers has made it clear that Fuzzy controller
produces quite desirable results with minimum deviation. The desired value is
achieved earlier in case of ON/OFF controller than as compared to Fuzzy Logic
controller. The braking force produced by Fuzzy controller is stable throughout in
contrast to that produced by ON/OFF controller.

It can be observed from Fig. 7a that at regular interval, high values (50–200 m/
s3) of jerk is observed which is quite uncomfortable in case of on–off controller. It is
clear that ride is quite uncomfortable during braking action. Additionally, it may
cause excessive wear and tear of tires. In case of fuzzy logic controller, relatively
lower (1–10 m/s3) values of jerk (Fig. 7b) are there which are more comfortable
than ON/OFF controller. Fuzzy controller adequately represents actual ABS. Thus,
this model can be used to predict the criticality of the situation (Table 2).

Fig. 7 a and b Left to right: Variation of jerk with time in case of ON/OFF controller, Variation
of jerk with time in case of fuzzy logic controller

Table 2 Table depicting stopping time and slip ratio variation of different tyre models and
controller combinations

System Stopping
time

Slip ratio variation

Road tyre friction model 3.3 s Steep variation

Without controller 3.8 s Steep variation

Road tyre friction model with on–off
controller

3.3 s Smooth variation initially but
high-frequency fluctuation in the end

Road tyre friction model with fuzzy
logic controller (3 MFs)

3 s Smooth variation but with high
deviation from mean value of 0.2

Road tyre friction model with fuzzy
logic controller (5 MFs)

2.7 s Smooth variation with low standard
deviation around 0.2
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5 Conclusion

In this paper, an attempt is made to analyze the effect of controller on the slip ratio
variation while braking along with considering the effect on the stopping time and
stopping distance. The system is modelled with a quarter car vehicle dynamics and
differential equation of motion is formulated. The slip ratio and rate of change of slip
ratio are taken as control parameters as they efficiently represent the stability and
steerability of the vehicle while braking. Various controllers are studied and their effects
are observed by simulating the situation in MATLAB Simulink environment. The time
history of the wheel, stopping distance of the vehicle, and slip ratio variation are
obtained for benchmarking from problems available in the literature. The collision
avoidance system has been designed to prevent collision or at least mitigate the effect of
collision by either warning the driver or taking autonomous actions when driver fails to
judge the criticality of the situation. The state of situation is judged by comparing the
current parameters with critical parameters. The road tyre friction model has been used
to formulate the mathematical model for slip ratio variation and optimum braking force
generation. Two separate controllers, on–off controller and fuzzy logic controller, have
been designed. A comparison between results obtained from both the controller shows
that fuzzy logic controller reduces the stopping time and thus stopping distance to a
larger extent as compared to on/off controller. In addition to that fuzzy controller
provides smooth and continuous decrease in velocity as compared to that of on/off
controller. The brake force obtained is also more consistent with much lesser fluctu-
ation over on/off controller. Hence, the Fuzzy logic controller allows for optimum brake
force generation and reduces the jerk involved by providing smooth variation in
braking force. Thus, Fuzzy logic controller adequately represents actual ABS in
modern vehicles and can be used to predict critical distances with sufficient accuracy in
real time. Statistical method of control is used while developing the control action of
the fuzzy logic controller.
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Flexural Properties of Silver Date Palm
Leaf Reinforced Polyester Composites

B. P. Sharma, R. Gangawani, S. Akhtar, G. S. Rao
and Umesh Kumar Vates

Abstract An attempt has been made to fabricate a new composite material by
incorporating silver date palm fiber as reinforcement in the polyester resin. The
composites have been fabricated up to a maximum volume fraction of fiber about
0.467. The flexural behavior of fabricated composites was investigated as a function
of fiber content. It has been observed that the flexural strength of the composite
material increases with an increase in fiber content up to 0.26 volume fraction and
starts decreasing with an increase in volume fraction of the fiber. It is found that the
maximum flexural strength of the composite is 377.69 MPa for the volume fraction
0.26 which is about 1.25 times greater than that of plain polyester resin. These
results show that there could exist a solid bond between the fiber and resin at a
volume fraction of 0.26. It has been concluded that using silver date palm fiber as
reinforcement in plain polyester resin plays a major role in terms of high flexural
strength of a new fabricated composite material.

1 Introduction

The natural fibers extracted from plants such as vakka, sisal, banana, and bamboo
have many attractive benefits over synthetic fibers. These fibers are cheaper, easily
available, low density, and they are also recyclable and eco-friendly. Therefore, the
natural fiber reinforced composites are emerging as realistic alternatives to replace
the synthetic fiber reinforced composites in many applications. These composites
exhibit high tensile, flexural strength, and resistance to fracture when the suitable
coupling agents are used for making the bond between the hydrophilic natural fibers
and hydrophobic matrix.
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The mechanical behavior of sisal, hemp, and banana fiber reinforced composites
using novolac resin, with and without maleic anhydride treatment was investigated
[1]. It has been observed that the maleic anhydride treatment when applied on the
fibers increases mechanical properties like the modulus of elasticity, flexural mod-
ulus, and impact strength. The tensile behavior of elephant grass fiber reinforced
composites fabricated from retting, chemical extraction, and treated by KMnO4 was
reported [2]. It is found that the fibers treated by KMnO4 have shown significant
improvement in tensile strength and modulus compared to that of the fibers extracted
by retting and manual process. The fabrication and testing of thermoplastics and
thermosetting composites reinforced with commonly used natural fibers like coir,
banana, hemp, and sisal with or without chemical treatment by different methods
were studied by many researchers [3–7]. The effect of moisture content on
mechanical properties of natural fibers such as jute, coir, sisal, flax, kenaf, and abaca
was investigated by Symington et al. [8]. It has been observed that the jute fiber
showed superior mechanical properties than other fibers. An attempt was made by
Ratna Prasad et al. [9] to study mechanical properties of sisal, bamboo, and jowar
fiber reinforced composites. It has been observed that the tensile modulus of jowar
fiber reinforced composite is better than sisal and bamboo fiber reinforced com-
posites. The tensile properties of different natural fiber reinforced composites made
from jute, kenaf, hemp, coir, and sisal ware reported by Wambua paul et al. [10] and
found that hemp fiber reinforced composite exhibited highest tensile strength values
whereas coir showed the lowest. The tensile strength and impact behavior of rice
straw polyester composites have been investigated by Ratna Prasad et al. [11]. It has
been found that the rice straw fiber reinforced composites exhibited higher tensile
and impact strength compared to that of pure polyester resin.

Though a huge amount of research work has been reported on various natural
fibers and its composites, no work has been reported on flexural behavior of a silver
date palm leaf fiber reinforced polyester composites. Thus, the aim of this work is to
introduce a newly identified natural fiber, i.e., silver date palm leaf as reinforcement
in the development of new composite materials for lightweight vehicle applications
and to investigate the flexural properties of a silver date palm leaf fiber reinforced
polyester composites.

2 Experimental Procedure

2.1 Materials

The source of this fiber is leaves of silver date palm tree, which grows in all parts of
India, as shown in Fig. 1. Unsaturated polyester resin, methyl ethyl ketone peroxide
(catalyst), and cobalt naphthenate (accelerator) were procured from ICA (Pvt) Ltd.
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(Delhi, India). Rubber molds are prepared according to ASTM standards
(100 mm*25 mm*3 mm). Thin transparent plastic sheets are used to cover the
molds from one side for arresting the air. Five sets of bend specimens of each
volume fraction (0.2, 0.26, 0.33, 0.4, and 0.46) have been fabricated as per
ASTM D 790 M.

2.2 Preparation of Fiber

Initially, leaves were separated from the stems of the silver date palm tree and kept
in water for about 2 to 3 h and followed by washing with normal water, so as to
clean dust that might have presented on the leaves owing to their exposure to the
environment. The wet fibers were dried under the sun for a few hours and subse-
quently dried in the furnace at 70 °C for 1 h. After that the fibers have been cut to
the required length.

2.3 Composite Preparation

In the current research work, the composites have been prepared using hand layup
method. For 100 ml of the polyester resin, 1.5% of catalyst and accelerator were
added. The composites were fabricated, gradually by filling the mixture of resin into
the mold and unidirectional fibers, starting and ending with alternative layers of
resin. Subsequently, a thin transparent plastic sheet has been placed on the mold

Fig. 1 Silver date palm tree
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from one side to arrest the air by pressing the sheet gently with the steel rule and
instantly followed by applying a compressive pressure of 0.05 MPa on the mold.
Then the specimens were allowed to cure for one day. Nevertheless, the movement
of the fiber in the mold should be minimized for yielding sound quality fiber
reinforced composites. Then the specimens were also post-cured at 70 °C for 1 h
after being removed from the mold.

2.4 Flexural Testing of Composites

The dimensions of the flexural test specimens are 100 mm in length, 25 mm width,
and 3 mm thick. Three-point bend tests were conducted on five identical specimens
of each volume fraction as per ASTM D 790 M for measuring flexural properties.
All the specimens were tested at a crosshead speed of 0.5 mm/min, using an
electronic tensile testing machine at ITS Engineering College, Greater Noida Uttar
Pradesh.

3 Results and Discussions

3.1 Flexural Properties of Silver Date Palm Fiber
Reinforced Composites

The fabricated bend specimens for various volume fractions (0.2, 0.26, 0.33, 0.4,
and 0.46) are shown in Fig. 2. It is evident from the figure that all specimens were
made with care and free from porosity. The fractured bend specimens have been
also presented in Fig. 3 for reference. The flexural properties of silver date palm
leaf fiber reinforced composites along with those of some important existed natural
fibers were presented in Table 1 [12]. It was clear from the values that silver date
palm fiber reinforced composite exhibited highest flexural strength than that of the
established fibers and the plain polyester resin as shown in the table.

The variation in flexural properties of silver date palm leaf fiber with increasing
volume fraction was presented in Table 2. It can be seen from the results that the
flexural strength increases with an increase in volume fraction of the fiber and the
maximum flexural strength of the composite are found to be 377.69 MPa for the
volume fraction 0.26 which is about 1.254 times greater than that of a plain
polyester resin. It has also been observed that the flexural strength of silver date
palm fiber reinforced composite increases up to a volume fraction 0.26, and starts
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decreasing with the increase in volume fraction of the fiber in the composite
material. It clearly indicates that reinforcing small amount of the fiber in resin
improves significant flexural strength of the composite up to the volume fraction
0.26. This is mainly due to solid bonding of silver date palm fiber with resin.

Fig. 2 Fabricated bend test specimens of various volume fractions a 0 b 0.20 c 0.26 d 0.33 e 0.40
and f 0.46
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Fig. 3 Bend test specimens after failure for various volume fractions a 0 b 0.20 c 0.26 d 0.33
e 0.40 and f 0.46

Table 1 Flexural properties
of silver date palm leaf fiber
along with other natural fiber
reinforced composites

Name of the composite Ultimate flexural strength (MPa)

Plain polyester resin 66.0

Vakka 93.79

Sisal 98.1

Banana 91.40

Bamboo 127.1

Silver date palm tree fiber 377.69
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4 Conclusions

• A lightweight composite material has been fabricated using silver date palm tree
leaf fiber as reinforcement in polyester resin matrix.

• The density of the fiber is found to be 500 kg/m3.
• It has been observed that the flexural strength of the composite increases with an

increase in fiber content up to 0.26 volume fraction and further decreased with
increasing volume fraction of fiber.

• It is found that the maximum flexural strength of the composite is 377.69 MPa
for the volume fraction 0.26 which is about 1.25 times greater than that of plain
polyester resin.

• It has been concluded that using silver date palm fiber as reinforcement in plain
polyester resin plays a major role in terms of high flexural strength of a new
fabricated composite material.
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Tensile Behavior of Silver Date Palm
Leaf Reinforced Polyester Composites

B. P. Sharma, R. Pugalia, Ashish, G. S. Rao and Umesh Kumar Vates

Abstract In the current study, a lightweight composite material has been fabricated
using silver date palm tree leaf fiber as reinforcement in polyester resin matrix. The
fibers are extracted using retting and manual process. The density of the fiber is
found to be 500 kg/m3. The composites have been fabricated up to a maximum
volume fraction of about 0.58. The tensile properties of the composites were
investigated as a function of fiber content. It has been observed that the tensile
strength of the composite increases with an increase in fiber content up to 0.41
volume fraction and decreases with an increase in volume fraction of the fiber. It is
found that the maximum tensile strength of the composite is 200.5 MPa for the
volume fraction 0.41 which is about 1.67 times greater than that of plain polyester
resin. These results show that there could exist a solid goring bond between the
fiber and resin at a volume fraction of 0.41. It has been concluded that using silver
date palm fiber as reinforcement in plain polyester resin plays a major role in terms
of high tensile strength of a new fabricated composite material.

1 Introduction

The natural fibers extracted from plants such as vakka, sisal, banana, and bamboo
have many attractive benefits over synthetic fibers. These fibers are cheaper, easily
available, low density, and they are also recyclable and eco-friendly. Therefore, the
natural fiber reinforced composites are emerging as realistic alternatives to replace
the synthetic fiber reinforced composites in many applications. These composites
exhibit high tensile strength and resistance to fracture when the suitable coupling
agents are used for making the bond between the hydrophilic natural fibers and
hydrophobic matrix.
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The mechanical behavior of sisal, hemp, and banana fiber reinforced composites
using novolac resin, with and without maleic anhydride treatment was investigated
[1]. It has been observed that the maleic anhydride treatment when applied on the
fibers increases mechanical properties like the modulus of elasticity, flexural mod-
ulus, and impact strength. The tensile behavior of elephant grass fiber reinforced
composites fabricated from retting, chemical extraction, and treated by KMnO4 was
reported [2]. It is found that the fibers treated by KMnO4 have shown significant
improvement in tensile strength and modulus compared to that of the fibers extracted
by retting and manual process. The fabrication and testing of thermoplastics and
thermosetting composites reinforced with commonly used natural fibers like coir,
banana, hemp, and sisal with or without chemical treatment by different methods
were studied by many researchers [3–7]. The effect of moisture content on
mechanical properties of natural fibers such as jute, coir, sisal, flax, kenaf, and abaca
was investigated by Symington et al. [8]. It has been observed that the jute fiber
showed superior mechanical properties than other fibers. An attempt was made by
Ratna Prasad et al. [9] to study mechanical properties of sisal, bamboo, and jowar
fiber reinforced composites. It has been observed that the tensile modulus of jowar
fiber reinforced composite is better than sisal and bamboo fiber reinforced com-
posites. The tensile properties of different natural fiber reinforced composites made
from jute, kenaf, hemp, coir, and sisal ware reported by Paul et al. [10] and found
that hemp fiber reinforced composite exhibited highest tensile strength values
whereas coir showed the lowest. The tensile strength and impact behavior of rice
straw polyester composites have been investigated by Ratna Prasad et al. [11]. It has
been found that the rice straw fiber reinforced composites exhibited higher tensile
and impact strength compared to that of pure polyester resin.

Though a huge amount of research work has been reported on various natural
fibers and its composites, no work has been reported on tensile properties of a silver
date palm leaf fiber reinforced polyester composites. Thus, the aim of this work is to
introduce a newly identified natural fiber, i.e., silver date palm leaf as reinforcement
in the development of new composite materials for lightweight vehicle applications
and to investigate the tensile properties of a silver date palm leaf fiber reinforced
polyester composites.

2 Experimental Procedure

2.1 Materials

The source of this fiber is leaves of silver date palm tree, which grows in all parts of
India is shown in Fig. 1. Unsaturated polyester resin, methyl ethyl ketone peroxide
(catalyst), and cobalt naphthenate (accelerator) were procured from ICA (Pvt) Ltd.
(Delhi, India). Rubber molds are prepared according to ASTM standards
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(160 mm*12.5 mm*3 mm). Thin transparent plastic sheets are used to cover the
molds from one side for arresting the air. Five sets of tensile specimens of each
volume fraction (0.25, 0.33, 0.41, 0.5, and 0.58) have been fabricated as per ASTM
D638-89.

2.2 Preparation of Fiber

Initially, leaves were separated from the stems of the silver date palm tree and kept
in water for about 2–3 h and followed by washing with normal water, so as to clean
dust that might have presented on the leaves owing to their exposure to the envi-
ronment. The wet fibers were dried under the sun for few hours and subsequently
dried in the furnace at 70° C for 1 h. After that, the fibers have been cut to the
required length.

2.3 Composite Preparation

In the current research work, the composites have been prepared using hand lay-up
method. For 100 ml of the polyester resin, 1.5% of catalyst and accelerator were
added. The composites were fabricated, gradually by filling the mixture of resin into
the mold and unidirectional fibers, starting and ending with alternative layers of
resin. Subsequently, a thin transparent plastic sheet has been placed on the mold
from one side to arrest the air by pressing the sheet gently with the steel rule and
instantly followed by applying a compressive pressure of 0.05 MPa on the mold.
Then the specimens were allowed to cure for one day. Nevertheless, the movement

Fig. 1 Silver date palm tree
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of the fiber in the mold should be minimized for yielding sound quality fiber
reinforced composites. Then the specimens were also post-cured at 700 C for 1 h
after being removed from the mold.

2.4 Tensile Testing of Composites

The dimensions of the tensile test specimens are 160 mm in length, 12.5 mm width,
and 3 mm thick. The tensile tests were conducted on five identical specimens of
each volume fraction as per ASTM D638-89. All the specimens were tested at a
crosshead speed of 1 mm/min, using an electronic tensile testing machine at ITS
Engineering College, Greater Noida, Uttar Pradesh.

3 Results and Discussions

3.1 Tensile Properties of Silver Date Palm Fiber Reinforced
Composites

The fabricated tensile specimens for various volume fractions (0.25, 0.33, 0.41, 0.5,
and 0.58) are shown in Fig. 2. It is evident from the figure that all specimens were
made with care and free from porosity. The fractured tensile specimens of the same
have been presented in Fig. 3. The tensile testing results of silver date palm tree leaf
fiber reinforced composites along with those of some important existed natural
fibers were presented in Table 1 [12]. It was clear from the values that the tensile
strength of silver date palm fiber reinforced composite is better than those of all the
available fibers and the plain polyester resin as shown in the table. It was found that
the density of silver date palm tree fiber was much lower than that of the established
fibers like sisal, banana, and bamboo which was an attractive parameter in
designing lightweight materials.

The variation in tensile properties of silver date palm leaf fiber with increasing
volume fraction was presented in Table 2. It can be seen from the results that the
tensile strength increases with an increase in volume fraction of the fiber and the
maximum tensile strength of the composite are found to be 200.5 MPa for the
volume fraction 0.41 which is about 1.67 times greater than that of a plain polyester
resin. It has been also observed that the tensile strength of silver date palm fiber
reinforced composite increases up to a volume fraction 0.41, and starts decreasing
with the increase in volume fraction of the fiber in the composite material. It clearly
indicates that reinforcing small amount of the fiber in resin improves significant
tensile strength of the composite up to the volume fraction 0.41. This is mainly due
to the increased area of bonding in the interfacial region between the matrix and the
fibers.
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Fig. 2 Fabricated tensile test specimens of various volume fractions a 0 b 0.25 c 0.33 d 0.41 e 0.5
and f 0.58
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Fig. 3 Tensile test specimens after failure for various volume fractions a 0 b 0.25 c 0.33 d 0.41
e 0.5 f 0.58
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4 Conclusions

• A lightweight composite material has been fabricated using silver date palm tree
leaf fiber as reinforcement in polyester resin matrix.

• The density of the fiber is found to be 500 kg/m3.
• It has been observed that the tensile strength of the composite increases with an

increase in fiber content up to 0.41 volume fraction and later decreased.
• It is found that the maximum tensile strength of the composite is 200.5 MPa for

the volume fraction 0.41 which is about 1.67 times greater than that of plain
polyester resin.

• These results show that there could exist a solid goring bond between the fiber
and resin at a volume fraction of 0.41. It has been concluded that using silver
date palm fiber as reinforcement in plain polyester resin plays a major role in
terms of high tensile strength of a new fabricated composite material.
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Shape Optimization of the Flywheel
Using the Cubic B Spline Curve

Prem Singh and Himanshu Chaudhary

Abstract This paper presents the shape optimization of the flywheel using the
uniform cubic B-spline curve. The performance of the flywheel can be evaluated by
its energy storing capacity defined as kinetic energy per unit mass. The kinetic
energy per unit mass depends on the geometry of flywheel. Therefore, a profile of
flywheel is modeled using a uniform cubic B-spline parametric modeling method.
Then shape optimization model is formulated with the objective of maximizing the
kinetic energy per unit mass of the flywheel under the design constraints of the
mass of the flywheel and the maximum value of total stress. The y coordinates of
control points are taken as design variables which distribute along the radial
direction. Then the formulated problem is solved by using Jaya algorithm. The
proposed approach is applied to the flywheel of the agricultural thresher machine. It
is found that the optimized shape of flywheel stores the more energy to the existing
shape of the flywheel of the thresher machine.

Keywords Flywheel � Kinetic energy � Jaya algorithm � Cubic B-spline �
Thresher machine

1 Introduction

The primary objective of the flywheel is stored the kinetic energy under the given
mass as much as possible. The mass of flywheel is constrained due to the avail-
ability of space and cost. The kinematic energy can be enhanced by the optimum
shape of the flywheel. So, there are most efforts made by the researcher on shape
optimization of flywheel such as the shape of flywheel has been optimized using
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conventional optimization technique [1]. In some other works, coefficients of
Fourier series and Fourier sine series are used as design variables to maximize the
ratio of inertia to volume and kinetic energy with the maximum stress, maximum
thickness, and maximum mass as constraints for optimal shape of the flywheel.
These series represent the thickness as a function of the radius. The radial and
tangential stresses of the flywheel are computed using a two-point boundary value
differential equation to find out the maximum stress [2, 3]. The exact optimal shape
is determined under the constraints of the geometry, which is derived from arbitrary
design parameters using discrete optimization [4]. Injection island genetic algorithm
is proposed to optimize the shape of flywheel under the kinetic energy as an
objective function [5]. The shape of the flywheel is optimized for different kind of
heterogeneous materials using conventional optimization techniques [6].
A nonlinear optimization problem is formulated with the objective to maximize the
energy density (stored energy per unit mass) using the parametric geometry mod-
eling method. Then, this problem is solved using the downhill simplex method [7].
However, polynomial expansion, Fourier series, and Fourier sine series are used for
finding flywheel shapes. But these methods are limited by the number of coeffi-
cients and do not describe the degree of curve. Most researchers have been focused
on conventional optimization techniques. These techniques are comparatively less
efficient and, also increase the computational cost.

In this paper, the shape optimization model is formulated using the Cubic
B-spline curve. B-Spline curves have the following advantages over the other
curves as these curves have local control and are not limited by control points.
Then, the optimization problem is solved by advanced optimization techniques as
Jaya algorithm. The results of the optimized shape of the flywheel are compared
with the existing flywheel shape of the thresher machine that shows the energy
storage capacity is better compared to the existing flywheel of the thresher machine.

The paper is organized in the following sequence: Sect. 2 describes the para-
metric optimization model of the flywheel. The optimization problem formulation is
presented in Sect. 3. The optimization algorithm based on Jaya is presented in
Sect. 4. A numerical example based on the flywheel design of thresher machine is
shown in Sect. 5. Finally, conclusions are given in Sect. 6.

2 The Optimization Model of Flywheel Based on B-Spline
Curve

In this section, the thickness distribution of flywheel along the radial direction is
represented by the cubic B-spline curve as shown in Fig. 1. Ri and Ro are the inner
and outer radius of flywheel, respectively. The flywheel is symmetric in X and Y
directions. The curve interpolates or approximates a set of control points as
p1; p2; . . .. . .; pn and defined in Eq. (1) [8, 9]. X and Y coordinates of control points
are taken as radius and the thicknesses of flywheel, respectively.
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p uð Þ ¼
Xn
i¼1

Ni;k uð Þpi; 0� u� S ð1Þ

where parameter k controls the degree of curve and in case of a cubic B-spline
curve, the value of k is 4. Ni;k uð Þ0s are B-spline blending functions, which are
defined by the following expression;

Ni;k ¼ u� uið Þ Ni;k�1 uð Þ
uiþ k�1 � ui

þ uiþ k � uð Þ Niþ 1;k�1 uð Þ
uiþ k � uiþ 1

ð2Þ

Where

Ni;1 ¼ 1; ui � u� uiþ 1

0; elsewhere

�
ð3Þ

where Ni;1 is a unit step function and ui are called the parametric knots.
The coordinates of any point on the ith segment of the curve for periodic

B-spline curves are given as

ri uð Þ ¼ a1ri þ a2riþ 1 þ a3riþ 2 þ a4riþ 3

6
ð4Þ

ti uð Þ ¼ a1ti þ a2tiþ 1 þ a3tiþ 2 þ a4tiþ 3

6
ð5Þ

where

a1 ¼ �u3 þ 3u2i� 3ui2 þ u3

a2 ¼ 3u3 þ u2 3� 9ið Þþ u 9i2 � 6i� 3ð Þ � 3i3 þ 3i2 þ 3iþ 1
a3 ¼ �3u3 þ u2 9i� 6ð Þþ u �9i2 þ 12ið Þþ 3i3 � 6i2 þ 4
a4 ¼ u3 þ u2 �3iþ 3ð Þþ u 3i2 � 6iþ 3ð Þ � i3 þ 3i2 � 3iþ 4

9>>=
>>;
i� 1� u� i ð6Þ

Y

O X

Cubic B-spline CurveFig. 1 The symmetric profile
of flywheel
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2.1 The Design Parameters of Flywheel

The mass and kinetic energy are the parameters of the flywheel which describe the
performance of the flywheel. These parameters for each segment is calculated using
the expression for ri uð Þ and ti uð Þ given in Eqs. (4) and (5), respectively, as

mass ¼ 2pq
Xn�kþ 1

i¼1

Zui

ui�1

ti uð Þri uð Þ dr
i uð Þ
du

du ð7Þ

I ¼ 2pq
Xn�kþ 1

i¼1

Zui

ui�1

ti uð Þ ri uð Þ� �3dri uð Þ
du

du ð8Þ

where q is the density of the material of flywheel.

2.2 Stresses Analysis of Flywheel

The tangential and radial stresses occur due to centrifugal forces during the oper-
ation of the flywheel. The following relationship between tangential and radial
stresses for each segment has been obtained based on the force balance on a small
element of flywheel [10].

d
dri uð Þ ti uð Þri uð Þrir

� �� ti uð Þrih þ q ri uð Þ� �2
ti uð Þx2 ¼ 0 ð9Þ

rih � rir
� �

1þ tð Þþ r
drih
dri uð Þ � ri uð Þt drir

dri uð Þ ¼ 0 ð10Þ

where rir and rih are tangential and radial stresses for each segment, respectively.
Let us define a stress function Fi for each segment as

Fi ¼ ti uð Þri uð Þrir; rir ¼
Fi

ti uð Þri uð Þ ;

Solving for rh as

rih ¼
1

ti uð Þ
dFi

dri uð Þ þ q ri uð Þ� �2
x2ti uð Þ

� �
ð11Þ

A second ordinary differential equation is obtained as
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r2
d2F
dr2

þ r
dF
dr

� Fþ 3þ tð Þqr3x2t � r
t
dt
dr

r
dF
dr

� tF

� �
¼ 0 ð12Þ

Equations (11) and (12) are written in parametric form for each segment by
converting the independent variable r into u by using chain rule of differentiation as

rih ¼
1

ti uð Þ
dFi

du
dri uð Þ
du

þ q ri uð Þ� �2
x2ti uð Þ

 !
ð13Þ

ri uð Þ� �2dri uð Þ
du

d2Fi

du2

þ ri uð Þ dri uð Þ
du

� �2

� ri uð Þ� �2d2ri uð Þ
du2

� ri uð Þð Þ2
ti uð Þ

dri uð Þ
du

dti uð Þ
du

( )
dFi

du

þ t
ri uð Þ
ti uð Þ

dti uð Þ
du

dri uð Þ
du

� �2

� dri uð Þ
du

� �3
( )

Fi

þ 3þ tð Þqx2ti uð Þ ri uð Þ� �3 dri uð Þ
du

� �3

¼ 0

ð14Þ

The Eq. (14) is the second order differential equation with the independent
variable “u” and dependent variable “F”. In case of flywheel design, two boundary
conditions are usually known, such as radial stresses are zero at the inner and outer
radius. Then, the Eq. (14) represents a two-point boundary value problem with a
second order differential equation. Then the equation is solved by Runge Kutta
method using B Spline property.

Once radial and tangential stresses are known at each point of each segment,
total stresses at each point are calculated using the application of distortion energy
theory as

rt ¼ r2r þ r2h � rrrh
� �1=2 ð15Þ

3 Formulation of the Optimization Problem

The radius of the flywheel between Ri to Ro is equally divided. Hence, the X

coordinates of control points are fixed and given as ri ¼ r1 þ r2�r1ð Þ i�1ð Þ
n�1 :

Furthermore, the Y coordinates as thicknesses are taken as the design variables and
are expressed in the vector form as x ¼ t1t2t3. . .. . .. . .. . .::tn½ �T Where n represents
the control points or design variables between Ri to Ro. The optimization problem is
posed as
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minimize f xð Þ ¼ � Ix2

2� mass

� �

Subjected to g1 xð Þ ¼ mass� max massð Þ� 0

g2 xð Þ ¼ max rtð Þ � ra � 0

LBi � xi �UBi i ¼ 1; . . .. . .. . .; n

ð16Þ

The negative sign in the expression of the objective function implies that the
function is being maximized. LBi and UBi are the lower and upper bounds on the ith
design variable, n represents the number of design variables.

4 Optimization Algorithm

After formulating the optimization problem, it can be solved either by classical
methods or nature–inspired based optimization algorithms. The gradient-based
conventional algorithms use the gradient information of the objective function
concerning the design variables. These methods converge on the optimum solution
near to the starting point and thus produce a local optimum solution [11].

Nature inspired based optimization algorithms such as GA, PSO, and Ant colony
optimization algorithm require their algorithm-specific control parameters.
However, teaching-earning-based optimization algorithm does not need any
algorithm-specific control parameters. It uses two phases (teacher phase and the
learner phase) for its working [12]. Further, Jaya algorithm is nature inspired based
optimization algorithms. It has only one phase, and it is comparatively simple and
easier to understand [13]. A flowchart of Jaya algorithm is shown in Fig. 2.

5 Numerical Examples: The Flywheel of Thresher
Machine

The proposed method is applied to the flywheel of agricultural thresher machine.
Thresher machine is the most basic post-harvested machine. A thresher machine
detaches the grains from harvested crops by a combination of impact and rubbing
action with minimum effort and time. However, the flywheel is an import element
of thresher machine. The function of the flywheel in the thresher machine is to
minimize the variations in the speed of PTO shaft due to torque fluctuations of the
threshing drum. The material properties and design parameters of flywheels are
given in Table 1 and 2, respectively [14]. The upper and lower limits of design
variables are taken as 0:010� xi � 0:060where i ¼ 1; 2; :; :; :; :; :; :8

The optimization problem as explained, in Eq. (16) is solved using Jaya algo-
rithm. These algorithms are coded in MATLAB. These algorithms are run for 150
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iterations to obtain the best objective function value and corresponding design
variables. The convergence chart of the best objective function values is shown in
Fig. 3. The comparison of optimum results obtained from Jaya algorithm with the
design data of existing constant thickness flywheel of thresher machine [14] is
given in Table 3, and the best value of the objective function is shown in bold.

The optimized shape of flywheel corresponding to the Jaya algorithm with the
original shape of thresher machine flywheel is compared in Fig. 4. The profile of
optimized flywheel is divided into three sections as thin at the middle section,
thicker at the inner, and outer section while the original flywheel has a constant

Fig. 2 Flowchart of Jaya algorithm

Table 1 Material properties of the flywheel

Material Density kg/m3
� �

Elastic modulus Gpað Þ Poisson’s ratio

Cast Iron 7200 210 0.3

Table 2 Design parameters of the flywheel

Control
points nð Þ

Inner radius
Ri (m)

Outer radius
Ro (m)

Angular velocity
x (rad/sec)

Max.
mass (kg)

ra
N/mm2
� �

8 0.060 0.500 65.45 115 150
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thickness profile over the entire section. Moreover, the optimized shape of flywheel
obtained from Jaya algorithm stores 21.94% more energy compared to the existing
flywheel of the thresher machine.
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Table 3 Optimum values for the geometry of flywheel

Optimum values Design data of existing flywheel [14] Jaya algorithm

t1 mð Þ 0.020 0.0187
t2 mð Þ 0.020 0.01
t3 mð Þ 0.020 0.01
t4 mð Þ 0.020 0.01
t5 mð Þ 0.020 0.01
t6 mð Þ 0.020 0.01
t7 mð Þ 0.020 0.06
t8 mð Þ 0.020 0.01
M (kg) 115 115
f xð Þ −271.585 −331.179(21.94%)
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Fig. 4 Comparison of the
shape of the flywheel
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6 Conclusion

In this paper, the shape optimization model of the flywheel using uniform cubic
B-spline curve is formulated by considering kinetic energy per unit mass as an
objective function with some design constraints. This formulated problem is solved
to find the optimum thickness distribution using Jaya algorithm. The proposed
methodology is applied to the flywheel of agricultural thresher machine. It is seen
that the optimized shape of flywheel stores 21.94% more energy compared to the
actual shape of the flywheel of thresher machine.
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Nonlinear Dynamic Response Analysis
of Cylindrical Roller Bearings
Due to Unbalance

Patra Pravajyoti, Saran V. Huzur and Suraj Prakash Harsha

Abstract The paper contains a detailed analysis of dynamic behavior of cylin-
drical roller bearings for unbalanced rotor conditions due to speed variations and
internal clearances. The system behaves nonlinearly due to various reasons such as
stiffness and damping at the contact points (due to Hertzian contact force between
rollers and races), radial internal clearance, and speed associated with unbalanced
rotor force. Presently, the differential equations that show the dynamics of the
cylindrical roller bearings have been obtained using Lagrange’s equation and
solved numerically using modified Newmark-beta method. The tools like orbit
plots, phase portraits, Poincaré maps, and FFT plots are helpful for analyzing
various motion behavior. The obtained response showed the sensitive behavior of
the system from periodic to quasiperiodic and chaotic with speed and clearance
variations for unbalanced rotor conditions. The analysis is an attempt to show an
interaction between existing frequencies due to change in speed and clearance
variations, which will be helpful for analyzing the current condition of a healthy
cylindrical roller bearing.
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1 Introduction

Dynamic study of the roller bearings requires understanding the physics behind the
nonlinear contacts and sources of vibration which are important to monitor the
present health condition. In the present world, roller bearings are used in highly
sophisticated and high-speed machinery where the unwanted vibration in the radial
direction caused a severe effect on the performance of the roller bearings. The
reasons behind vibration occurred even in a healthy bearing are first, the eccen-
tricity present in the bearing axis and the rotor axis and second, variable compliance
effect of the bearings because of the cage rotation. An NU-205 radially supported
roller bearings is taken into account to study the nonlinear behavior due to
unbalance caused by radial internal clearance and speed variation. The main pur-
pose of radial internal clearance is to compensate for thermal expansion, but it also
adds the nonlinearity to the rotor bearing system [1]. Rotating machinery without
unbalancing is almost unimaginable. The unbalance effect adds the rotating fre-
quency (X) effect on the variable compliance effect (VC), which makes the system
behavior more unpredictable even for healthy bearings. Variable compliance
vibration, which is the change of dynamic stiffness of the bearing as the rolling
element complement undergoes its orbital motion. So, it is also speed-dependent as
a function of cage speed (relative to a stationary outer race) multiplied by the
number of rolling elements.

Previously, many researchers had formulated the mathematical model for dif-
ferent types of bearings. Gupta [2, 3] considered the roller-cage dynamics while
allowing the skewing motion for both cylindrical and tapered roller bearings. Tiwari
and Gupta [4] and Tiwari et al. [5] analyzed the dynamic behavior of a balanced and
unbalanced ball bearing system by changing both the clearance and hysteresis
damping. Harsha [6] studied the dynamical behavior of the balanced roller bearing
system considering the effect of geometrical defectiveness like radial internal
clearance and waviness with speed variations. Ghafari [7, 8] investigated the effect
of radial internal clearance and localized defect under balanced rotor condition.
Mohammadpour et al. [9] considered the effect of preloading and interference
fitting on the dynamics of roller bearings. Cui et al. [10] took a 4-DOF roller
bearing system considering both speed and radial clearance.

A number of attempts had been made in past using various motion analyzer tools
and phenomenon to monitor the actual health condition and to represent in a more
convenient way to understand the dynamic behavior of the roller bearings.
Kappaganthu and Nataraj [11] studied the roller dynamics by using the fft and
Lyapunov exponents. The system nonlinearity which produces phenomenon like
bifurcation and routes to chaos have been well explained by Mevel [12]. Patra et al.
[13] tried to give a pattern to find a relation between speed and unbalanced
cylindrical roller bearings. A comparison between experimental and simulated data
of vibration induced in a coupled disk/rotor system, with clearance effect is per-
formed by Flowers and Fangsheng [14]. Lynagh et al. [15] developed an experi-
mental setup to study the vibration spectra of a high-speed spindle for an angular
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contact ball bearing. Life of a bearing can also be customized by the radial clear-
ances. Oswald et al. [16] gave a relation for the life expectancy of both roller and
ball bearings for a wide range of radial clearances.

Hence, a period doubling and intermittency clearly indicates the routes to chaos
and makes the response more unpredictable for a change in radial internal clearance
or speed of rotation.

2 Problem Formulations

A multi-body dynamic model of a cylindrical roller bearing is considered in Fig. 1.
The outer race is kept constant and the contacts between rollers and races are
considered to be Hertzian contacts.

From Fig. 1, the elastic deformation between rollers and both the raceways can
be calculated geometrically as

dir ¼ rþ qR þ clð Þ � vj

dor ¼ R� qj þ qR þ cl
� � ð1Þ

For the elastic deformation to be considered, both dir and dor are need to be
positive, i.e., when both deformations are in compression in nature.

Fig. 1 Mass spring model of
the cylindrical roller bearing
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3 Contact Stiffness

Harris [1] gave the relation for Hertzian elastic deformation taking place between
rollers and raceways. The contact is considered as a nonlinear spring-mass system
and the stiffness and deformation relation is given as

d ¼ 4:05
105

Q0:925

l0:85eff

mmð Þ ð2Þ

K ¼ 56065:703 l0:92eff
N

mm1:08

� �
ð3Þ

4 Dissipative Force for Roller Bearings

A material or hysteretic damping is considered in the model at the contact zone of
the rollers and raceways. Hunt and Crossley [17] gave a relation to the loss of
damping energy at the contacts as

Ed ¼
Z

Cir Keq ð _dirÞqþ þCor Keq ð _dorÞqþ
� �

@ _d

¼ 10
9ðqþ 1Þ

XNR

j¼1

Cir Kird
10=9
irþ

_dqþ 1
irþ þ Cor Kord

10=9
orþ

_dqþ 1
orþ

ð4Þ

where Cir and Cor are the damping factors between the inner race and outer race
with roller.

A mathematical model derived by using Lagrange’s Equation, for cylindrical
roller bearings have been developed. The kinetic energy and potential energy
contributed by the inner race, outer race, rollers are formulated and to obtain the
equations of motion, these are differentiated with respect to the generalized coor-
dinates qj; xir and yir.

For the generalized coordinates qj equation of motion is

mj€qj þmjqj _h
2
j þmjg sin hj þ 1

2

@ Kir d10=9�1
ir

h i
þ

� 	
@qj

dir½ �2þ� Kir d10=9ir

h i
þ

� 	
@vj
@qj

þ 1
2

@ Kor d10=9�1
or

h i
þ

� 	
@qj

dor½ �2þ

þ Kor d10=9or

h i
þ

� 	
þ 10

9

XNR:

j¼1

Cir Kirð Þ d10=9ir þ �vj
� �q @ _vj

@ _qj

( )
þ 10

9

XNR:

j¼ 1

Cor Korð Þ d10=9or þ � _qj
� �q ¼ 0

ð5Þ
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For the generalized coordinates xir equation of motion is

mir€xir �
XNR

j¼1

Kir d10=9ir

h i
þ

� 	
@vj
@xir

þ 10
9

XNR

j¼1

CirKir d10=9ir

h i
þ

� _vj
� �q @ _vj

@ _xir

� 	
¼ Fu sinx t ð6Þ

For the generalized coordinates yir equation of motion is

mir€yir þmirg�
XNR

j¼1

Kor d10=9or

h i
þ

� 	
@vj
@yir

þ 10
9

XNR

j¼1

CirKir d10=9ir

h i
þ

� _vj
� �q @ _vj

@ _yir

� 	
¼ W þFu cosx t

ð7Þ

Above set of equations are nonlinear NR þ 2ð Þ order differential equations. Rotor
mass and unbalanced effect due to that has been added and no other external load
interacts with the system. The “+” sign in the subscript indicates that the defor-
mation associated with compression is only allowed.

From Fig. 1 expression for “vj” can be obtained as

xir þ vj cos hx ¼ xor þ qj cos hj;

yir þ vj sin hx ¼ yor þ qj sin hj

vj ¼ xor � xirð Þ2 þ q2j þ 2qj xor � xirð Þ cos hj þ 2qj yor � yirð Þsin hj þ yor � yirð Þ2
h i

ð8Þ

Nonlinear systems are very sensitive to the initial conditions. Due to shaft
weight, an initial displacement and velocity are considered at the inner race, i.e.,
xir ¼ yir ¼ 10�6m and _xir ¼ _yir ¼ 0.

5 Results and Discussions

A numerical study has been done to predict the behavior of the cylindrical roller
bearings due to speed and radial internal clearance. An unbalance force 15% of
radial load is considered for NU-205 cylindrical roller Bearings. Motion analyzer
like Orbit plot, Poincare Plot, and FFT are studied to analyze the dynamic behavior.
Unbalance effect combined with speed and radial clearance makes the system
behavior more unpredictable. This paper is an attempt to show the combined effect
of all three parameters. First, a radial internal clearance of 30 microns is considered
with speed variation of 3000 rpm, 5000 rpm, and 8000 rpm, then keeping the speed
fixed to 8000 rpm, clearance is changed to 45 and 60 microns. Due to unbalance
there is a clear interaction between rotation frequency (X) and variable compliance
frequency (VC), which indicates the bi-periodic nature of the system.
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Figure 2 shows the motion characteristics of an unbalanced cylindrical roller
bearing for 3000 rpm and 30 microns radial clearance. A chaotic nature is observed
from the horizontal and vertical Poincare maps (Fig. 2b, c). From the frequency
response plot (Fig. 2d) X and VC are present at 50 Hz and 249 Hz. Other peaks are
also observed at the interactions of VC and X. Figures 3d and 4d are the response
plots for 5000 rpm and 8000 rpm with 30microns clearance, where “Xs” and
“VCs” are at 83 Hz, 415 Hz, and 133 Hz, 664 Hz, respectively. As we increase the
speed density of the region covered by the phase space and orbit space is also
getting denser. It shows the chaotic nature involved in the system. The amplitudes
of the vertical displacement are also increased with increase in speed. From the
frequency response plots, we can observe a clear interaction between rotational
frequencies and compliance frequencies. A particular pattern can be drawn from the
above interaction, i.e., m VC � Xð Þ=N, where N is a factor (N = 1/1000) considered
the rotational speed of the shaft and m is constant.

As we further increase the radial clearances to 45 and 60 microns, it can be
observed that in the frequency response plot the position of the major peaks is at the
same place but the amplitude of vibration changes. It shows the effect of the design
parameters like radial internal clearance on system dynamics. The system behaves
aperiodic in nature and from the Poincaré plot it is clear that a fine layer structure of
strange attractor is created in the phase space. So, the system response is highly
nonlinear in nature (Figs. 5 and 6).
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Fig. 2 a Orbit plot, b Horizontal Poincare plot, c Vertical Poincare plot, d FFT for 3000 rpm and
30 microns
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Fig. 3 a Orbit plot, b Horizontal Poincare plot, c Vertical Poincare plot, d FFT for 5000 rpm and
30 microns
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Fig. 4 a Orbit plot, b Horizontal Poincare plot, c Vertical Poincare plot, d FFT for 8000 rpm and
30 microns
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Fig. 5 a Orbit plot, b Horizontal Poincare plot, c Vertical Poincare plot, d FFT for 8000 rpm and
45 microns
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Fig. 6 a Orbit plot, b Horizontal Poincare plot, c Vertical Poincare plot, d FFT for 8000 rpm and
60 microns
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6 Conclusion

Parameters like speed and radial clearance are completely controllable as per our
need, but still, the responses that we get are completely nonlinear in nature and
highly sensitive. So, an attempt is made to study the dynamic behavior of cylin-
drical roller bearings for a change in speed and/or radial internal clearance.

(a) For an increase in speed, the system behaves completely nonlinear in nature and
a dense part of the strange attractor is formed at the innermost layer of the
Poincare plot which indicates the chaotic nature of the system.

(b) With the increase in speed, the density of the phase space is even denser.
(c) A pattern can be observed due to the interaction between the rotational fre-

quency and varying compliance frequency in the frequency response plots by
changing the speed, i.e., m VC � Xð Þ=N.

(d) With the increase in radial clearance, the amplitude of the vibration is also
higher.
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