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Parametric Investigation of Turning
Process Using DEMATEL Approach

Swastik Pradhan

1 Introduction

Titanium alloy material is mostly used in various industrial, marine, aerospace, auto-
mobile, and medical sectors. Mostly lightweight, durable, corrosion, and wear resis-
tance components are made from various grades of titanium alloy. The ability to
withstand high load compared to its own weight. This is due to the high strength to
weight ratio properties of titanium alloy. But due to low thermal conductivity prop-
erties and high chemical reactivity, the machining is a challenging task. Most of the
time, the chip tries to weld in the machined surface at high speed machining. Also
due to this, the build of edge formed premature failure of the tool and irregularity in
the surface deteriorates the machinability of the titanium alloy. Mostly serrated type
of chips is formed during machining of titanium alloy due to the low strain and high
strain conditions. Various types of experiments have been performed with various
conditionswith lots of advancement havebeen seenbut till datemachiningof titanium
alloy is a concerned factor. Various types of optimization methods had been used to
know the better combination of the input variables that increases the performance
of machinability. Among those models, DEMATEL method is one of the methods
which defines the relationship between the output variables. This method shows a
direction and identifies the effective variables through a hierarchal approach. Some
of the research work done so far in different fields are by Das and Chakraborty who
used the DEMATEL method to analyze the process parameter during green elec-
tric discharge machining process. The interrelationships of the process parameter
were visualized by splitting into cause and effect groups. The result shows that the
used optimization techniques improved the machining performance by providing
a hazardous free environment [1]. Bhowmik et al. used integrated M-DEMATEL
with TOPSIS based method to optimize the process parameter during abrasive water
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2 S. Pradhan

jet machining of sundi wood dust polymer composites. The result revealed that the
proposed method can be used for different advanced machining processes [2]. Asad
et al. used the grey-based DEMATELmethod for modeling the flexibility of informa-
tion technology supply chain management. By using this method, the flexibility can
be improvised so that it can attract the attentions in the field of planning and design of
supply chain [3]. Li e al. used the hybrid fuzzy DEMATEL method for the machine
tool selection. It can be revealed that the proposed method enables the decision-
makers to select the best alternative over multiple conflicting criteria [4]. Ocampo
et al. studied the mapping strategy for sustainable food manufacturing by utilization
the fuzzy-DEMATEL-ANP and TOPSIS methods [5]. Shen et al. used the cluster-
weighted DEMATEL combined with the ANP method for the supplier selection of
the food industry. It revealed that both quality and service are the important criteria
[6]. Liu et al. evaluated the supplier selection by adopting the DEMATEL along
with the game theory. The DEMATEL method was to make the result reasonable in
context to the comprehensive weights [7]. Wang et al. used the DEMATEL method
to improve the feed system of the CNC machining center [8]. From various research
studies, it can be concluded that DEMATEL was applicable in almost all the field
of science and technology fields along with successful development of the business
model and strategy for companies and organizations. DEMATEL approach provides
a better, authentic, and accurate selection of the process parameter by creating the
cause and effects group, where the performance of the sector, machine, or systems
can improve in a directional manner leading toward the success growth of the firms,
industries, society, and environment. In this paper, the DEMATEL method is used
to know the significant cutting variables during dry machining of titanium alloy by
using the WM25CT cutting insert.

2 DEMATEL Method

In the years between 1972 and 1976, Battelle memorial Institute of Geneva orga-
nized the science and human affairs program where this DEMATEL method was
put forward to provide the solution for the complicated intertwined group prob-
lems [9]. This method also shows a direction and identifies the contribution param-
eter in the workable solution through the hierarchical composition. The DEMATEL
methodology’s comprehensive steps are as follows:

Step 1 Formation of decision matrix
A decision matrix (D) is formed consisting of alternatives or input parameters

used and output responses measured during turning operation. The number of exper-
imental run condition made through the RSM approach indicates the total number
of rows. The output responses are considered as number of columns in the deci-
sion matrix. The quantitative and qualitative criterion combinedly influences the
performance of the turning operation. The decision matrix was made as per Eq. 1.
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D =

C1 C2 C3 ... Cn

A1

A2

A3

.

.

.

Am

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X11 X12 X13 ... X1n

X21 X22 X23 ... X23

X31 X32 X33 ... X3n

. . . ... .

.

.

.

.

.

.

...

...

.

.

Xm1 Xm2 Xm3 ... Xmn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1)

where A1, A2, A3, A4, . . . , Am are the alternatives andC1,C2,C3,C4, . . . ,Cn are
the criteria as chosen by the decision-makers. By combination of the alternatives and
criteria, the performance ismeasured Xm1, Xm2, Xm3, Xm4, . . . , Xmn . The number of
output parameters is denoted by “m” and the number of inputs parameters is denoted
by “n”.

Step 2 Normalized decision matrix calculation
Since all the output responses are measured through different instruments with

different least counts. Mostly all output responses are having different measurement
systems like decimal, fractional, and real number with different units. So, compar-
ison between the output responses is not feasible. Hence normalization (Nij) of all the
output parameter is done using Eq. 2. Normalization converts all the output param-
eters to a value range from 0 to 1. Each normalize value has the equal weight of its
respective measured value.

Ni j = Yi j√∑m
i=1 Y

2
i j

(2)

Step 3 Determination of total relation matrix
The total relation matrix is formed by using the identity matrix and normalization

direct relation matrix. As per the number of attributes, the identity matrix is formed.
By using Eq. 3, the total relation matrix (T) is formed. The indirect effect of ith
criterion over the jth criterion is represented by each element tij of the matrix (T ).

T = [
ti j

]
n×n (i, j = 1, 2, . . . , n)

T = Y (1− Y )−1. (3)

Step 4 Rows and columns sums evaluation in Tmatrix
The sum of rows and column are evaluated in the T matrix. The Ri indicates sum

of rows and Cj indicates the sum of column. The Ri and Cj are calculated by using
Eqs. (4 and 5).

Ri =
⎡
⎣

n∑
j=1

ti j

⎤
⎦

n×1

where i = 1, 2, . . . , n (4)
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C j =
[

n∑
i=1

ti j

]

1×n

where j = 1, 2, . . . , n (5)

Step 5 Finding the threshold value
After the row and columns summation is defined, the threshold value is to be

found out. The threshold value will be the average of all the total relation matrix.
Threshold value is denoted by alpha. The threshold value is calculated by using Eq. 6.

α =
∑n

i=1

∑n
j=1

[
ti j

]

N
(6)

The total number of elements present in the T matrix is represented by N.
Step 6 Casual diagram formation
This diagram depicts the most important criteria and the influence level of the

criteria shown in the causal diagram helps to recognize the driving variable. With
the help of the threshold value and the value calculated in the matrix, the causal
diagram is designed. “Prominence” is the vector (Rk + Ck) in horizontal axis. The
prominence is calculated by addition of R with C. Similarly, “relation” is the vector
(Rk + Ck) in the vector axis. Thus, various criteria are categorized into two groups:
one is cause group and other one is effect group. (Rk + Ck) indicates the significance
level that the entire system is exerted by the ith criterion. (Rk − Ck) indicates the net
effect that ith criterion conveys on entire system. Hence when the (Rk − Ck) value is
positive, it indicates the criterion fall on the cause group and when (Rk − Ck) value
is negative, then the corresponding criterion fall on the effect group. This casual
diagram is also known as cause and effect diagram. The cause and effect diagram
are modeled by using the coordinates sets ((Rk + Ck), (Rk − Ck)). This diagram
indicates the most important criteria and the influence of that criteria helps to reveal
the driving variables.

3 Experimental Details

The cutting insert used for machining the workpiece was modern titanium carbo-
nitrides coated carbide tool. This type of tool has a very good adhesive nature toward
bonding cemented carbides and can sustain from wear and toughness due to the
coating composition of the cutting tool. The titaniumTi-6Al-4V alloywas considered
as the workpiece material. The titanium was difficult to be machined due to the low
thermal and high chemical reactive properties. So, machining of titanium alloy with
effective combination of cutting variables was necessary.

The experiment was conducted as per the response surface method. The layout
for carrying out the experiments are made by selecting the combination of cutting
variables. According to the number of variables and their levels the layout was
formed. The cutting variable considered were cutting speed, feed, and depth of cut.
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Table 1: Experimental
layout [10]

Sl No Cutting speed Feed Depth of cut

Units M/min mm/rev mm

1 1 1 −1

2 0 0 1

3 0 0 0

4 0 −1 0

5 0 0 0

6 0 1 0

7 1 0 0

8 1 1 1

9 0 0 0

10 0 0 −1

11 −1 1 1

12 −1 0 0

13 −1 −1 1

14 0 0 0

15 0 0 0

16 0 0 0

17 1 −1 1

18 1 −1 −1

19 −1 −1 −1

20 −1 1 −1

The levels of cutting speed considered was 65, 124, 160 m/min, for feed it was 0.12,
0.14, 0.16 mm/rev and finally for depth of cut it was 0.5, 0.75, 1.0 mm, respectively.
The three level was selected as per the lower, medium, and higher value of the cutting
range of the workpiece. These parameter levels are selected on the basis of literature
review. The layout consists of total 20 combinations of the input variables. The central
composite design technique was used to form the layout [10] as shown in Table 1.

4 Result and Discussion

The turning operation of titanium grade 5 alloy is with coated carbide insert. The
layout was made by RSM methodology of central composite design approach. The
modeling was done by DEMATEL method. The decision matrix was created which
includes all the criteria such as cutting force, surface roughness, flank wear, and
chip reduction coefficient. The criteria are measured as per the alternatives and the
matrix was formed. The relationships value for the output responses assigned by
the decision-makers are categorized into various factors as show in the Table 2.
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Table 2: Assign the
relationship for all responses

0 No influence

1 Low influence

2 Medium influence

3 High influence

4 Very high influence

Direct relationships matrix was formed by assigning the relationship value to the
corresponding output responses. The normalization of the matrix was carried out to
form a comparable and non-dimensional data. The normalization value was calcu-
lated by using Eq. 2. The normalized value was shown in Table 3. The normalize
value changes the output variables to a comparable range so that all the values of
the variables lies between 0 and 1. The identity matrix was made and multiplied by
the normalization matrix so as to form the total relation matrix as shown in Table
4. The total relation matrix was calculated through Eq. 3 as shown in Table 5. The
threshold value is calculated by using Eq. 6, i.e., the average of all the total relation
matrix value. Threshold value is found to be 1.904472. The sum of rows and sum of
column matrix is formed and denoted by Ri and Ci, respectively, as shown in Table
5. Finally, the total effect and net effect are summarized for making the cause and
effect diagram. The total effect is calculated by adding the Ri with Ci (Ri + Ci) and
the net effect is calculated by subtracting the Ci from Ri, i.e., (Ri − Ci). The total
effect and the net effect are estimated and tabulated in Table 6. If the net effects value
is positive, this indicates that the response influences all the other output variables
that the other influencing it. Whereas it can be also noted that same output variable
is mostly influenced by other variables if the net effect values turn to be negative.
The causal graph of the output variables is portrayed in Fig. 1.

Table 3: Initial direct relation matrix for the output responses

Responses CF SR FW CRC

CF 0 2 4 2

SR 2 0 4 3

FW 4 4 0 2

CRC 2 3 3 0

Table 4: Normalization direct relation matrix for the output responses

Responses CF SR FW CRC

CF 0.00 0.20 0.40 0.20

SR 0.20 0.00 0.40 0.30

FW 0.40 0.40 0.00 0.20

CRC 0.20 0.30 0.30 0.00
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Table 5: Total relation matrix

Responses CF SR FW CRC

CF 1.560976 1.853659 2.219512 1.512195

SR 1.869919 1.845528 2.398374 1.707317

FW 2.113821 2.260163 2.276423 1.756098

CRC 1.707317 1.902439 2.146341 1.341463

Table 6: Total and net effects of responses

Responses Ri Ci Ri + Ci Ri – Ci Identity

CF 7.146341 7.252033 14.39837 −0.10569 Effect

SR 7.821138 7.861789 15.68293 −0.04065 Effect

FW 8.406504 9.04065 17.44715 −0.63415 Effect

CRC 7.097561 6.317073 13.41463 0.780488 Cause

Fig. 1 Responses causal diagram

The positive value of the net effect constitutes on the cause group and the negative
value of the net effect added to the effect group. In this, the CRC response falls in the
category of cause group and the rest CF, SR, and FW fall on the effect group. It indi-
cates that CRC is the main driving response for the remaining output responses. CRC
is themost influencing responses among the other responses, hence it is considered to
be the most significant responses among the others. Figure 2 shows the DEMATEL
graph for the turning operation between the responses. Graph depicts the contextual
interactions between the output responses. Bi-directional relationship exists between
the cutting force, surface roughness, and flank wear, where chip reduction coefficient
and flank wear have a unidirectional interaction.
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Fig. 2 DEMATEL
interaction graph between
the output responses

5 Conclusion

In this paper, DEMATEL, a novel technique is applied to reveal the significant output
responses and the way of interactions between the responses formed during the
machining of titanium alloy with the coated carbide cutting inserts. The DEMATEL
approach leads toward the formation of casual and effect diagram by splitting and
categorizes the output responses into the cause and effect groups. The result revealed
that chip reduction coefficient plays a significant role and had a greater influence
among the other responses.
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Analytical Determination of Rheological
Parameters of MR Fluids

Vivek Sharma, Gavendra Norkey, and Kalidasan Rathinam

1 Introduction

Magneto rheological (MR) fluid is used nowadays in various devices and equipment
[1]. In the field of military operations where vibrationmitigation is of utmost priority,
the MR fluids play a significant role [2]. The fluids can also be used in the landing
gear of the aircraft where safety of the passengers is of utmost priority [3]. One needs
to ascertain the shear stress of MR fluids to determine their on-state behavior [4].
In this research, a novel technique of relative permeability is used to determine the
yield stress of MR fluid. In this research, the fluid is made and is characterized. The
fluid is put between the poles of the electromagnet and is subjected to high torque
[5]. The following equations are used to determine the yield stress of MR fluid.

Bair gap = μoH (1)

While magnetic flux density for on-state MR fluid is given as

Bon = μoμr H (2)

where μ0 is permeability of air and is equal to 4π × 10−7 H/m. Using Eqs. (1)
and (2)and , the relative permeability, μr , can be expressed mathematically as
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μr = Bon

Bair gap
(3)

For the particle loading (φ) of a fluid as

φ =
[

τy

C × 271.7× tanh(6.33× 10−6H)

] 1
1.5239

φ =
[

Bon − u0H

1.91× (
1− e−10.97u0H

)
] 1

1.133

[
τy

C × 271.7× tanh(6.33× 10−6H)

] 1
1.5239

=
[

Bon − u0H

1.91× (
1− e−10.97u0H

)
] 1

1.133

The resultant yield shear stress can be given as

τy = 271.7× C tanh

(
6.33× 10−6 Bon

12.56× μr

)⎡
⎣ Bon

(
1− 1

μr

)

1.91
(
1− e

−10.97Bon
μr

)
⎤
⎦

1.345

kPa

2 Development of MR Fluid

The MR fluid mainly consists of the following components:

1. Carbonyl iron particles are used to make fluid.
2. Silicon oil is used to float the aforesaid particles.
3. Tetra methyl ammonium hydroxide is used to stop fluid from settling down

under the effect of gravity.

3 Relative Permeability Approach for Fluid
Characterization

In order to characterize the MR fluid, one needs an electromagnet equipped with
a regulated power supply [6]. The current passes through the electromagnet, and
thereby energizes the fluid. One needs to measure the on-state conductivity of the
fluid and off-state conductivity of the fluid [7]. The ratio of the conductivities of
the MR fluid can be used to find the shear stress of the MR fluid when activated
above high magnetic fields of the range of 2 T [8]. However, other approaches can
also be used to characterize the fluid which are, namely, experimental approach and
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Fig. 1 Variation of yield
shear stress with magnetic
flux density for sample 1 by
different approaches
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Carlson approach [9]. The viscosity of the MR fluid can be measured using in-house
designed and developed viscometer. Carbonyl iron particles of the particle density
of 0.32 are used for formulating the MR fluid. These particles are mixed with oleic
acid and silicon oil to make MR fluid.

4 Results and Discussions

The variation of the yield shear stress and viscosity with respect to magnetic field
density for developed MR fluid samples is thus obtained using the three above
different techniques, i.e., Carlson approach, relative permeability approach, and
experimental approach. It can be observed from these tables and figures that the
results obtained from the three approaches are matching quite well along with each
other and are having a percentage error range from 2 to 7% (Figs. 1 and 2) (Tables 1,
2 and 3).

5 Conclusions

This paper paves away for any researcher to develop MR fluids at very less cost.
The variation of the yield shear stress and viscosity with respect to magnetic field
density for developed MR fluid samples is thus obtained using three above different
techniques, i.e., Carlson approach, relative permeability approach, and experimental
approach. It can be observed from these tables and figures that the results obtained
from the three approaches are matching quite well along with each other and are
having a percentage error range from 2 to 7%. It can be concluded that MR fluids
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Fig. 2 Variation of viscosity
with magnetic flux density
for sample 1 by different
approaches
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yield stress can be found in an economical manner using a setup and can be used in
various engineering ventures. This research can be used in determining the various
parameters affecting fluid behavior. The present research work can help a researcher
to compute the values of the yield stress in a novel approach known as relative
permeability approach. Thus, with a minimalistic setup using a commercially avail-
able electromagnet equippedwith gaussmeter, one can use the values of themagnetic
field density to calculate the yield stress and viscosity of the MR fluid.
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Table 1 Viscosity and yield shear stress obtained from experimental approach

No Current (A) Bon Magnetic flux
density (T)

Torque (Nm) On-state yield
shear stress (kPa)

On-state viscosity
(Pa-s)

1 0 0 0 0 0

2 0.2 0.183 0.114 6.175 73.433

3 0.4 0.249 0.166 8.949 106.410

4 0.6 0.312 0.219 11.800 140.317

5 0.8 0.398 0.294 15.882 188.852

6 1.0 0.453 0.342 18.456 219.453

7 1.2 0.521 0.395 21.310 253.396

8 1.4 0.587 0.436 23.475 279.139

9 1.6 0.645 0.460 24.814 295.057

10 1.8 0.706 0.478 25.749 306.173

11 2.0 0.753 0.486 26.213 311.699

12 2.2 0.803 0.492 26.528 315.441

13 2.4 0.855 0.496 26.735 317.903

14 2.6 0.909 0.498 26.861 319.403

15 2.8 0.955 0.500 26.927 320.183

16 3.0 0.992 0.500 26.962 320.598

17 3.2 1.033 0.501 26.988 320.910

18 3.4 1.076 0.501 27.006 321.125

19 3.6 1.108 0.501 27.015 321.234

20 3.8 1.151 0.501 27.024 321.335

21 4.0 1.182 0.502 27.028 321.385

22 4.2 1.212 0.502 27.031 321.421

23 4.4 1.24 0.502 27.033 321.446

24 4.6 1.29 0.502 27.036 321.476

25 4.8 1.313 0.502 27.036 321.486

26 5 1.34 0.502 27.037 321.494

27 5.2 1.363 0.502 27.038 321.500

28 5.4 1.381 0.502 27.038 321.504

29 5.6 1.403 0.502 27.038 321.507
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Table 2 Viscosity and yield shear stress obtained from relative permeability approach

No Bon Magnetic
flux density
(Tesla)

Bair gap magnetic
flux density (T)

Relative
Permeability of
MR fluid

On-state yield
shear stress
(kPa)

On-state
viscosity (Pa-s)

1 0 0 0 0 0

2 0.183 0.046 3.978 6.211 73.854

3 0.249 0.068 3.661 8.945 106.371

4 0.312 0.093 3.354 11.770 139.953

5 0.398 0.134 2.970 15.866 188.668

6 0.453 0.165 2.745 18.480 219.741

7 0.521 0.212 2.457 21.240 252.558

8 0.587 0.263 2.231 23.438 278.698

9 0.645 0.312 2.067 24.872 295.747

10 0.706 0.368 1.918 25.799 306.767

11 0.753 0.413 1.823 26.226 311.847

12 0.803 0.461 1.741 26.592 316.195

13 0.855 0.513 1.666 26.700 317.490

14 0.909 0.567 1.603 26.770 318.316

15 0.955 0.612 1.560 26.912 320.004

16 0.992 0.649 1.528 26.932 320.246

17 1.033 0.69 1.497 26.948 320.433

18 1.076 0.733 1.467 26.959 320.564

19 1.108 0.765 1.448 26.965 320.632

20 1.151 0.808 1.424 26.970 320.696

21 1.182 0.839 1.408 26.973 320.729

22 1.212 0.869 1.394 26.975 320.752

23 1.24 0.897 1.382 26.976 320.769

24 1.29 0.947 1.362 26.978 320.789

25 1.313 0.97 1.353 26.978 320.796

26 1.34 0.997 1.344 26.979 320.802

27 1.363 1.02 1.336 26.979 320.806

28 1.381 1.038 1.330 26.980 320.808

29 1.403 1.06 1.323 26.980 320.811
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Table 3 Viscosity and yield shear stress obtained from Carlson approach

No Magnetic field
(Kamp/m)

Bon Magnetic
flux density (T)

Bair gapMagnetic
flux density (T)

On-state Yield
shear Stress
(kPa)

On-state
viscosity (Pa-s)

1 0 0.000 0 0 0

2 25 0.131 0.031 4.243 50.460

3 50 0.233 0.062 8.283 98.494

4 75 0.315 0.094 11.952 142.122

5 100 0.382 0.125 15.145 180.089

6 125 0.439 0.157 17.822 211.920

7 150 0.488 0.188 19.997 237.784

8 175 0.532 0.219 21.720 258.268

9 200 0.572 0.251 23.057 274.165

10 225 0.610 0.282 24.078 286.310

11 250 0.646 0.314 24.849 295.476

12 275 0.681 0.345 25.426 302.332

13 300 0.714 0.376 25.854 307.424

14 325 0.747 0.408 26.170 311.187

15 350 0.780 0.439 26.403 313.958

16 375 0.812 0.471 26.575 315.993

17 400 0.844 0.502 26.700 317.483

18 425 0.876 0.533 26.792 318.574

19 450 0.908 0.565 26.859 319.371

20 475 0.939 0.596 26.908 319.953

21 500 0.971 0.628 26.943 320.378

22 525 1.002 0.659 26.969 320.688

23 550 1.034 0.690 26.988 320.914

24 575 1.065 0.722 27.002 321.079
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Design, Analysis, and Prototyping
of USB-A Female Shield

Avinash Panchal , Nitish Sinha , Dattatray Chopade , and Ganesh Patil

1 Introduction

USB-A female is the “host” type of standard connector as shown in Fig. 1. This can
be found in the computers, charging hubs, or any device having peripherals, devices,
etc. plugged inside it. It is also quite useful to find extension cables with a female as
shown in Fig. 2a. USB connectors have a wide use in today’s computer world. It has
been researched for years by researchers and has been designed as a masterpiece.
USB female connector shield failure Fig. 2b has put an attention on failure of USB.
Anything that can wear will fail. If it is designed with less friction, then the chords
would pop out easily. If it is designed tighter and with more friction, then it will wear
faster due to there being more friction. USB ports themselves are rarely an issue.
The biggest problems regarding USB device durability are USB cables going bad
and strain relief. There are small wires inside the cables and they can break if flexed
a lot over time. The solution to this is to use a much thicker wire with a stiffer jacket.

If the connector itself fails, there isn’t as much friction holding it in to the port,
so it pops out. Port abuse is another issue. USB ports are fairly durable, but if one
tries to handle it improperly like try to insert cables backwards, or attempt to connect
incorrect cables to it, it can break the inside of the port. If the port is not inserted
securely, there is a possibility that it can get twisted resulting in broken connection to
the PCB. The wires are strained due to extreme flexing, and over time they do break
internally.

USB-A has higher mechanical life (10,000 withdrawing and insertion endurance)
[1]. But, as the most week points of the cables located in joints and terminations, a
specific and precise control of electric field distribution at these points is important
to maintain their reliability [2].
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Fig. 1 Various types of USB
connectors

Fig. 2 a USB female socket and shield. b Common failure in USB

2 Design and Modeling Details

2.1 Design of USB Female Shield

3D Modeling and Drafting of the Plastic Product: In 3D CAD, i.e., FUSION 360
software product has been designed conceptually and checked for interference. The
design assembly of USB female is shown in Fig. 3. The USB female CAD model is
shown in Fig. 4.
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Fig. 3 Design assembly of USB female

Fig. 4 USB female shield 3D model created in FUSION 360
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3 Finite Element Analysis of USB-A 3.1 Female

3.1 Simulation Model of FEA

The FEA model for a USB-A female shield and mesh generation has done by using
SOLID90 and SOLID87 units, as shown in Fig. 6. Two extreme boundary conditions
Fig. 5 have been considered for the USB. The temperature and thermal variables of
materials are listed in Table 1.

Fig. 5 Boundary conditions

Table 1 Properties of plastic
material used for 3D printing
and temperature boundary
condition [10]

Parameters Location Temperature
generated

Heat conductivity
coefficient (W/m2 °C)

Contact in micro
USB: phosphor
bronze

71

LPC 0.44

Resin of test PCB 0.2

Circuit of test PCB 118

Contacts in plug:
brass

80

Metal shell of plug:
stainless steel

80

Melting point (°C) LPC 350

Temperature BC At contact with
female socket
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3.2 Temperature Rise Due to Contact Resistance

Initially, the heat caused by the deteriorated contacts are evaluated by the FEA and
experimental simulation. The heat power of GND contact was set at q1, as shown
in Eq. (1)

q1 = I 2RGND (1)

3.3 Steady-State Thermal Analysis of USB-A Female Shield

As per the usual procedure to be adopted for the analysis of failure mechanism, two
different heat generators are considered at USB and the heat generated in friction due
to contact resistance in between the USB and a female socket. To study the thermal
effects of the heat sources, the Finite Element Method (FEM) is adopted for building
a simulation model of a USB-A female shield by using ANSYS 18.1 software.

The applied loading condition to this model is the heat generated inside the
connector. It can be measured by Joule’s heat produced due to surface contact resis-
tance. When the USB male is connected with USB female, a contact fitting is avail-
able, which results into increased contact resistance [3]. According to Joule’s law,
heat produced by I2R will develop at a time, which is raising surface temperature
[3].

Ameshed FEMmodel is as shown in Fig. 6. For thermal analysis, thermodynamic

Fig. 6 Temperature condition
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boundary conditions like heat generation and temperature are applied. The results of
the temperature and total heat flux analysis are as shown in Figs. 6 and 7, respectively
[3].

Considering the source of heat generation as heat fluxes (HF) can be defined as
the heat flow rate per unit area (W/m2). Following Eq. (2) can well explain the fact
[3].

HF = Power

Area
= I 2R

S
(2)

For the Finite Element Analysis, the material properties are defined. The spec-
ifications of material properties that are generating heat and USB shield material
properties are given in Table 2.

In the above equation, the normal connector and contact area is S = 0.25 × 10−6

m2 Joule heat. The Heat Flux obtained from experiments are given in Table 3 [3]. As
per the USB standards given, a maximum 100 mA current can be supplied by a USB
1.0 port at 5 V, a maximum 500 mA current can be supplied by a USB 2.0 port at
5 V, and a maximum 900 mA current can be supplied by a USB 3.0 port at 5 V [4].
If a current carrying conductor is in contact with other current carrying conductor

Fig. 7 Total heat flux

Table 2 The material properties of the connector

Material Thermal conductivity
W/(mc)

Specific heat
J/(kg °C)

Density (kg/m3) Max. operating
temperature (°C)

45 steel 45 46 7850 800

ABS 0.2 1.47 1050 60
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Table 3 The heat flux
obtained from experiments

Iteration 1 Heat flux (W/m2)

1 3887.5

2 431.99

having some amount of contact force, then both of them have an influence on their
[5].

Transmission of heat can be possible from three different ways like conduction,
radiation, and convection. The conduction of heat is carried out by the differential
Eq. (3) [3],

2λATq∇ = q, (3)

In Eq. (3), λ is coefficient of thermal conduction; A is area of cross section; T
is temperature; q is heat production rate. As FEM is a numerical method, it solves
equations but FEM software do it in the form of matrix equilibrium, Eq. (4) [3].

{q} = [K ]{T }, (4)

In Eq. (4), [K] is heat conduction matrix; {T} is temperature vector; {q} is heat
flow vector. By using these equilibrium equations with FEM, the distribution of
temperature inside the connector is obtained [3].

The heat transmission through convection is calculated by using Eq. (5)

q = αA(TF − TW), (5)

In Eq. (5), α is coefficient of heat convection; A is area of cross section; TF and
TW are temperatures of the fluid (air) and wall, respectively; q is heat flow [1].

4 Prototyping of USB-A Using 3D Printing Machine

Prototyping is the fourth next step of design thinking as well as design sprints. Rapid
prototyping, or 3D prototyping, cannot be limited only up to 3D printing. It is actually
known to a process of iteration for final and perfect design through a design on 3D
modeling and then quickly physical prototypes manufacturing. It allows making
small changes at every step again and again to improve it till satisfied prototype turns
out to be perfect (Figs. 8 and 9).

Some traditional processes like injection molding, wood prototyping, and proto-
typing techniques require weeks or even months to manufacture each iteration. And
that is not to mention the extra expense compared to other methods like 3D printing
or laser cutting.
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Fig. 8 3D printed USB
female shield

Fig. 9 3D printing in
process

4.1 Material Used for 3D Printer Filament

Acrylonitrile Butadiene Styrene (ABS), a thermoplastic material used for 3D printer
Filament.

Distinct Characteristics—ABS is one of the mostly used and easily accessible,
cheap materials for 3D printing.
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Table 4 Comparison of calculated results and FEM results (°C)

Iterations Calculated results FEM results Difference Deviation

1 54.58 60.04 5.46 5.40

2 40.70 40.88 0.28 0.3

5 Results and Discussion

The results given by FEM are always greater than calculated results. Comparison of
the calculated values and FEM values for iteration 1 and iteration 2 is given in Table
4. The deviation in the comparison is 5.40 and 0.3, respectively, for two experiments.

A 3D printed model has been developed for further mold design which is good at
dimensions and can be used.

6 Conclusion

1. From the FEM analysis and calculated results, it has been seen that they are
having a better consistency.

2. The deviation between calculated and FEM results is 5.40 which is less than
10%. So the FEM results are acceptable.

3. Prototype made with 3D printing is found well at all its dimensions, strengths,
etc.
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Comparison of Line Contact and Point
Contact Behavior in Rolling Element
Bearing Using Statistical Analysis
of Vibration Signal

Sumit Shoor and Manpreet Singh

1 Introduction

Bearing is vital component of any rotating machinery so it is important that to
prevent the catastrophic failures bearing should perform safely in the machine. Non-
destructive techniques are classified as thermal imaging, ultrasonic testing,wear anal-
ysis, and acoustic/vibration analysis tomonitor bearing characteristics and later these
could be used to design the maintenance strategies for its smooth functioning. Out
of these techniques acoustic/vibration analysis are developing at higher pace which
includes data acquisition, feature extraction, and condition classification because of
their non-invasive and high reactivity to the incipient faults [1, 2]. In rotating compo-
nents defect or any other characteristics are having unique feature in general and it
can be related with the unique vibration characteristic [3]. Many authors have used
vibration analysis techniques for detecting defect or other types of characteristics
of rotating components of machinery [20]. Singh et al. uses motor current signature
analysis, fast Fourier transform, maximum relative wavelet energy for successfully
doing bearing fault detection [4]. Singh and shoor-et al. use statistical analysis of
vibration signal for fault classification of bearing. Among all the parameters, they
foundShannon entropy as best parameter for fault classification [5].Many authors use
wavelet transform, ANN, statistical parameters for identification and classification
of defect [6–8]. Fault diagnosis is classified as extraction of feature and classifica-
tion of defect from extracted features [9]. In another study, time domain features
crest factor, kurtosis, skewness, and shape factor are used for classification of fault
and uses APF-K algorithm. Mathematical model was also presented to analysis the
nonlinear dynamic behavior having defect on rolling element [10].
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Fig. 1 Components of taper roller bearing and ball bearing

Study of vibration signature has been paid less attention while studying tribolog-
ical properties of the coatings. However, it is important to study them because point
contact characteristics might change to line contact or surface contact due to wear
out of mating surface. Most prominent methods for coating used are thermal spray
coating, Physical Vapor Deposition (PVD), Chemical Vapor Deposition (CVD),
Physical Chemical Vapor Deposition (PCVD) [11], and plasma thermal spray [12]
are highly used by the researchers for layer deposition (Fig. 1).

In this paper, attempt has beenmade to study the effect of line contact in taper roller
bearing and point contact in ball bearing and further coating of AL2O3 deposited
through thermal spray process. To elaborate the difference between line contact and
point contact statistical analysis is performed on raw vibration signals and its spectral
contents and results are presented in context with the reasoning.

2 Theoretical Background

These statistical techniques are widely used in industry for detection of fault and any
variation in this parameter is an indication of fault and shown some trend.

2.1 Root Mean Square (RMS)

RMS Value is related to power of signal [13]. If the vibration level is increased then
appearance of defect can easily be detected. RMS value can be used for detection of
fault if it is present. Result of RMS in case of defective bearing and normal bearing
can be compared for detection of fault. Theoretically, RMS can be calculated by
formula [14].
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RMS =
∑n

K=1 X
2K

/

n (1)

XK denotes signal amplitude and n denotes total data points.

2.2 Standard Deviation

Standard deviation is represented by letter σ which is used to measure the variation
of data from mean value [15]

σ =
∑n

K=1 (XK − x)2
/

n (2)

where x denotes the mean amplitude value of the signal. When there is defect
then the peak of amplitude will increase and it will cause increase in value of stan-
dard deviation and cause more deviation form mean. If mean is zero then standard
deviation is equal to RMS value of signal.

2.3 Skewness

Skewness indicates symmetry of data. If skewness of data calculated is negative then
curve is shift toward left side and if positive then curve shifts toward right side and
zero represents the symmetry of curve [16] (Fig. 2)

Skewness = 1/n
∑n

K=1 (XK − x)3
/

σ 3 (3)

Fig. 2 Probability density with non-zero skewness
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2.4 Kurtosis

Kurtosis is a statistical parameterwhich gives impulsiveness.Higher value of kurtosis
gives higher value at mean and longer tail. Kurtosis value increases with increase in
defect due to impulse created when rolling element passes through the defect. Hence,
it can be used for detecting faults in rolling element bearing [16, 17].

Kurtosis = 1/n
∑n

k=1 [x − x]4
/

[
1/n

∑n
k=1 [x − x]2

]2 (4)

2.5 Fast Fourier Transform (FFT)

For converting time-domain signal to frequency domain, FFT is used [18]. The
FFT for a time signal, x(t) is represented by Eq. (5): here, X(f) represents Fourier
transform, f indicates global frequency, and t represents the time. The signal x(t) can
be written as (6)

x( f ) =
∞∫

−∞
x(t)e−i2π f t (5)

x( f ) = 1

2π

∞∫

−∞
x(F)e−i2π f t (6)

3 Characteristic Defect Frequency Calculations

A rolling element bearing consists of inner and outer races, a cage and rolling element
(ball). Defect can occur in any part of the bearing and causes high amplitude of
vibration. The bearing having different frequencies for different bearing elements
like BSF, BPFO, BPFI and FTF are called characteristic frequencies. When,

Ball spin frequency (BSF) = fs
Pd
2Bd

(

1 − B2
D

P2
D

cos2 ∅
)

(7)

Outer race frequency (BPFO) = fs
NB

2

(

1 − BD

PD
cos ∅

)

(8)
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Inner race frequency (BPFI ) = fs
NB

2

(

1 + BD

PD
cos ∅

)

(9)

Fundamental train frequency(FTF) = FS

2

(

1 − BD

PD
cos ∅

)

(10)

Pd = Bearing pitch diameter, mm; Bd= Ball diameter, mm; Nb = number of
balls.

Ø = contact angle; Fs=shaft speed or inner race speed, rpm.

4 Experimental Setup and Data Acquisition System

In this paper, bearing test rig is used for conducting the experiment. For conducting
experiment AC current motor is used having a capacity 0.75 kW (Make: Crompton
and speed 1440 rpm) drives the main shaft. Taper Roller Bearing and Ball Bearing
are used for conducting experiment (Make: NBC, Model: 30205) and were used to
support two shaft as shown in Fig. 3. Stepper pulley is used for providing the variation
in speed. Speed which can be varied is 1.114, 1.955, 2.981 m/s, and also a provision
is given to provide load on the Bearings. For measuring speed of shaft, optical
tachometer is used and for acquiring vertical acceleration, PCB make accelerometer
is used which is having a sensitivity of 1000 mV/g and placed on top of bearing
casing 2. Data acquisition system of national instrument is used to capture vibration
data. For further processing signal in Matlab.

Environment, a provision is given to store the data in hard disc.

Fig. 3 Photograph of test rig for bearing
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In this paper, dynamic behavior of two different bearings having the same coating
of AL2 O3, one having a line contact (C1) and other having a point contact (C2) has
been studied. The first bearing 30205 NBC model tapper roller bearing and another
ball bearing (NBC 2Nu05) were used. The linear speed of rolling element for both
bearings have been maintained the same by varying the RPM. Firstly, statistical anal-
ysis has been carried out on vibration signature originating from these two bearings.
The results depict that the bearing having a line contact is yielding higher value of
RMS, STD Deviation. The main reason lies that the line contact is having higher
value of amplitude as well as randomness in comparison to bearing having a point
contact. However, the kurtosis value is coming out to be higher in case of bearing
having point contact that means the bearing having a point contact is having a higher
value of peakedness. The same statistical analysis is carried on spectral contact of
both signals. The same trend has been observed for RMS and STD Deviation as
in the case of raw signal but better variation of parameter is observed for statistical
analysis of spectral. The randomness for spectral component also has been calculated
and bearing having a line contact is showing higher value in comparison to bearing
having point contact. This might be because bearing having line contact is having
better energy level randomness. The statistical parameter also put them in line for
their effectiveness in elaborating the difference in line contact and point contact char-
acteristics for their percentage rise in value for line/Point contact. The effectiveness
value is coming out to be maximum for randomness measured for spectral content.
It can be stated that while that statistical parameter can be used for differentiating
point and line contact in bearing.

5 Result and Discussion

Rolling element bearings play a vital role in rotating machinery and received a great
attention in the field of condition monitoring. In this present study, the ball bearing
and taper roller bearing are selected for analysis. The vibration signal is recorded
for linear speed of 1.14, 1.955 and 2.981 m/s. The signal captured were analyzed
through statistical parametersRMS, skewness, kurtosis, etc. During experimentation,
the bearings are run at same linear velocity by maintaining the same rpm. Statistical
parameters like RMS, standard deviation, skewness, kurtosis, and Shannon entropy
are mostly used in condition monitoring which are used for analyzing the signal to
compare the line contact with point contact with increase in linear speed. Value of
statistical parameter with increase in linear speed for point contact and line contact is
presented along with difference in percentage in Table 1. RMS, STD, and Shannon
entropy have witnessedmore values for line contact bearing than that of point contact
bearing at same speed, whereas kurtosis and logarithmic energy has witnessed more
values for point contact bearing. At low speed, kurtosis showed maximum variation
to elaborate different characteristics of line and point contact; however, for medium
and high-speed STD and Shannon entropy, respectively, are proven to be best. Here,
we have not considered the skewness because it has not shown any fixed trend
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Fig. 4 Plot of Kurtosis at different linear velocities for the ball bearing and taper roller bearing

for different characteristics. It can be observed from Fig. 4 that only kurtosis is
showing trend while studying the speed variation for the same case as value of
kurtosis decreases with increase in speed for both the cases of C1 and C2. The
sensitivity index [19] has been calculated for both the case of C1 and C2 and it is
coming out to be 47.82% and 52.49%, respectively. The kurtosis has proved to be
slightly more sensitive for case C2.

5.1 Frequency Spectrum Analysis

Spectral parameter generated with FFT was also analyzed. The statistical parameters
are calculated in the samewayof spectral components for each case and the calculated
values are shown in Table 2. Percentage variation was also calculated to check the
effectiveness of different statistical parameters for bearing having point contact and
line contact with increase in RPM. It has been found that the Shannon entropy of
spectral component has shown maximum variation for depicting the characteristics
of C1 and C2 as in all the cases percentage variation is coming out to be maximum.
However, no trend has been observed with respect to speed variation with any of the
statistical parameters.

6 Conclusion

In this study, statistical parameters were proposed to compare the kinematic charac-
teristics of two bearings: one having line contact (taper roller bearing and another
having point contact (ball bearing) [NBC: model 30205 for taper roller bearing and
ball bearing [NBC 2NU05]. Vibration signal were acquired and statistical analysis
was carried out on both raw signal and its spectral components. To depict the line
and point contact kinematic characteristics mixed response has been observed for
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statistical analysis of raw signal as at low speed kkurtosis showed maximum varia-
tion of 65.471%; however, for medium- and high-speed STD and Shannon entropy
have shownmaximum variation of 84.219% and 92.174%, respectively. In the statis-
tical analysis of spectral components SShannon entropy has shown maximum vari-
ation and for the speed 2.981 m/s it was 99.3723%. The Shannon entropy of spec-
tral components is suggested for depicting the kinematic characteristics of line and
point contact bearings. In elaborating the speed variation, only kurtosis has shown
decreasing trend in statistical analysis of raw signal with increase of speed and hence
found suitable to deal with the speed characteristics.
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Vibration Analysis for Failure Detection
of Bearing and Gear Assembly

Tejbir Kaur and Gagandeep

1 Introduction

Bearings and gears are an essential part of any machine. Most of the bearings are
used to support rotating shafts in machines and give minimum friction to the rotating
shaft. The gear is a tooth element; these teeth are attached to a wheel that rotates
and transmits motion. Vibration analysis is an extensively used technique to predict
defects in rolling components such as bearings and gears[17, 19]. Bearings and
gears produce vibration and sound due to the presence of a fault in them due to
wear, improper lubrication, fatigue, excessive load, backlash, manufacturing fault,
mechanical looseness, and failure of the transmission system.

Tandon andChoudhury [1] detected localized and distributed categories of defects
in rolling element bearings and performed vibration analysis in both time and
frequency domains using an accelerometer. Hoshi [2] developed a simple, low-cost
setup for onlinemonitoring of ball bearing on themachine tool spindle. The vibration
analysis technique is used for analyzing the initiation and the progress of geomet-
rical damage of the ball bearing surface and it is also used to predict the life of
ball bearing assembly. Hariharan et al. [3] used vibration analysis for misaligned
shaft-ball bearing systems and predicted the vibration spectrum and compared the
experimental results with ANSYS-based numerical results. Patidar and Soni [4]
studied different methodologies to analyze the bearing vibration and used these
techniques to predict rolling element bearing faults. Vernekar et al. [5] developed
a faulty engine setup for experimental studies to capture vibrational values from
a healthy and faulty gear setup. The vibrational signals are acquired from the I.C.
engine using an accelerometer, for healthy and faulty gear conditions. Two vibra-
tion signal analysis techniques, continuous wavelet transform, and vibration signal
analysis was used for fault determination. Gligorijevic et al. [6] presented a new
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automated vibration signal processing technique and wavelet transform in the pack-
aging materials industry for early fault prediction in the rolling element bearing. The
vibrational signals are acquired from various cases such as for healthy conditions,
with ball faults, with inner and outer race faults. Lessmeier et al. [7] made the exper-
imental setup for condition monitoring of bearings in combination with an extensive
description of the bearing damage, the dataset generation by experiments, and results
of data-driven classifications were used as a diagnostic method. Gupta and Pradhan
[8] examined the latest research techniques on defects in bearings, vibration source in
bearings, and vibration analysis techniques such as frequency-domain analysis, time-
frequency domain analysis, and time-domain analysis. Generally, in any machine or
equipment, source of vibration is a defected element of machine-like bearings or
gears, and vibration signals acquired from these were used to determine fault [9, 10].
The presence of local defect was estimated by calculating the statistical parameters
from vibration and acoustic signals. The healthy setup statistical parameters were
compared with the faulty setup to predict the fault. Shannon entropy (S.E.) showed
a better variation among all the faulty bearing parameters than the healthy bearing
for both the signals[9].

1.1 Vibration Analysis

Vibration is a system response that causes the system to oscillate due to an external
or internal force. Vibration analysis is the process of measuring the vibration level
of a machine [11, 13, 16]. The acquired vibration data can be used to analyze the
machine’s health and its components, such as bearings and gears. The vibration
analysis technique is used to reduce maintenance costs and equipment downtime by
detecting equipment failures. Generally, vibration is measured using an accelerom-
eter. An accelerometer is attached to the component and generates voltage signals
(corresponding to the machine or component vibration)[12, 14, 15]. These signals
are collected and stored by a vibration data acquisition system (DAQ) connected to
the accelerometer. Further, the acquired vibration signals are analyzed in the time
and frequency domain.

1.1.1 Time-Domain Analysis

The time-domain analysis is the variation of the output vibrational signals of the
system concerning time. A time-domain representation shows how vibration signals
change with time[18]. Most of the machine/equipment vibration issues are detected
using this analysis and checks the system’s stability and accuracy. The time-domain
study examines some statistical parameters from vibrational data, and using these
values, bearing and gear health conditions can be predicted. An easy way for this
analysis is to measure RMS value, peak value, Kurtosis value, mean value (average
value), standard deviation, and variance of vibration data. They are defined as follows.
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Mean, μ =
∑

Xi/N (1)

where
∑

Xi is sum of all the individual values and N is total number of items.

Peak value = max(Xi ) (2)

where Xi is number of values i to N

Variance =
∑

(Xi − μ)2/N (3)

Standard Deviation, σ =
√[∑

(Xi − μ)2/N
]

(4)

Root mean square value,RMS =
√∑

(Xi )
2/N (5)

Upper bound value,UB = maxXi + 0.5(maxXi −minXi )/(N − 1) (6)

Kurtosis value =
∑

(Xi − μ)4/N × RMS (7)

Crest factor = max(Xi )/RMS (8)

Skewness value =
∑

(Xi − μ)3/Nσ 3 (9)

1.1.2 Frequency Domain Analysis

Frequency domain analysis is another way to investigate the vibration signals,
which shows the amount of signal over a frequency range within each specific
frequency band. Generally, the signals stored by DAQ are in the time domain;
these signals are converted into the frequency domain using FFT (Fast Fourier trans-
form). In frequency-domain analysis, frequency is plotting against the amplitude of
acceleration. Figure 1 shows the time and frequency-domain signals.

2 Experimental Studies

The gear-bearing assembly test setup was developed for experimental studies. The
detail about the experimental setup and procedure is discussed as following.
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Fig. 1 Signal representation in time and frequency domain

2.1 Experimental Setup Description

Figure 2 shows the line sketch of the experimental setup. The setup was developed
for fault detection in gears and bearings using the vibration analysis technique. A
1440 rpm (0.25 HP) constant speed motor is connected to the main shaft having a
length of 609.6 mm and 20 mm diameter using jaw coupling. Both ends of the shaft
were supported by bearings UCP204 having a diameter of 20 mm. One more shaft
with length 304.8 mm and diameter 20 mm is used, which is connected to the main
shaft using spur gears having a diameter of 20 mm with 40 teeth to transmit power
andmotion. A tri-axial accelerometer has 300mv/g sensitivitywith a data acquisition
system (DAQ) that stores the vibrational signals at a rate of 800 samples/s.

Fig. 2 Line sketch of the experimental setup
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2.2 Experimental Procedure

Figure 3 shows the algorithm for vibrational signal monitoring and analysis in which
the initial step was to measure the vibrations of the machine/system in X-, Y-, and
Z-directions using a tri-axial accelerometer mounted at 90° on the bearing housing,
for various cases such as (Fig. 4)

• Healthy setup
• Faulty bearing setup
• Faulty gear setup

The detected vibrational signals were stored by data acquisition system (DAQ)
in the micro S.D. card in the form of time-voltage signal values. These vibrational
signal values converted into time-acceleration values using the relation given below

acceleration
(
m/s2

) =
[
output reading(mv) − zero signal output(mv)

]

senstivity(mv/g)
(10)

Fig. 3 The algorithm for vibrational signal monitoring and analysis
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(a) 

)d()c()b(

Fig. 4 a Experimental setup. b tri-axial accelerometer. c Faulty bearing. d Faulty gear

Further, the vibrational signal analysis was performed in time and frequency
domain to compute the peak value, RMS value, average value, standard deviation,
and other statistical parameters to estimate the system’s fault.

3 Result and Discussion

In this section, we analyzed the experimental results in time and frequency domain
for all three cases.

3.1 Time-Domain Analysis

The below figures show time-domain representation for all the three cases
in which acceleration was plotted against time. Figure 5a shows the healthy
setup time-domain representation in which maximum acceleration value is
1.716667(m/s2), 1.006667(m/s2) and 3.101628(m/s2) in X-, Y-, and Z-directions,
respectively. Figure 5b shows the faulty bearing setup time-domain representa-
tion in which maximum acceleration value is 2.603333(m/s2), 1.698512(m/s2), and
4.166867(m/s2) in X-, Y-, and Z-directions, respectively, and Fig. 5c shows the
faulty gear setup time-domain representation in which maximum acceleration value
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(a)

)(b

(c)

Fig. 5 Time-domain representation for aHealthy setup. b Faulty bearing setup. c Faulty gear setup

is 901236(m/s2), 1.773333(m/s2), and 4.123353(m/s2) in X-, Y- and Z-directions,
respectively.

Tables 1, 2, and 3 show the RMS value, average vibration, standard deviation,
kurtosis value, and other statistical parameters in X-, Y-, and Z-directions while

Table 1 Healthy setup results

Axis μ σ PV C.F RMS KV UB Skewness

X 0.22181 0.1794 1.7166 4.7862 0.225375 2.739268 2.216796 0.814197

Y 0.17132 0.1302 1.0066 4.6722 0.215435 2.880868 1.500658 0.821229

Z 0.65708 0.4889 3.1012 4.1154 0.753648 2.911623 3.601895 0.799080

Table 2 Faulty bearing setup results

Axis μ σ PV C.F RMS KV UB Skewness

X 0.31121 0.26215 2.60333 7.9395 0.40683 4.30727 3.103596 1.37458

Y 0.25502 0.20615 1.69852 5.1535 0.32797 3.58001 2.198625 1.32489

Z 0.75624 0.60317 4.16687 7.2407 0.96724 3.47101 4.668564 1.42489
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Table 3 Faulty gear setup results

Axis μ σ PV C.F RMS KV UB Skewness

X 0.32324 0.12208 1.90123 5.6582 0.284958 4.954268 2.401356 1.27589

Y 0.20461 0.17658 1.77333 6.5613 0.270271 4.556387 2.27335 1.22854

Z 0.70135 0.51236 4.12335 5.7569 0.783648 3.358084 4.62362 1.45861

Note RMS = root mean square, μ = Average vibration(m/s2), σ = Standard deviation (m/s2), PV
= Peak value, C.F. = Crest factor, UB = Upper bound value, KV = Kurtosis value

using healthy, faulty bearing and faulty gear setup. These results were calculated
from the time-domain acceleration responses measured using the accelerometer and
data acquisition system. TheRMSvalue is used tomeasure themagnitude of numbers
(1 to N), which provides a meaning for the typical size of numbers. The RMS value
in X-, Y-, and Z-directions is increased by 80.536%, 52.2069%, and 28.3482%,
respectively, for the faulty bearing case and increased by 26.4373%, 25.4536%,
and 3.98064%, respectively, for faulty gear case in comparison of healthy setup
values. Average vibration value inX-, Y-, and Z-directions is increased by 40.3064%,
48.8568% and, 15.0908%, respectively, for the faulty bearing case and increased by
45.7299%, 19.4323%, and 6.73608% in X-, Y-, and Z-directions, respectively, for
faulty gear case as compared to the healthy setup.

The value of kurtosis is a statistic that describes the degree to which scores are
clustered in the tails or peaks of the frequency distribution. The peak represents the
highest part of the distribution, whereas the tail represents the end of the distribution;
in Tables 1, 2, and 3 the kurtosis value for the faulty bearing and gear cases in all
directions is greater than 3, which indicates that for a given dataset, tails are heavier
than a normal distribution. However, the healthy setup kurtosis value is less than 3,
which indicates that the dataset has lighter tails than a normal distribution.

In Tables 1, 2, and 3, the upper bound (U.B.) values in -X, Y-, and Z-directions for
healthy setup are 2.216796, 1.500658, and 3.601895, respectively. U.B. values in X-,
Y-, and Z-directions are 3.103596, 2.198625, and 4.668564 for faulty bearing setup,
respectively, and 2.401356, 2.273356, and 4.623635 for faulty gear setup, which is
greater than healthy set. U.B. is a value that is greater than every element of a set of
data. U.B. value is used to set threshold values. For a system, the acceleration value
is greater than the U.B. value of the system, then employed machinery/system will
have defects in its components.

In Tables 1, 2, and 3, the crest factor and the skewness values in X-, Y-, and
Z-directions were compared with healthy bearings to conclude about the defective
bearing and gear setup. The skewness values inX-,Y-, andZ-directionwere increased
by 68.827%, 61.330%, and 79.746% for faulty bearing setup in comparison to healthy
setup and increased by 50.617%, 54.878%, and 81.544% for faulty gear setup in
comparison of healthy setup. Bearing and gear with damages showed higher crest
and skewness value as compared to the healthy setup.
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3.2 Frequency-Domain Analysis

In this analysis, time-domain signals were converted into discrete frequency compo-
nents using fast Fourier transform (FFT). FFT is a fast computation algorithm for the
calculation of discrete Fourier transform (DFT). In standard DFT, as the value of N
increases, it will require a very high number of computations. DFT implementation
is very slow, so FFT is a technique to solve DFT in a faster way. To develop an
FFT algorithm, a MATLAB Simulink model was created. In this model, the input
was experimental time-domain vibrational signals, and the output obtained was the
frequency spectrum. In a frequency spectrum plot, the x- and y-axis show frequency
and amplitude, respectively. This technique can detect certain frequency compo-
nents very easily, which is an advantage over the time domain. Because all these
components are connected, the impact of the faulty component on other compo-
nents is significant. Although each component has its own frequency of vibration,
the magnitude of that frequency is still important to understand the severity of vibra-
tion. The total vibration captured by the accelerometer will increase the impact of
all the faults in other components of the system. Therefore, the frequency analysis
of individual components may not provide the true scenario for the condition of the
machine, hence multiple faults should be studied. In this work, the same method is
tried and finds significant results.

In the faulty setup frequency spectrum, when the large magnitude deviations have
been observed, then the corresponding fault conditions were presented. The severity
of the entire bearing and gear defect was identified using the frequency spectrum.
The frequency magnitudes for faulty bearing and gear setup were found larger as
compared to the healthy setup. Figure 6a is for healthy setup, and Fig. 6b, c is for

Fig. 6 Frequency-domain representation for a healthy setup. b Faulty bearing setup. c Faulty gear
setup
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faulty bearing and faulty gear. The comparison shows that the gear and bearing
vibration frequency amplitude changes appreciably due to the presence of faults;
there are a greater number of peaks observed in Fig. 6b, c between 0 and 3 kHz as
compared to a healthy setup.

4 Conclusion

The time- and frequency-domain analysis of vibrational signals were carried out for
the fault detection of bearings and gears. The vibrational analysis was performed
for a healthy setup, faulty bearing setup, and faulty gear setup. Afterward, the vibra-
tion acceleration levels have been studied for all the aforementioned three cases.
The time-domain analysis technique uses scalar indicators like average vibration,
upper bound value, peak value, RMS value, and kurtosis for detection of the fault.
FFT was used for frequency-domain analysis and to transform time-domain signals
into frequency-domain signals using MATLAB. The RMS value in X-, Y-, and Z-
directions is increased by 80.536%, 52.2069%, and 28.3482%, respectively, for the
faulty bearing case and increased by 26.4373%, 25.4536%, and 3.98064%, respec-
tively, for faulty gear case in comparison of healthy setup values. In the frequency-
domain analysis, faulty bearing and gear frequency spectrum was compared with a
healthy setup spectrum, and large magnitude deviations were observed. All the result
has been compared, and we found that the vibrational acceleration and other statis-
tical parameters are much larger for both faulty cases and magnitude of frequencies
also larger than healthy setup at given frequencies. So, the experimental results indi-
cate that the proposed method is effective in bearing and gear fault diagnosis. This
research study can be extended to online monitoring of bearing and gear using IoT
(Internet of Things).
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Shrinkage Optimization
and Development of Predictive Model
for Injection-Molded Part Using
Numerical Simulation Combined
with Artificial Neural Network

Dattatray Chopade , Rajesh Metkar, Nitish Sinha , and Avinash Panchal

1 Introduction

There is a very huge demand for injection-molded products over the past few decades.
Initially, the focus of the injection molding process was on producing products with
high volume and low to moderate quality requirements. Nowadays, the focus is
shifted to produce precision molded items having high quality, such as automotive
dashboards, medical equipment, and aerospace applications [1]. In the plastic injec-
tion molding industry, the determination of the optimal process parameters largely
affects the production output, quality, and cost of production.

In the present paper, the emphasis is given on studying and understanding the
shrinkage behavior and its optimization in the injection molding plastic gear. The
amount of shrinkage at a particular location is largely dependent onprocessingparam-
eters like mold temperature, melt temperature, packing time, packing pressure, etc.
[2]. Molded plastic gears are used for this study because they are good alternatives to
metal gears in lightly loaded drives. In applications such as windshield wiper drives,
food processors, and even watches, plastic gears transmit power quietly and often
without lubrication [1]. Due to the variations in properties and different response to
different environmental conditions, the use of plastic gears was limited. Previously,
they were used in drive trains with low power delivery. Recently, better control over
process parameters and advanced design practices boosted the capacity of plastic
gears multiple times [3].

Previously, many successful attempts were carried out to optimize the process
parameters associated with injection molding process [2–14]. A lot of research
work has been completed on shrinkage minimization in various plastic injection
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molding processes using different optimization methods like gray rational analysis,
neural network, response surface methodology, firefly algorithm, genetic algorithm,
particle swarm algorithm, etc. Sometimes a combination of two ormore optimization
methods is used [5, 7–10, 12–14]. Various researchers have carried out work on gears
used for different applications. Injection-molded plastic spur gear specimens testing
using different teeth module with a less cost [2], use of different location of gates,
gating systems, and process parameters to analyze the spur gear performance, using
grey-based Taguchi optimization method [3], parametric optimization for warpage
in injection-molded plastic bevel gear [9] are some of the attempts made for better
part quality of gears.

Bevel gears have applications in various drives. During themanufacturing of these
small gears, process parameters need to be controlled to achieve desired dimensional
accuracy and finish. In this paper, an attempt is made to optimize the shrinkage
percentage in critical parts of the plastic bevel gear made up of nylon66 to reduce
the defects arising due to variable shrinkages at different locations.

2 Experimental Details

A bevel plastic gear (shown in Fig. 1) (diameter: 16.4 mm, number of teeth: 20, gear
thickness: 3.52mm) is used as amodel for this study. The plasticmaterial used for the
gearmodel is nylon-66A125 (Manufacturer-Unitika).As the gears are smaller in size,
a multi-cavity mold design will be suitable. Hence, 8-cavity mold layout is selected
in this study. Mesh type used for the model is 3D mesh. A commercial software
package Moldflow Plastic Insight (MPI) is used to perform the simulations. It is a
specialized software to simulate different molding methods for solving temperature,
flow, and pressure fields. Figure 1 shows the meshed model used for simulation with
cooling channels.

The abbreviations ‘MeT’, ‘MoT’, ‘PP’, ‘IT’ and ‘CT’ are used for representing the
process parameters that are selected for shrinkage analyses, viz. melt temperature,

Fig. 1 Gear model and finite element model with feed and cooling system used for this study
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Table 1 Three levels and corresponding values of parameters

Level Process Parameters

MeT (°C) MoT (°C) PP (MPa) IT (s) CT (s)

1 280 75 30 0.5 15

2 290 85 40 1 20

3 300 95 50 1.5 25

mold temperature, packing pressure, injection time, and cooling time, respectively.
Three levels of process parameters are selected and their values are taken from
material database provided in MPI (see Table 1). The design of experimental runs is
done using the Taguchi method. Taguchi L27 (35) orthogonal array is chosen which
consists of 27 experimental runs.

All 27 combinations of process parameters are used one by one as input in the
finite element analysis of this system. ‘Fill + Pack + Cool’ sequence of analysis is
used in this case. The packing time is kept constant (5 s) for all the cases. Average
shrinkage values obtained after simulation are tabulated in Table 2.

Other machine parameters and process parameters are kept at the default settings.
The results of the volumetric shrinkage for one of the analyses with shrinkage at
different locations across its cut section are shown in Fig. 2. The color scale shows
the maximum shrinkage value of the part and its location. The value of average
shrinkage in part can be obtained from the report generated by the software for each
simulation.

The prime motive behind this study is to minimize the average volumetric
shrinkage to the greatest extent possible. As a large value of volumetric shrinkage
at a particular location gives rise to sink marks, it is desirable to keep it to a
minimum value. Another objective is to develop a prediction model for the calcu-
lation of shrinkage to decrease the cost and time involved in monotonous finite
element analyses. Hence, using the Matlab neural network toolbox, a feed-forward
backpropagation type neural network model is developed.

3 Taguchi Method

Table 2 shows the obtained shrinkage values and their S/N ratios. S/N ratios show
the effect of variation in a parameter value on the output. As the aim of this study
is to keep variable shrinkage to the minimum value, ‘smaller the better’ quality
characteristic is selected while computing the S/N ratios. For smaller the better S/N
ratio,

S/N Ratio = −10log(MSD), where MSD = 1

n

n∑

i = 1

y2i (1)
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Table 2 Set of process parameters with their shrinkage values obtained after simulation

Exp. No Process parameters Shrinkage value after simulation (%) S/N ratio

MeT MoT PP IT CT

1 28 75 30 0.5 15 8.1278 −18.1995

2 28 75 30 0.5 20 8.1278 −18.1995

3 28 75 30 0.5 25 8.1278 −18.1995

4 28 85 40 1.0 15 8.0367 −18.1016

5 28 85 40 1.0 20 8.0514 −18.1174

6 28 85 40 1.0 25 8.0754 −18.1433

7 28 95 50 1.5 15 8.0347 −18.0994

8 28 95 50 1.5 20 8.0323 −18.0968

9 28 95 50 1.5 25 8.0347 −18.0994

10 29 75 40 1.5 15 7.9853 −18.0458

11 29 75 40 1.5 20 7.9853 −18.0458

12 29 75 40 1.5 25 7.9853 −18.0458

13 29 85 50 0.5 15 8.3864 −18.4715

14 29 85 50 0.5 20 8.3964 −18.4819

15 29 85 50 0.5 25 8.4159 −18.5020

16 29 95 30 1.0 15 8.6887 −18.7791

17 29 95 30 1.0 20 8.6597 −18.7501

18 29 95 30 1.0 25 8.6345 −18.7247

19 30 75 50 1.0 15 8.4619 −18.5494

20 30 75 50 1.0 20 8.3809 −18.4658

21 30 75 50 1.0 25 8.4619 −18.5494

22 30 85 30 1.5 15 8.6847 −18.7751

23 30 85 30 1.5 20 8.6847 −18.7751

24 30 85 30 1.5 25 8.6847 −18.7751

25 30 95 40 0.5 15 8.9398 −19.0266

26 30 95 40 0.5 20 8.9548 −19.0411

27 30 95 40 0.5 25 8.9548 −19.0411

The computed S/N ratios are tabulated in Table 3. Figure 3 shows the graph plotted
using the S/N ratio data given in Table 3.

For an optimum combination of process parameters, the level with the highest
value for each factor should be selected. Hence, MeT:Level-1, MoT:Level-1,
PP:Level-3, IT:Level-3, and CT:Level-1 become the optimized combination of
process parameters for this model. The difference values in Table 3 denote the most
influencing process parameter resulting in shrinkage. MeT is found to be the most
significant process parameter followed by MoT, IT, and PP. CT had the least effect
on the shrinkage of the bevel gear.
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Fig. 2 Volumetric shrinkage analysis result of the model with its cut section showing values of
shrinkage at various locations

Table 3 The response table of S/N ratios

Parameters MeT MoT PP IT CT

Level 1 −18.1396 −18.2556 −18.5753 −18.5736 −18.4498

Level 2 −18.4274 −18.4603 −18.4009 −18.4645 −18.4415

Level 3 −18.7776 −18.6287 −18.3684 −18.3065 −18.4534

Difference 0.6380 0.3731 0.2069 0.2651 0.0119

Fig. 3 Main effects plot showing effect of the processing parameters on shrinkage



58 D. Chopade et al.

The 27 simulation runs given in Table 2 do not include the above optimum combi-
nation of process parameters. Therefore, to validate the results, a confirmation test
is conducted using optimum setting of parameters. The corresponding S/N ratio is
found to be −17.7622 dB which is higher than S/N values obtained in Table 2. It
confirms that the results obtained are better and the shrinkage value is optimized (see
Table 5).

4 Results and Discussion

4.1 Anova

The data obtained from the finite element analyses are used to conduct the ANOVA
analysis by Minitab V19 and the results are tabulated in Table 4. 95% confidence
interval and 5% significance level are used for the ANOVA analysis. The parameter
having ‘P-value’ less than 0.05 has a notable effect on the shrinkage. It is seen from
the ‘P-value’ columnof Table 4 thatMeT,MoT, PP, and IT have a notable effect on the
volumetric shrinkage. Themathematical relation to calculate percentage contribution
(PC) of each parameter to shrinkage is given by

(PC)x = (SS)x/(SS)total (2)

Using the above equation, percentage contributions for all factors are calculated
and are stated in the last columnofTable 4. The results highlight thatmelt temperature
is the most influencing parameter affecting the shrinkage value. It contributes to
shrinkage by60.83%, followedbyMeT, IT, andPPcontributing 20.80%, 10.75%, and
7.37%, respectively. The CT has the negligible effect and percentage contribution.

Table 4 The ANOVA table

Factor SS Df MS F P PC (%)

MeT 1.83778 2 0.91889 2106.33 0.000 60.83

MoT 0.62840 2 0.31420 720.22 0.000 20.80

PP 0.22278 2 0.11139 255.33 0.000 7.37

IT 0.32472 2 0.16236 372.17 0.000 10.75

CT 0.00067 2 0.00033 0.76 0.482 0.02

Error 0.00698 16 0.00044 0.23

Total 3.02131 26 100.00
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Table 5 Comparison of shrinkage before and after optimization

Process setting MeT MoT PP IT CT Simulated shrinkage
(%)

ANN shrinkage (%)

MPI recommended 290 90 40 1 20 8.5292 8.5152

After optimization 280 75 50 1.5 15 7.7288 7.7354

Change rate (%) −9.38 −9.15

4.2 Neural Network

A neural network has input and output layers between which one or more hidden
layers are placed. The layers consist of processing units called neurons that are
connected by variable weights. Neuron in the succeeding layer receives input from
neurons in the preceding layer. MATLAB® neural network toolbox is used for this
study to develop a feed-forward backpropagation type neural network model having
5–10–10–1 architecture. Here input layer has 5 neurons corresponding to 5 input
parameters, both hidden layers have 10 neurons each, and output layer has one neuron
representing shrinkage value. The network is created and trained using the average
shrinkage data obtained by finite element analyses. Shrinkage values are calculated
by trained neural network using optimal process setting obtained by the Taguchi
method and MPI recommended process setting as input to the neural network.

Transition function shown below governs the output of the neurons contained in
the previous layer and gives the input to each neuron in succeeding layer:

(total)i =
N∑

j=0

wi jx j (3)

where (total)i denotes the total input of the ith neuron in the computing layer; N
denotes the number of the neuron in the succeeding layer; wij represents the connec-
tion weight of the jth neuron in the succeeding layer and ith neuron in the computing
layer and xj represents the output of the jth neuron in the forward layer. Table 5
gives a comparison of the predicted values and finite element simulation values of
the average shrinkage for the optimal setting and Moldflow recommended setting.

5 Conclusions

The optimal values of melt temperature, mold temperature, packing pressure, injec-
tion time, and cooling time for minimum shrinkage are found to be 280 °C, 75 °C,
50 MPa, 1.5 s, and 15 s, respectively. Melt temperature is identified as the largest
influencing process parameter contributing 60.83% to the volumetric shrinkage.
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Mold temperature, injection time, and packing pressure are other process param-
eters having substantial effect. Cooling time has the least effect on the shrinkage.
9.38% reduction in average shrinkage is obtained as compared toMPI recommended
process setting. The neural network formulated is found to predict shrinkage values
with good accuracy. The optimization methodology and development of the neural
network-based predictive model used in this paper can help in reducing the cost and
time associated with repetitious finite element analyses.
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Deposition of Metallic Coating on Plastic
Substrate Material Using Cold Spray

Harpinder Singh Sandhu, Gurpreet Singh Phull, Ujjwal Anand,
Jaiinde Preet Singh, and Piyush Gulati

1 Introduction

After many decades of the industrial revolution, metals have been replaced with
composite materials and polymers, but these composite materials neither possess
comparable properties of metals nor are the replacement of metals, but metallic
deposition coating on the surface of these composite and polymeric materials may
enhance the surface properties of the parent material and may be the metal replace-
ment for certain applications. From basic operations such as cosmetic layering to
more complicated applications such as electrical products, aerospace engineering,
medical equipment’s, plastic engineering, and lot more, there is a strong market for
the development of metallic coating on polymers with the growing demand.

Surface engineering is characterized as the design structure of a mixed substratum
system alongwith its surface property, providing a value that cannot be accomplished
by either the surface or the substratum alone [1]. The system can consist of a coating
or a layer of multiple coatings with or without an associate, a modification of the
surface or a combination of the two or more substance on the substrate. Surfaces can
be engineered further to improve their appearances and to protect them from the envi-
ronmental hazards, therefore, enhancing the mechanical or physical performance of
the substrate. The coating is generally a layer ormultiple layering applied on a surface
either for protection or for an aesthetic purpose to enhance the surface property of
the parent substrate material. Coatings in various types of metals are most commonly
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done on specific mechanical parts in order to secure the parent material against flex-
ible conditions or on instruments such as the machining machines to improve their
strength and reliability. The thermal spray methods are widely used for industrial
applications when evaluating the production of metallic surface coatings. In such
processes, the coating feedstock material is heated to its melting point, usually in
the form of powder particles to the machining sheet, and then packed as individual
droplets. Usually fuel gasses or an electric arc supply the energy required. As soon as
the feedstock powder is injected, it sticks on the substrate, forming a splat and then
it solidifies. According to its adhesion effect, the coating usually experiences large
rounds of porosity caused by insufficient bonding of the spit material [2, 9, 12]. It also
exhibits a high range of oxidation on the substrate substance due to the upcoming
bounds of oxygen gas available at the atmospheric air. Another coating method is
Cold Spray coating technology. Here, the feedstock powder metal is not allowed to
melt, but is forced to a very high velocity considering gases as a medium, moving at
the very high speed with the help of a spray gun, using processed gasses or commer-
cially produced Nitrogen or Helium as a carrier gas. They are further carried to a
regulated chamber to the converging/diverging type, de-Laval nozzle. With sudden
collision of particles on substrate material, the high velocity kinetic energy results in
plastic deformation leading in the building of the deposition layer by layer [3]. Cold
Spray coating technique typically shows enhancement in some physical properties
such as excellent mechanical characteristics of the coated surface and high bond
strength, combining metals of stiff engineering operations as aluminum, titanium,
tin, and some other metal alloys.

2 Discussion

In cold spray coating, feedstock particles, usually in the form of a powdery substance,
are accelerated by the aid of processed gases to a very high speed and are allowed to
strike at the substratum with the help of specially designed de-Laval type nozzles,
without heat effect [1] (Fig. 1).

Now,we knowall about the different types of thermal spray coating that arewidely
accessed all over the industrial sectors. Here is a graph showing the comparison
between all the methods in comparison to their operating temperature and particle
velocity.

Figure 2 depicts the variation shown by different thermal spray techniques at
different parameters. Here, we have described the variation to the gas temperature
and the velocity of the particle. The graph shows that the plasma arc spray coating has
the highest integrity among the other variables while the HPCS, i.e., High Pressure
Cold Spray stands least in the table. This shows deposition of metals is permitted
on low temperature, whereas a high temperature is required in coating a substrate
with the plasma arc thermal spray coating. This also reduces the chances of phase
change in the cold spray process without changing the original shape of the sample
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Fig. 1 A schematic diagram showing cold spray technology

Fig. 2 Comparison between different processes of thermal spraying

substrate. This restricts the deposition over a wider span of the area compared with
the other thermal spray methods, preparing a wrought-like microstructure [4].

Hence, it is clear from the above advantages that the cold spray coating is the
most suited coating method when coating on a very low temperature and on the
polymer/composite substrate.

Research for metallic coating on non-metallic surfaces such as glass fabrics,
polymer plastics, or composite materials is being carried out with further advance-
ment in modern manufacturing [5]. The essence of these materials descends the
process of metallic deposition. However, it is necessary to understand the nature
of the process in the cooling system, to preserve the fabric material from the peak
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temperature. With a stand-off distance of 250 mm from the exit of the nozzle, it is
possible to coat without the use of the coolant system hence making low deposition
efficiency.

The coating mechanism is represented by forming coating layers from semi-
melted or melted droplets of the feedstock particles, maybe a wire or thin rod, and
then place in a fire created by the spray weapon. Moving towards the phenomenon of
the source energy either kinetic or thermal energy or even both, the coating deposited
material provides unique characteristics of coatings [5, 8].

For Cold Spray coating processes, depending on the nature of deposition required,
the CS process is distinguished to a series of processes as Kinetic Spraying, High
Velocity Particle Consolidation, Cold Gas Dynamic Spraying, High Velocity Powder
Deposition and the Supersonic Powder Deposition [4]. One major objective of this
method is mentioned below. Here, we use a high velocity gas jet of velocity ranging
between300and1200m/s generatedwith the help of a de-Laval converging/diverging
type nozzle which forces the powder particles of sizes between 1 and 50 µm,
bombarding them on the sample substrate, placed at a stand-off distance of nearly 1
inch from the end of throat, which further are spitted to constitute a layer or multiple
layers of coatings [2, 6].

The kinetic energy generated due to the bombardment of these particles help
them in coating layer by layer which plastically deforms the surface on sudden
impact and makes the bonding adhesive with the substrate making metallic bonds,
hence avoiding the depression formed by the temperature generated as it was in the
case of conventionally used thermal spray coating methods like the release of gas,
oxidation on high temperature, evaporation, residual stresses, melting of substrate,
crystallization, etc. The powder particles are, therefore, pushed through a spray piston
and accelerated at a temperature far lower than the melting point of the sample
substratum by the high-speed gas jet, that in effect renders the coating deposition
layer from the powder feedstock in its solid state and so no melting or solidification
phase will occur via the powder particles as used in the conventional thermal spray
coating procedure. Therefore, the specifications of Cold Spray coating technique
is likely to be very stiff typically shaping near to 5 mm in diameter because of its
small nozzle size of 10–15 mm2 and at a stand-off distance ranging between 5 and
25 mm, production at a high intensity particle beam which further results in precise
regulation of the cross-section of the surface of the substratum.

For Cold Spray coating process, none of the powder particles are melted due
to the low processing temperature usually ranging below 800 °C, intakes a high
velocity Oxygen Fuel, which may rise up to 3000 °C high [7]. The softer materials
are not difficult to deform plastically and have light heat capacities, making it easy to
maintain its existing shear instability, and has the advantage of using this technology.

For thermal spray coating, the feedstock is heated to its molten or semi-molten
state using an external source. These heated particles are then, accelerated to a very
high speed and then is spattered towards the specimen with the help of processed
gases or high-speed jets. On collision with the specimen, an intermolecular particle
force is produced with the top layer of the substrate and with the feedstock making
a heavy thickness on the surface and hence forming a lamellar microstructure [8].
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The outcome may alter some properties on deposition, depending upon the density
of the layer formed, the adhesive cohesion between the deposited particles, etc.

The basic equipment used in cold spray process is the setup of a special high
velocity gas jet powered with a converging/diverging type, de-Laval nozzle to accel-
erate the powder particles of size ranging 30–45 µm at a very high velocity of
300–1200 m/s which is bombarded onto the substrate at the exit distance of around
25 mm from the nozzle where the powder particle impacts and forms a layer of
coating. The particles’ Kinetic Energy (KE = ½ mv2) shears the powder particles
to maintain the strain energy from the bombardment to the substratum plastically,
generates heat energy that boosts the specimen’s temperature, andmakes thematerial
flexible that decreases the rate of strain hardening [9, 10].At a certain temperature, the
powder material is accelerated by the high-speed jet which enters and completes the
coating formulation. Gases such as Helium and Nitrogen are heated to a temperature
ranging between 330 and 800 °C and then is carried through the converging/diverging
nozzle or de-Laval nozzle, further creating a supersonic gas jet. The mixture of the
particle/powder carrier gas is transferred axially into the machine and is then carried
before the nozzle gun towards a pre-chamber. Instead, the expanding steam, which
is bombarded to the substratum as solid particles, accelerates rock. The substrate
material is selected over a wide range of polymers and glass fibres which are capable
ofmachining.Metallic coatings on the non-metallic surfaces such as plastics, fabrics,
composites, or the polymer materials are feasible under a number of conditions over
a variety of engineering applications. The property of such a substratematerial essen-
tially renders the process of metallic coating difficult. Any coatings were conducted
successfully using thermal spray coating techniques by totally melting the feedstock
content without harming the parent material (Fig. 3).

The research was performed on various materials such as polyamide-6, commer-
cially used polycarbonate, polypropylene, polystyrene, and glass fibres composite
material to classify the most suitable content. Thanks to its wide variety of quality,

Fig. 3 Systematic diagram of cold spray gun machine
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cost effective and improved machining performance trend, and to the best matched
material that is the polycarbonate. The graph given below shows the comparison
betweendifferent parameters ofmeasurementswhile experimentingupon threemajor
polymers such as PVC, Polypropylene PP, and Polycarbonate PC. These are the most
widely used polymers which fit our essentials. We will in detail explore some of the
basic factors which were practically performed on these three polymers and their
fluctuation in the result procedure. The polymers are

2.1 Polyvinyl Chloride (PVC)

Polyvinyl chloride or PVC is the polymer generated by the polymerization of many
vinyl chloride monomer chains together. It is extensively manufactured in tonnes
across the world and is widely used in the manufacture of several daily life products
such as pipes, cards, sinks, electrical wires, leather, etc. [11, 12].

2.2 Polypropylene PP

Also, polypropylene is a monomer created by multi-chain linkages. Often known as
thermoplastic polymer, it is similar to low-density polyethylene, making it flexible
and tough in strength [12].

2.3 Polycarbonate PC

Polycarbonate is the family of thermoplastic polymers in their chemical structure
which contains carbonate groups. These materials are tough, strong, and some are
optically transparent and can be easily moulded into shapes [13, 14]. In the field of
electronics, these polymers are commonly used to produce various components such
as diodes and capacitors, for building purposes such as glazing, the shelter houses,
etc. Now, let us discuss the effects of different types of stresses on these polymers
with the help of a graph [5] (Fig. 4).

Here, as the above graph suggests, while the tensile strength is acted on different
polymers, the results shows that the polycarbonate substrate has the most strength in
comparison to tensile loading while polypropylene has the least strength. While in
the case of compressive strength, polycarbonate can bear most of the compressive
loading while the polypropylene shows the least. The impact stresses, however, show
different scenario. Polycarbonate has the maximum impact stresses while the PVC
shows the least impact stress. So, wemay conclude that the polycarbonate PC sample
shows the least deflection during stress applied.

Figure 5 shows the relation between the operating temperature of different poly-



Deposition of Metallic Coating on Plastic … 67

Fig. 4 Graph showing the different stress analysis done on various polymers

Fig. 5 Graph comparing the
operating temperature
analysis
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mers for both short and long ranges of operating temperature. Note that the operating
temperature is the range of temperature in which the components significantly fail
in performing their properties. The analysis is shown below [15].

As the graph represents the comparison, it is very much clear that the polypropy-
lene has a fatal range of temperature as compared to the other two polymers when
considered in short ranges while polycarbonate performs better in constant fields
such as the long ranges. The amount of moisture content is also a major factor as it
alters strength of the coating adhesion. As the graph shows, polypropylene has the
maximummoisture content among the other two polymers.When comparing the cost
among all the three polymers which is widely used for manufacturing purposes, we
come to know that the polypropylene polymers are the most economical and cheaper
as compared to the other two polymers while the polycarbonate shows the highest
cost as the process of manufacturing polycarbonates is expensive. There are some
other polymers such as Nylon, Polyester, Polytetrafluoroethylene (PTFE), and poly-
oxymethylene copolymers (POM-C) which have comparable properties, but lacks
in some of the other useful parameter. So, we sorted these three polymers out of the
bag [16]. So, we come to know that among the three chosen polymers, i.e., PVC,
Polypropylene, and the Polycarbonate specimen, the most efficient material while
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comparing properties like stress analysis, operating temperature, themoisture absorp-
tion and cost comparison is polycarbonate PC material. Since it is easily available
commercially, we would be using the polycarbonate PCmaterial. A list of reports for
applying theCold Spray coating technique in advancingmetallic coatings on polymer
substrates is presented. Further results have shown the effects on the substrates used
when spraying aluminium powder particle of average size approx to 25 µm. Further
tests found that the coating was thin on non-metallic surfaces and was not in constant
flow. Very small particles were certainly adhered to and the substrate listed a very
heavy erosion of the plastic substratum. Consequently, the results suggested that
mixing the feedstock powder with the polymer substratum would result in the depo-
sition ofmetallic powder particles on hard non-metallic surfaces [14, 17]. The surface
binding film also demonstrated strong layering properties (Fig. 6).

These studies also suggested the importance of the coating with Cold Spray
method to form a layer ofmetallic coatings on non-metallic polymer surfaces. Certain
engineering metals used in day-to-day manufacturing such as tin and aluminium are
machined and processed into the powder particles, which were then sprayed onto
the substrate polymer substance PC, while the substratum is covered at a pressure
of about 30 bar, the velocity of the particle increases by about 2 times the pressure
value of 5 bar taken near the mouth, and the resultant value increases by about half at
the end of the throat. Results also demonstrate that due to its low individual weight,
aluminium particles move much faster than nickel. In experiments with segment
duration of 180 mm the supersonic de-Laval converging/diverging nozzle was used.
By holding the coating deposition at a pressure of 5 bar on the PC, with a stand-off
distance from the nozzle to be about 40 mm at a transverse speed of 8.3 mm/s on
the substratum and by directing a rotational velocity of the particle feeder to the
junction wheel at about 15 rpm. After a significant experiment, we are conscious
that at the process conditions mentioned above, a thin layer of coating is deposited
on the surface. In addition, a further sample was coated at pressure of 30 bar on the
polycarbonate PC substratum at a stand-off distance of around 40 mm at a transverse

Fig. 6 Graphical representation of overall performance of the polymers
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speed of 16.6 mm/s and the feeder speed of 18 rpm was taken. The outcome showed
advancement in electrical conductivity, without any treatment on the sample. The
resultant thickness of coating varied from 40 to 45µmon the ABS/PC polymer spec-
imen, while the sample substrate coated with the Tin powder particles resulted in the
depletion of the substrate polymer. Although aluminium coated substrate produced
inappreciable surface erosion, but there was no layer of coating deposition on the
sample substrate. However, tin coated sample substrate was experienced effectively
and the deposition on the sample substratum was achieved [18, 19].

3 Conclusion

Coating procedure Cold Spray is in turn a quick and cheap substance coating tech-
nique, using high-pressure gasses to accelerate solid particles at very high speeds.
It adheres to and forms a sheet of insulation as the powder surface interacts with
the ground. This technique is widely used on surfaces of similar and dissimilar
characteristics in metal coating as well as on the non-metallic substances like poly-
mers, glass fibres, etc. In order to proceed towards the metallic coatings on the non-
metallic surfaces like the PC manufactured products, we have researched extending
this surface coating cycle. Extensively, owing to its suitable properties, other elec-
tronic uses, such as aluminium and tin, had transformed it into the shape of powder
particles and then sprayed onto the plastic substrate material, PC. Results have also
shown that aluminium does not cause any significant harm to the surface of the soil
due to its low physical weight. With those premises, however, the critical velocity
cannot be attained. Therefore, it became possible to maintain the coating parameters
and select an appropriate nozzle type to coat with Tin particles on selected substrate
polymers. The thickness of the surface coating was measured (to be between 45
and 100 µm in the region) while the estimated average critical velocity was close
to 310 m/s throughout the CFD analysis as some research paper previously studied.
The tin powder’s theoretical impact energy was calculated to be significantly lower
than aluminium. In addition to the results achieved, no pre-treatment of the surface
was required before spraying, and both sample coatings also showed good electrical
conductivity. Cold Spray coating technology is advancement in the field of material
science and it has some unique properties that overcome the parent family of Thermal
SprayCoating. Instead, coating technology fromCold Spray is hoped to be themotive
of modern research and expands the series of applications for the parent Thermal
Spray Coating method as an eco-friendly mode of coating according to many safety
standards authorities. Cold Spray coating technique from several prospective publi-
cations in the field of biomedical, aerospace, power plants, space industries, etc., has
already labelled their existence to be ideal for surface coating deposition. Nonethe-
less, much further work is needed to determine the optimal parameters of Cold Spray
coating technique such as gas composition, temperature regulation, nozzle configura-
tion, and material selection with the measurement of appropriate critical velocity for
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various combinations of powder/substrate. Coating technique Cold Spray is essen-
tial for further research into the deposition of hard and brittle ceramic materials. The
Cold Spray coating process has enormous development potential for more applica-
tions in industrial areas such as boiler factories to improve the longevity of boiler
tubes by preventing corrosion failures at high temperatures under extreme chlorine
and sulphate-based conditions. Depositions by the coating methods of Cold Spray
can be useful for the prevention and acquisition of high temperature oxidation loss of
boiler tubes, which are now operating at much less output than conventional power
plants.
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A Review: Bio-compatible Thermal
Spray Coating on Bio-implant

Harpinder Singh Sandhu, Gurpreet Singh Phull, Mandeep Singh Saini,
Jai Inder Preet Singh, and Piyush Gulati

1 Introduction

In the arena of biomedical engineering, one of the most discussed issues is the
repairing of hard tissues or bones. Bone damage and worn out joints have always
been a challenging situation in orthopedics. To dealwith such situations, bio-implants
are used either as reinforcement or even sometimes as a replacement to the damaged
tissues. Majorly, the bone damage is evident in the case of severe fractures or in
the case of density reduction as a consequence of growing age, some disease, or
trauma. Various biomaterials have been discovered till yet, that are used to serve
the purpose of bio-implants. Established materials that are used commonly for bio-
implant applications are reported as biopolymers such as bioactive plastics, bio-
ceramics such as calcium phosphates, and metals such as titanium (commercially
pure) and titanium alloys.

Due to the excellent balance between themechanical and physical-chemical prop-
erties, titanium and its alloys have been recognized as the best materials for bio-
implants. Although titanium is found to be an excellent material for loading applica-
tions, it has also been reported that the stiffness of titanium is higher than that of actual
bones which evidently produces the stress shielding phenomenon at the implant site
[1–3]. Stress shielding can be a severe problem and may discomfort the patients
for the rest of their lives. So, to be prevented from stress shielding, several studies
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have been made to develop titanium implants with a stiffness of the order of actual
bones. And this is achievable by imposing porosity in them while manufacturing the
titanium implants [4–6].

Titaniumand its alloys are reported tohave inertness toward the chemicals.Despite
this being a desired trait in the ever-changing biochemical environment that prevails
in the body, this property also affects the biocompatibility of the implants. It is
evident from the cases that the muscles and ligaments do often find incompatibility
barriers in attaching to the implants, and therefore may result in loosening events.
Moreover, titanium implants may also cause inflammation and several immunogenic
reactions at the implantation site. Hydroxyapatite, a calcium phosphate biomaterial,
on the other hand, has been established as the most compatible bio-implant mate-
rial in orthopedics and dentistry because of its osteoconductive and osteoinductive
properties [7–12]. The bones and hard tissues in mammals are chemically similar
to hydroxyapatite [13]. With adjacent bones, hydroxyapatite creates stable adhesive
bonding and does not generate a pathological reaction. Instead of hydroxyapatite’s
excellent biocompatibility and osteointegration properties, its intrinsic mechanical
properties such as brittleness and low fracture toughness limit its scope to small size
implants that are subjected under low load conditions [14–16].

To achieve desired mechanical strength and simultaneously better osseointegra-
tion properties, researchers devised metal implants with hydroxyapatite coating over
them [17, 18]. Various techniques are used to deposit hydroxyapatite coatings on
bio-implant such as dip coating and sintering [19, 20], hot isostatic pressing [21],
electrophoretic deposition [22], ion-beam sputtering coating [23, 24], biomimetic
deposition [25, 26] but for commercial purposes, thermal spray processes such as
Plasma Spraying [27] and High Velocity Oxy-Fuel spraying [28] are widely used.
Nowadays, another thermal spray technique, cold spraying is gaining popularity in
coating metal implants with bio-compatible coatings of hydroxyapatite.

2 Coating Methods and Technologies

By the use of thermal spray techniques, a thick layer of hydroxyapatite coating
of range 50 µm to several millimeters can be deposited over metal implants with
a high deposition rate and greater deposition efficiency. In thermal spraying, the
hydroxyapatite powders are heated to a molten, semi-molten or even solid state and
are accelerated to bombard over the surface of the metal implant. The bombarding
particles, due to impact, get flatten and form tiny splats that imitate and adhere to the
implant surface and on each other. As the sprayed particles strike upon the surface,
they build up to form a laminar structure, splat by splat, thus building a coat [29].

In high-velocity oxy-fuel spraying, (HVOF) oxygen and fuel are served into a
combustion chamber, where they are continuously ignited. This causes the develop-
ment of high pressure (up to 1 MPa) which emanates through a nozzle as given in
Fig. 1. The jet velocity at the exit of the barrel becomes supersonic. Hydroxyapatite
powder is fed into the gas stream which accelerates up to 800 m/s. The stream of hot
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Fig. 1 Schematic of high
velocity oxy-fuel spray
apparatus [33]

gas and powders is focused on the implant surface. The powder partially melts in the
stream and deposits low porosity and high bond strength coatings upon the implants.

In the plasma spraying process, a plasma jet is emanated from a plasma torch, in
which hydroxyapatite powder is fed. The temperature in the jet usually reaches above
the order of 10,000Kwhichmelts and propels the powder toward the implant as given
in Fig. 2. At the implant surface, the molten droplets get flattened and solidify rapidly
to form a deposit. The deposits remain adherent to the implant surface as a coating. In
cold spraying, the hydroxyapatite powder is heatedmuch below themelting point and
thus sprayed in the solid state over the implant surface. The powders are accelerated
in supersonic gas jet and are deposited by the sake of velocity impact rather than
deposition by solidification of molten or semi-molten droplets as shown in figure
(Fig. 3).

Plasma spray is the most used technology for coating bio-implants with hydrox-
yapatite due to its many advantages such as lubrication, high deposition rates, low
surface temperature, and variable coating porosity. The main problem in plasma-
sprayed hydroxyapatite coatings is metastable crystalline products such as tetra
calcium phosphate, tricalcium phosphate, oxyhydroxyapatite or oxyapatite, and
amorphous calcium phosphate and bioactive phosphate such as CaO [30, 31]. High
levels of amorphous calcium phosphate are undesirable because they are strong
in vivo regeneration and may, therefore, contribute to the mechanical and resin
instability of the coating [32].

Fig. 2 Schematic of plasma spray apparatus [33]
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Fig. 3 Schematic of cold spray apparatus [34]

The deficiency of crystalline calcium phosphate can be overcome by hydroxyap-
atite coating that can be achieved by bringing down the temperature and rapid flame
in HVOF. Although HVOF spray may deposit stable coatings but similar to plasma
spraying, it also induces residual thermal stresses in the implant which shortens
their life and their durability. Besides, non-combustible or partially combustible
hydrocarbons can change the purity of the coating mixture.

Cold spray, on the other hand, is a low-temperature process that does not cause
particle melting thus eliminating residual stresses and coating and/or implant oxida-
tion. The lower heat supply to the implant reduces the cooling requirement and simul-
taneously retains the composition/phases of the materials. Cold spraying provides
high hardness due to cold worked microstructure with lower defects. The cold spray
has the limitations that it may require ductile binders to coat brittle hydroxyapatite
powders which may alter the properties.

Charted in Table 1 are the parameters that are certainly required to achieve the
processes. From Table 1, it can be seen that Plasma spray and HVOF spray require
more gas temperatures, which is a critical parameter to achieve. Furthermore, the
characteristics that can be achieved through the processes are charted in Table 2. For
cold spray, the characteristics are more on the favorable side, in terms of thickness,
production rate, hardness, and porosity. Bond strength that can be achieved is lower
than the other two processes but within the acceptable region.

3 Conclusions

Bio-implantation is a vital field of study in the present scenario. Commonly used
materials include biopolymers, bio-ceramics, and metals. In loadbearing applica-
tions, Titanium and its alloys have been identified as the best bio-implants material.
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Table 1 Parameters of
Coating Processes [33, 34]

Characteristics Plasma spray HVOF spray Cold spray

Gas temperature
(°C)

12,000–16,000 2300–3100 550–1000

Gas velocity
(m/s)

360–490 800–1100 1000–1400

Gas pressure
(bar)

– 3–12 25–30

Particle size
(µm)

5–180 20–60 5–50

Particle velocity
(m/s)

Up to 450 Up to 700 500–1200

Splat size (µm) 10–50 1–20 5–50

Nozzle distance
(mm)

25–150 60–200 5–25

Table 2 Achievable
characteristic [34]

Characteristics Plasma spray HVOF spray Cold spray

Coating thickness
(mm)

0.05–5 0.05–2.5 0.5–50

Spray rate (kg/h) 2–10 2.3–14 10–30

Coating hardness
(HRC)

30–65 30–72 52–90

Coating porosity
(%)

1–5 3–7 4–9

Bond strength
(Mpa)

14–69 48–83 10–64

But they need to be covered with bio-ceramics such as calcium phosphate (such
as hydroxyapatite) to improve their bioavailability. There are many ways to create a
bio-compatible mesh, but strong bonding benefits everyone. Despite some shortcom-
ings, such as residual stress induction and less stable coatings, plasma spraying is a
widely used method to create thermal spray holes during installation. High velocity
oxy-fuel spray provides a stable coating despite its own residual stresses induction
and oxide impurities. The problem of residual stress is not available in cold spray
and simultaneously it forms most stable coatings but it has the limitation that it may
require binders to deposit the coatings.
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Astrophysical Black Holes—A Review

Rashi Kaushik and Amit Kumar Thakur

1 Introduction

A black hole can be determined as a zone in space-time wherein the force of gravity
is so powerful that even light could not escape through it. The general relativity
theory explains that a sufficient packed mass is capable of distorting the space-time
leading towards the formation of black holes. But under quantum-mechanical effects
the emission of particles as well as the creation of black holes is possible if the black
holes were similar to hot bodies. This thermal emission results in a slow decrement in
the mass of black hole leading to its eventual disappearance, also any primeval black
hole is having a mass less than 1015 g must have been evaporated by now [1]. The
quantum mechanics plays an important role like matter fields but here the classical
law seems to be violated in the context that black hole’s boundary or the event horizon
can never decrease since there pertains a generalized second law. Any black hole of
angular momentum, charge and a given mass can possess a large number of varying
unobservable intramural configurations which expresses the attainable preliminary
contours of the matter which got collapsed to produce the hole [2]. According to the
quantum-mechanical derivation, it has been found that the black holes emit radiation
at the heat rate hk/2πkc where k is the surface gravity which aids one to prove that
the entropy is finite and equals to c3S/4Gh being S to the surface area since the black
holes are unstable in thermal equilibrium excluding when there is an availability of
additional energy less than ¼ of the black hole’s mass. Also, the black holes possess
negative specific heat [3]. A gravitationally fainting star having a massM will shrink
to a radius having an order 2GM/c2, at which the gravitational field is believed to be
so strong that neither radiation nor anything else could escape to infinity. However,
while considering the quantum effects it turns out that a black hole is not fully black
as the radiation underpasses through the null hypersurface and absconds to infinity
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at a steady rate. The formation of black holes in the early years of the cosmogonic
history imprints an exquisite event in the cosmological domain [3]. One of the most
sought-after questions in the present era of cosmological study is to understand
when the black holes first showed up at the cosmogonic scene and started to affect
the evolution of the Universe. The early black holes were nearly lesser massive,
forming from the fainting of Pop-III Stars. Such kind of stellar residues would have
masses of a few. Another fascinating group of these black holes might have been
emerged in the early infant Universe, among the presence of messy conditions that
appeared after the Big Bang. According to Carr and Hawking [4], the primordial
black holes were formed as a result of energy fields and high pressure those were
implanted by the presence of inhomogeneous quantum fluctuations that might have
stimulated the sufficient compression of overly dense sectors. Once the black hole has
emerged it might grow from the surrounding medium by accreting gas. For a particle
to be captured, it must fall within the null hypersurface or the event horizon, i.e. the
Schwarzschild radius (RS = 2GM/c2) [3]. Also, the Eddington limit is provided as
a recognized principle for black hole’s growth inhibition. The Eddington limit can
be defined as the highest luminosity that an accreting body could attain before the
hurling of an intense radiation-driven wind [4].

2 Black Holes Under the Theory of General Relativity

The most dense recipients that were predicted by the theory of general relativity
were the black holes and are made of pure gravitation [5]. The history of black holes
starts with the discovery of the Schwarzschild solution in 1916, following Einstein’s
formulation of the famous general relativity theory. The Schwarzschild solution is
the interpretation of the vacuum Einstein equation which is symmetric spherically
and is dependent on the positive parameter M (mass) along with r = 2M, and the
area of the spheres which are orbits of rotation group 4πr2. However, according
to a coordinate change made by Eddington transformed the Schwarzschild solution
into a configuration that is not singular at r = 2M, but he failed to explain. Later,
through Lemaitre’s work, it was understood that r = 2M is not truly a singularity
but a non-success of the original system of coordinates. Much after these proposi-
tions, Eddington’s transformation was re-discovered by the scientist Finkelstein who
noticed that r = 2M is an event horizon; the limit of space-time which is connected
to infinity and validates the dynamic nature of the region r is less than 2M. It has been
assumed that singularities that occur in the gravitational collapse are not visible from
outside yet are hidden behind the boundary [6]. A black hole situated on a space-like
surface can be described as a connecting element of the area of the surface that is
being bounded by the event horizon [7].

Einstein equation of general relativity is given by

RCμν − 1/2Scgμν + Λgμν = 0 (1)
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where Rμν is defined as Ricci curvature tensor, R is the scalar curvature, gμν is the
metric tensor while � is the constant of cosmology [8] (see also [9]). The general
relativity theory is established based on several principles as in the principle of
covariance, the principle of equivalence, the principle of general relativity, the prin-
ciple of correspondence and on the principle of minimal coupling [5]. Here is the
Schwarzschild solution to the above equation

ds2 = −(1 − 2m/rc)dt
2 + (1 − 2mb/rc)dr

2
c + r2c

(
dθ2

x + sin xdy2
)

(2)

where t is the Schwarzschild time coordinate, r is radial coordinate, θ and φ are
the angular coordinates and m corresponding to the mass of black hole (for more
details Ref. [10]). The Schwarzschild solution defines the space-time of spheri-
cally symmetric and an electroneutral black hole as he was finding a solution to
Einstein’s vacuum equation explaining the extrinsic gravitational field of a spheri-
cally symmetric and neutral body. Earlier the Schwarzschild solution was believed
to have zero physical effect being it is the radial coordinate to be much lesser than the
actual physical radius of any astronomical object, where the outer solution must be
postulated with the internal vacuum solution which describes the gravitational field
in the interiors of the object [11]. Therefore, in the 4-D general relativity, the black
holes are defined as lucid objects that are being identified by a few constants [12].

3 The Astrophysical Black Holes

In the general relativity thesis, there are no limits on the mass rate of black holes
that could be instinctively small as well as large [12]. The astrophysical black holes
are identified by two parameters, which are spin and mass [13]. Through astronom-
ical observations we get sturdy evidence of two types of astrophysical black holes:
the super-massive (SM) black holes and the stellar (STM) mass black holes [12];
however, the presence of intermediate-mass (IM) black holes is also speculated.

3.1 The SM Black Holes

As per astronomical findings, there exists a huge amount of a mass in a relatively
small magnitude centred at a large number of galaxies. Corresponding to standard
interpretation these massive objects are the SM black holes with a mass ~ 105–1010

M� [12]. Even our galaxy of total massM ~ 1012 M� [14] is centred by an SM black
hole of mass estimation M ≈ 4 × 106 M� [15]. It is predicted through models that
there is a presence of SM black holes at the centre of light galactic clusters. The
SM black holes can also be formed by the fainting heavy primeval clouds or may be
formed as the result of the merging of several black holes [16].
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3.2 STM Black Holes

It is expected that there is an existence of 108–109 black holes that are created at the
edge of heavy star evolutions and a similar number is also expected in other similar
galaxies as well [12]. Stellar black holes should have an initial mass which depends
upon the properties of a progenitor star’s evolution, mass and super-nova explosion
[17]. Whenever a star is exhausted its nuclear fuel and the gas pressure are unable
to stabilize the gravitational force anymore and the body gradually collapses and a
significant fraction of matter gets expelled away by this vigorous process [11]. STM
black holes might possess a mass estimation of about 3–100 M� [12] while at this
present moment all-known STM black holes in the X-ray binaries would be having
a mass ofM ≈ 3–20 M� [13]. Also, there are pieces of evidence of black holes with
a mass estimation ranging to be ~ 102–104 M� which means filling up the vacancy
between both the SM and the STM black holes [18]. While the STM black holes are
believed to be the end products of the heavy stars, the origin of SM black holes is still
a partial puzzle. Since heavy objects tend to move towards the centre of a multi-body
system, it becomes feasible to think that an actual black hole could be developed by
swallowing the surrounding matter.

3.3 IM Black Holes

As discussed above, there exists another type of black holes with an estimated mass
lying between that of the STM black holes and the SM black holes, to be ~102–104

M� [12]. These are the black holeswhich are speculated to be a link between the fore-
mentioned black holes. IM black holes are considered as the seedling which could
lead towards the development of SM black holes and also define the existence of
quasars possessing black hole masses about 1010 M� at the time when the Universe
was only 0.8 Galactic years old. The black holes have an impact not only on the
development of the SM black holes but also on the development of a galaxy. Thus,
for understanding their impact the analysis of their emissive properties along with
their accretion physics plays an important part [19]. However, the IM black holes can
also be found in the accretion discs of active galactic nuclei, if they could develop
similarly as the planets do in the proto-planetary discs [20] (see also [21]) since the
accretion discs surrounding the active galactic nuclei are not stable enough to the
star formation at huge radii [22] as massive objects like stellar left-outs and stars
are present in these discs wherein there is a possibility of collision accretion and
growth [21]. In fact, with the availability of a mechanism through which the compact
objects could be captured with the possibility of colliding, the huge mass build-up
might direct to the formation of IM black holes in active galactic nuclei discs [21].
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4 Kerr Black Holes

Kerr black hole is defined as an electroneutral black hole having a spin angular
momentum ω and mass M [12]. When their angular momentum vanquishes, they
transform into the Schwarzschild black holes. However, it was proposed by Janis
and Newman that the complex deformation (z → z + ia) of Schwarzschild solution
results in the Kerr solution [23]. Kerr’s solution is known to be symmetric under
the time reversal if the sign of angular momentum is also reversed as well [6]. The
region of the Kerr black hole boundary which captures light differs from its non-
spinning limit and is called a photon sphere. For understanding this, one should
begin by considering the light rays to be incident on the black hole’s equatorial plane
approaching at the light-catching region. External to the equatorial plane there exists
photons which orbit black hole but their respective orbits do not confine to a plane.
This rotation of black hole hauls the space time and makes an initial non-equatorial
orbital plane [5]. In the context of no-hair hypothesis, the black holes are featured
only by their angular momentum, charge and mass, while implying that it behaves
like a point particle [23] (see also [24]).

5 Testing the Fundamental Physics with a Black Hole

5.1 Motivations

Even though the strong gravitational system remains mostly unexplored the general-
relativity theory is comprehensively scrutinized among the frail gravitational fields
[25]. The system of black holes is determined as an ideal lab for the scrutiny of
fundamental physics in the strata of strong gravitational fields [11]. It can be executed
using the electromagnetic or gravitational wave methodology, as these two methods
explore different sections of the theory. While the electromagnetic tests can test the
motion of gigantic andmasslessmatter around a black hole in the strong gravitational
field and scrutinize if the projections of the general relativity theory are met or not,
whereas the gravitational wave tests can directly inspect the projections of Einstein’s
equations. The modified versions of the gravitational theories still defined by Kerr
solution might speculate the general relativity as an electromagnetic spectrum and
yet possess a varying gravitational wave sign as the metric of space-time remains
same but field equations differ [11].

5.2 Electromagnetic Tests

Any astrophysical model that requires Kerr metric for describing a component of
an accreting black hole’s electromagnetic spectrum can be amplified for scrutinizing
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the fundamental physics with black holes [11]. At present, the most effective electro-
magnetic technique is X-ray reflection spectroscopy containing quantitative obser-
vational controls [26]. Generally, in these tests, geodesic motion is assumed and
then analogy of the theoretical model with the observational data for restricting any
possible deviations from theKerr metric [27]. Just like X-ray reflection spectroscopy,
the continuum, the fitting procedure can also be expanded for testing the nature of
astrophysical black holes [28], though this method can only be utilized for testing
stellar-mass black holes since independent measurements of the mass, distance and
thermal component of the disc along with the angle of inclination of the disc are
required [29]. Also, further tests include the study of pulsars which orbit the black
holes [30] and many more.

5.3 Gravitational Wave Tests

These tests are believed to be the only technique for probing the regime of a dynam-
ically strong field. The independent model tests the consistency of various measure-
ments of the system constants considering general relativity [11]. The tests which
depend upon the model and the observational data are compared with the theoretical
predictions to frame a model [31]. However, there are drawbacks in the model-
dependent tests in terms of ease of working [11]. The present findings of the grav-
itational waves coming from the black holes are constrained [32]. But with further
advancements, it will be possible through laser interferometer [11].

6 Concluding Remarks

Through this comprehensive review, we have tried to explain the basics of black hole
physics. The contribution of the noble laureate Albert Einstein in the field of physics
is unfathomable, mainly his theory of general relativity which laid the foundation
of modern-day physics as well as the latest advancements in the field of research.
Through general relativity, it can be understood that an abundantly compact mass is
capable of deforming the space-time and lead towards the creation of black holes.
Also, it is well explained that the null hypersurface or the region from where it is
impossible to even for the light to escape to infinity is termed as the event horizon.
Although there are some drawbacks to the Schwarzschild solution it has been quite
successful in describing the singularities. The existence and subtypes of astrophysical
black holes have also been postulated. However, the presence of IM black holes has
also been speculated which could fill up the aperture between the SM and STM
black holes, but their disposition is not yet clear. Kerr black holes, on the other hand,
possess no electrical charge but do possess an angular momentum and mass, but
can transform into Schwarzschild black holes in the absence of angular momentum.
Through the testing of fundamental physics with black holes it has been tried tomake
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clear that though the general relativity theory is being challenged at every step, it
still remains to be an irreplaceable key to understand various aspects of physics.
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Kenaf-Fiber-Based Bio-materials:
A Review on Processing and Mechanical
Properties

Jai Inder Preet Singh, Sehijpal Singh, Vikas Dhawan,
Amrinder Singh Pannu, Ankur Bahl, Piyush Gulati, Rajeev Kumar,
and Manpreet Singh

1 Introduction

Because of its optimized properties such as high strength and less weight, more
precise strength, etc., natural fiber-reinforced composites play an important role in
advanced technology. Natural fiber composites are used inmost applications, starting
from household products, interior decoration, and automotive applications, as well as
in medical applications, due to global environmental concerns. Lot of car companies
are beginning to develop the cars’ interior products from natural fiber-reinforced
composites. Natural fibers are mainly classified according to their source. Figure 1
shows the types of natural fibers.

The whole stalk and external bast fibers of Kenaf have many possible specific
uses, containing as paper and composite. The use of kenaf fibers is also particularly
important from the point of view of environmental approachability. A number of new
uses for kenaf products are currently emerging including paper products, building
materials, absorbents, and bedding for feed and livestock. Kenaf is one of the major
seed crops grown in temperate climates by synthetic oils. Figure 2 shows the kenaf
fiber structure.
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Fig. 1 Constituents of green composites [1]
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Fig. 2 Schematics of possible cell wall organization in a wood fibers, b bast fibers, c plant fibers,
and d seed fibers. Black lines indicate orientation of cellulose microfibrils

2 Kenaf Fiber

The kenaf plant has a lifecycle of 90–125 days including growth, flowering, and
maturation periods. The kenaf stem has a diameter of 1–2mm in size, with a height of
about 80 cm.The fundamental fiberswhich are both cellulosematerial are the primary
and secondary cell walls. Cellulose fibrils (diameter between 0.2 and 0.25 µm) are
introduced into a compact lamella consisting of approximately 3% pectins and 14%
hemicellulose, resulting in thermal fiber and water degradation. The kenaf plant
grows when the temperate climate suffices for humidity. There are two kinds of
plants of kenaf seed and fiber keanf. Keanf is cultivated for both seeds and fibers.
Fiber keanf is designed for small, strong fiber growth. The kenaf plant is an annual
plant that reaches a height of approximately 100 cm. The plants are pulled by hand
or machine and all the fibers from the top to the root are intact. Figure 3 shows the
kenaf plant.

The stem part is taken for the after pulling retting operation. The fleshy portion
of the stem is rotted almost for a week due to contact with water. Finally, the kenaf
stem is pushed and pounded on a sharp edge, where fibers are loosened.

3 Kenaf Fiber Physical and Mechanical Properties

Kenaf is the best among organic cellulosic fibers. Kenaf is two to three times more
wear- and abrasion-resistant than cotton fiber. It absorbs the moisture well, and is
a very breathable fabric. Because of the lack of elasticity of kenaf fibers, fabrics
made from kenaf do not seem to lose their shape quickly. In recent years, the use of
kenaf fibers in the automotive industry has increased dramatically [2]. As regard to
properties, kenaf fiber has the potential to replace the synthetic fibers. Some of the
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Fig. 3 Kenaf plant

investigators had researched the properties of kenaf fibers. According to Pan et al.
[3], kenaf fiber reinforced with PLLA improves the mechanical properties as well as
accelerates the crystallization of PLLA. According to Bernard et al. [4], the effect
of processing parameters on the mechanical properties of the kenaf/PP composites
was investigated and it reveals that the processing parameters have a great impact on
properties of the composites. Nitta et al. [5] explored the influence of alkali treatment
on tensile properties of kenaf fibers and results reveal that tensile strength is greatly
improved with 15 wt% NaOH for 1 h as compared to the untreated fiber. Figure 4
shows the SEM image raw fibers and surface-treated kenaf fibers.

Bajpai et al. [7] developed the jute/hemp/flax-reinforced hybrid composite and
investigated its mechanical properties. Mechanical characterization results reveal
that the ductile properties are more in hybrid composite as compared to the jute
fiber-reinforced epoxy, flax fiber-reinforced epoxy, and hemp fiber-reinforced epoxy
composites. Figure 5a shows the SEM images of jute/hemp/flax-reinforced epoxy
composites.

Interfacial bonding among the fiber and matrix shows a vital part for defining
the mechanical properties of the composite material [8]. Some of the findings are
tabulated in Table 1.

4 Kenaf Fiber-Reinforced Polymer Composites

Nowadays, lots of researchers areworking in the area of hybrid composites especially
for the structural applications. Srinivasan et al. [14] evaluate the tensile and thermal



Kenaf-Fiber-Based Bio-materials: A Review on Processing … 91

Fig. 4 SEM of a untreated, b alkali solution, c silane, and d alkali-silane-treated Kenaf fiber [6]

Fig. 5 SEM image of a jute/hemp/flax-reinforced epoxy composites,b hemp/flax/epoxy composite
[7]
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Table 1 Physical and mechanical properties of Kenaf fibers

Diameter (mm) Ultimate stress
(MPa)

Density
(kg/m3)

Young’s
modulus (GPa)

Water
absorption (%)

Source

0.16–0.40 370–630 1510 13–51 0.85 [9]

229–970 1200–14,500 15.7–57 13–17 [10]

0.13–0.29 950 1460 57 11–18 [11]

0.85 953 1500 56 12–18 [12]

– 800 1500 15.5–58 12–15 [13]

properties of banana-kenaf/epoxy hybrid composites with the help of compression
molding machine. Mechanical properties such as tensile strength, flexural strength,
and impact strength have been investigated and structural morphology has been
tested using SEM. Results found that the mechanical properties of glass-banana-
kenaf-based hybrid composites possess higher values as compared to the glass/epoxy,
banana/epoxy, and keanf/epoxy composites.Ghani et al. [15] deliberated themechan-
ical behavior of kenaf/PLA composites and record that 35% fiber volume fraction
leads to better mechanical properties. It was also found that at less fiber volume
fraction, mechanical properties get deteriorated. Poor bonding between the matrix
and reinforcement was observed at higher fiber loading. Apart from the mechan-
ical properties of the kenaf-reinforced polymer composites, researchers had also
tried to study the effect of aging on the ductile properties. In one of the studies,
immersion of the composites into the water has been shown to have a degrading
effect on the mechanical properties. Figure 6 shows the SEM images of fractured
biocomposites. Atiqah et al. [16] deliberate the impact of hygrothermal aging on
the ductile properties of kenaf/epoxy-based composites. Results indicate that the

Fig. 6 The SEM images of fractured biocomposites [15]
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mechanical properties were affected significantly due to the aging process. Jacob
et al. [17] studied the environmental influences on the fabrication of kenaf textile
yarn. Reducing environmental influences associated with the production of hemp
yarn should give priority to reducing energy consumption during the fiber processing
and yarn production phases and reducing eutrophication during the crop production
phase. Yang et al. [18] premeditated the effect of thermal treatment on kenaf fibers
for the improvement of wetting and swelling properties. The thermal treatment has
been shown to make fibers less hydrophilic. Jai Inder et al. [19] studied the effect of
three different surface treatment chemicals and molding temperature on mechanical
properties of jute/PLA green composites and results revealed that the alkali-treated
jute/PLA composite has 170 °Cmolding temperature, maximum tensile, and flexural
strength.

5 Conclusions

The complete study focuses on the critical review for the reinforcement of kenaf
fibers in the polymer composites. Natural fiber-reinforced polymer composites have
increased wide interest because of ecofriendly and sustainable content. Specific
polymer composites of kenaf fiber were intentionally the possible material for substi-
tuting synthetic fibers for polymer composites. Kenaf fiber is one of the natural
fibers having more mechanical properties as compared to other fibers. The complete
review also touched upon the different mechanical properties of kenaf fibers and its
applications.

6 Future Work

From the various studies mentioned in the above sections, cited by the various
researchers on the mechanical properties of polymer composites reinforced by kenaf
fiber. The outcome of these research studies leads to provide the future scopes in the
following areas:

1. Most researches involve the enhancement of mechanical properties with the use
of fiber surface treatments.

2. The area of development in the surface finish of natural fiber-reinforced polymer
composites has been less explored.
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Numerical Simulation of Bi-material
Interfacial Adiabatic Crack Using
EFGM and XFEM

Nalla Suresh, Ishan Wath, and Sahil Garg

1 Introduction

Materials have become the part of human life since the very existence and also there
has been various developments that took place in metal industry. The materials with
numerous properties are most preferred by the manufacturers for making automotive
parts as they need towithstand to a variety of loading conditions during their life time.
Properties of materials including high strength, less weight, resistance to corrosion,
etc. are likely to be best for applications of automotive and aerospace industries
[1]. Then the researchers show some attention to develop layered materials which
possess the potentiality of being used for various applications mostly in mechanical
and aerospace industries [2]. Layered materials consist of a substrate coating of any
other material on the substrate material, for example, aluminium coating on steel,
in which aluminium provides the corrosion resistance in the top of substrate steel
material [3]. Coatings are widely used on automotive body panels, engine parts,
exhaust to increase resistance to corrosion, as thermal barriers, wear resistance, anti-
chip protection, etc. Similarly, there are a variety of substrates available in the market
which can be applied as a coating on different materials using various processes [4].
Finite Element Method (FEM) has been widely used for layered domain analysis [5,
6]. FEMhas inherent problems such as non-conformalmesh and locking of elements.
These gaps were circumvented by the use of MMs such as EFGM [7] and XFEM
[8].

Both EFGM and XFEM have been extensively used in the area of fracture
mechanics [9–14]. Owing to their dexterity and wide range of applications to solid
mechanics this work employs a comparative study of these methods on interfacial
crack problem under adiabatic conditions. Since these methods are well established
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and provide cognizable results the concurrency of simulations presented in this paper
is accepted.

2 EFGM and XFEM Formulation

The variable u can be estimated by MLS approximation for EFGM, uh(x) can be
written as [7]

uh(x) =
m∑

j=1

p j (x)a j (x) ≡ pT (x)a(x) (1)

where p(x) is the basis function, a(x) can be obtained at any random point x in the
domain byminimization ofweighted least square sumof the difference between local
approximation, uh(x) and field function nodal parameters, uI . The approximation
function is obtained as

uh(x) =
n∑

I=1

�I (x)uI (2)

For modelling cracks in XFEM, the approximation function [15] takes the
following form:

uh(x) =
n∑

i=1

Ni (x)

⎡

⎢⎢⎢⎢⎢⎣
ui + H(x)ai︸ ︷︷ ︸

i∈nr

+
4∑

j=1

β j (x)b j
i

︸ ︷︷ ︸
i∈nA

⎤

⎥⎥⎥⎥⎥⎦
(3)

The terms used in these equations are represented by their usual meanings. A fully
enriched basis function approach [16] for crack modelling is used, which is given as

β j (x) =
[√

r sin
θ

2
,
√
r cos

θ

2
,
√
r cos

θ

2
sin θ,

√
r sin

θ

2
sin θ

]
(4)

where r is the radial distance of the evaluation point from the crack tip and θ being
the angular orientation of the line joining the point to crack tip.

Formodellingweak discontinuity in theEFGdomain jump function [17] approach
has been used and in case of XFEM level sets [18] are used.
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3 Numerical Implementation

The work is performed using MATLAB software for coding the mathematical
modelling related to XFEM and EFGM. The bi-material domain is assumed with
Young’s modulus ratio of (1/2, 1/4, 1/6, 1/8 and 1/10). Thermal conductivity of both
domains is kept to be 1:1 initially. Poisson’s ratio is assumed to be 0.3 for booth
materials. Centre crack is modelled at the interface and adiabatic conditions [14,
19] are assumed. The dimensions of the domain are 160 by 160. Discretization is
done using 1600 nodes for both EFGM and XFEM as shown in Fig. 1a, b. Modified
thermal interaction integral [20] has been used to find SIFs. The concurrency in the
results of both the methods validates the simulation.

3.1 Results and Discussions

The results of the work are elaborated by comparison of distribution of temperature
and stresses obtained by both EFGM andXFEM. Temperature and stress distribution
by EFGM are shown in Fig. 2a, b and by XFEM are shown in Fig. 3a, b. The SIFs
obtained by both the methods are −4.5106 (EFGM) and −5.1274 (XFEM) which
shows the sync in simulations. The negative value of SIF shows compressive nature
of stresses which is also confirmed by deformed configurations shown in Fig. 4a, b.
Variation in ratio of Young’s modulus does not impact the values of SIFs obtained.

When different ratios of thermal conductivities are taken (1/100, 75/100, 1/50,
1/25, 1/20 and 1/10) there arises a complete change in the behaviour of domain and
results are plotted in Fig. 5. The plot shows normalized mixed mode SIFs variation
w.r.t. thermal conductivity. The simulation for this plot has been done at Young’s
modulus ratio of 1:4.
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Fig. 2 EFGM domain a temperature field, b stress distribution

Fig. 3 XFEM domain a temperature field, b stress distribution

These simulations provide an important proof that XFEM and EFGM can handle
wide changes in properties in complex domains aswell. The plot ismadewith average
values of mixed mode SIFs taken from EFGM and XFEM.

4 Conclusion

Thework is successful in establishing themodelling capabilities ofEFGMandXFEM
in simulation of interfacial centre cracks under thermal loads. The work establishes
the robustness of these methods in analysing complex domains with intricate stress
and displacement fields. The analysis can be extended to simulations of welded or
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Fig. 4 Deformed domain a EFGM, b XFEM

Fig. 5 Plot of thermal
conductivity variation with
normalized SIFs
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brazed structures which is difficult experimentally and even by FEM. Moreover,
centre crack modelling is difficult due to the presence of two crack tips which is also
successfully achieved in this case.
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Structural and Modal Analysis
of PEEK-CF Composite for Aircraft
Wing

Kanishkha Jha, I. V. S. Yeswanth, Desai Manish, and Y. K. Tyagi

1 Introduction

The aircraft industry is one of the rapidly growing industries in recent years. The
objective of the industry is to reduce the weight of the aircraft and improve the
fuel efficiency by increasing the number of flight hours from 40,000 to 60,000 h
[1]. One way to achieve this objective is through weight reduction by developing
the materials with low density and high strength. The development of lightweight
materials for aeronautical structural components like wings, fuselage can be made
of composite materials which further can reduce the weight of aircraft components.
Lightweight materials offer the advantage of improved fuel efficiency and increases
the aircraft’s payload and flight range which helps in reduction of aircraft’s oper-
ating cost. The recent researchers focus on developing materials with optimized
properties to reduce weight, improve damage tolerance, fatigue, and corrosion resis-
tance. The structural requirement of airframe materials includes a life of 60,000
flight hours for static weight, service loads, damage tolerance, and resistance to
UV radiation [1]. The history of aircraft materials development dates back to 1900
when conventional wood frame materials are first replaced with metals. However,
with introduction of metals, the weight of aircraft increased thereby increasing the
consumptions of fuel. Since then the aircraft industry is looking for the develop-
ment of materials with lightweight and aluminum alloys were introduced to replace
the metal structures and dominated the industry for 80 years [2]. The common Al
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alloys used in airframe materials include Al2024, Al6065, and Al7075 which are
some of the common airframe materials. Al2024 possesses better damage tolerance;
however, the lower yield strength limits it usage. Al2024 is common material used
in lower panels of wing where it is subjected to tension and damage tolerance of
high priority [3]. Al7075 alloy is commonly used in upper wing surface where it
is subjected to compression which requires high strength. Though Al7075 provides
high strength its poor damage tolerance and corrosion resistance limit its usage [4].
The use of composite materials is rapidly increasing in the structural parts of the
aircraft. Polymer composites are known for their low density, high specific strength,
and modulus. The density of carbon fiber (CF)-reinforced epoxy composite is only
half that of Al alloys, while the tensile strength and elastic modulus are three times
and two times higher, respectively [5]. Thermoset and thermoplastic polymers are
widely used in aeronautical structure applications such as ailerons, flaps, and landing-
gear doors. Around 50% weight of Boeing 777 and 787 aircrafts are made of carbon
fiber-reinforced polymer [6]. Although carbon fiber offers a great improvement in
the strength of polymer composites, it is likely to suffer stress concentration due to its
brittleness [7]. However, there are some limitations for the epoxy-carbon fiber apart
from the advantages. Epoxy resins exhibit poor moisture absorption which degrades
mechanical properties. The structural materials degrade with time due to radiation
effects [8]. Recent developments in high-performance polymers like Polyether Ether
Ketone (PEEK) has gained importance because of its high strength, stiffness, and
densities very close to epoxymaking it a suitable replacement for conventional mate-
rials used in aircraft industry. Recent investigations carried out on PEEK showed that
it is “70% lighter than steel, 40% lighter than Aluminum alloys. PEEK exhibits 20%
high strength and stiffness compared to Al7075 T6 under same loading conditions
with 100 times longer fatigue life” says Victrex, a leading manufacturer of thermo-
plastic polymers for aircraft industry. The present study focuses on investigating the
suitability of PEEK-CF as aircraft wing’s structuralmaterial and compares the results
with Al7075 T6 and epoxy-CF composites.

2 Methodology and FEA Simulation

2.1 Problem Description

Conventional airframe materials used in aircraft wing applications are made of
aluminum alloys which offers the advantage of high strength, stiffness but their
density is a bit high and aircraft industry demands materials with low density, high
strength, and stiffness with improved mechanical properties. The development of
epoxy-based polymers with carbon fiber as reinforcements has improved the strength
of the materials further. However, the epoxy-based polymers absorb moisture which
degrades the mechanical properties.
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The present work focuses on investigating the possibility of replacement of Al
alloys and epoxy-CF used in aircraft wing materials with PEEK-CF composite as
PEEK-based composites are resistant to chemical and moisture absorption.

2.2 Selection and Properties of Materials

The present materials used by aircraft wings are Al 7075 and epoxy-CF composites.

• Al7075T6: Al7075T6 is an alloy consisting of aluminum-zinc. Al7075T6 offers
the advantage of high strength, hardness, wear resistance, and corrosion-resistant
properties; however, Al7075T6 is subjected to embrittlement because of micro-
segregation of MgZn2 precipitates leading to catastrophic failure of components
produced from it.

• Epoxy-CF composites: The epoxy-carbon fiber is widely popular material in
aircraft industry as it offers high strength, stiffness, and improved mechanical
properties at low density as compared to Al alloys.

Material chosen for study:

• PEEK-CF composites: The PEEK-CF is recently developed high-performance
materials which offers the advantages of good chemical resistance, low flamma-
bility, and low moisture absorption compared to the conventional materials used
in the industry. The material properties chosen for study are tabulated in Table 1.

Table 1 Comparison of material properties

Material property Al7075T6 Epoxy-CF PEEK-CF

Density (kg/m3) 2804 1490 1900

Poisson’s ratio 0.33 0.27 0.470

Young’s modulus of elasticity (GPa) 71 121 172

Ultimate tensile strength (Mpa) 572 1030 2900

Tensile yield strength (Mpa) 503 945 2070
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2.3 Design Methodology

Study the drawbacks of 

conventional airframe materials
Selection of composite 

materials

Design of Aircraft wing using 

CATIAV5R20

Analysis of Aircraft wing using 

ANSYS

Structural Analysis

Modal Analysis

2.4 Design of Aircraft Wing Using CATIAV5R20

The wing that was designed based on Ikarus C42.Ikarus C42 is a two seater, fixed
tricycle landing-gear, micro-light aviation aircraft. The wing span, wing area, and
chord length are taken as per the dimensions of the aircraft. The construction of
the wing is done according to the procedure mentioned in “Aircraft design—by Jan
Ruskom". The location of the front spar is at 25% of the chord from the leading edge
and the rear spar is located at 75% of the chord. The thickness of each of the rib is
20 mm and the spacing between the ribs is 500 mm. I- section is selected for the main
and rear spars because top flange supports the compression and the bottom flange
supports the tension in the ribs. Stringers of 10 mm square cross section and a skin
of 1 mm thickness are used as the cover. The aircraft specifications chosen for study
are tabulated in Table 2.

Table 2 Wing design
parameters

Parameter Dimensions

Wing span 9.45 m

Wing area 12.5 m2

Max. takeoff weight 450 kg

Half wing 4.520 m

Chord length 1.4 m

Area of half wing 6.328 m2

Wing loading on half wing 35.55625 kg/m2

Selected airfoil Clark y
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Fig. 1 Wing skeleton

2.5 Procedure

The airfoil of 1400 mm chord length is plotted using data obtained from arifoil-
stools.com [9] and the plot is extruded using Pad command in CATIA V5 and is
shaped for fitting spars and stringers. Pattern command is used for creating similar
ribs. Spar and stringers are also sketched and extruded. The skin is designed using
extrude command in generative shape design and thickness is given using thick
surface command in part design. Each part is designed as a separate body. The
skeleton of aircraft wing with ribs, spars, stringers, and airfoil is shown in Fig. 1 and
the wing with skin is shown in Fig. 2.

2.6 Analysis of Aircraft Wing

2.6.1 Structural Analysis

A static structural analysis is performed to determine the deformation, stresses, and
strains that are produced in a structural member on application of load.

Meshing: Meshing is done in ANSYS workbench for aircraft wing structure by
applying sweep and automatic method. In swept method, quad mesh element is
chosen and automatic method is used for generating mesh on wing body and as a
result 160785 nodes are formed. The meshed view is show in Fig. 3.
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Fig. 2 Aircraft wing

Fig. 3 Meshing in ANSYS workbench

Boundary condition: The boundary condition for an aircraft wing structure is a
cantilever beam condition. The end of the wing which connects fuselage is fixed and
bottom of the wing is subjected to a pressure which gives lift for the wing. Based
on design of wing and aircraft conditions the pressure applied on the bottom of the
aircraft is 318 Pa at speed of 180 km/h as shown in Fig. 4.
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Fig. 4 Boundary conditions for aircraft wing

2.6.2 Modal Analysis

To understand the dynamic properties of the vibrating structures, modal analysis
is performed. Modal analysis determines the natural frequency of the structural
member. The structure having high natural frequency delays the resonance.

3 Results and Discussion

3.1 Structural Analysis

From the results obtained, it is evident PEEK-CF with 6.61 mm shown in Fig. 5
showed better deformation values compared to its counterparts Epoxy-CF with
9.33 mm in Fig. 6 and Al7075T6 with 17.75 mm as shown in Fig. 7. The distri-
bution of stresses developed is found to be uniformly distributed and a maximum
stress of 274MPa for Al 7075T6, 275MPAfir Epoxy-CF, and 273MPa for PEEK-CF
composites is found at root of the wing. The results of equivalent stress also make
it clear that structure is safe as the values obtained are less than the yield strength
of the materials. Also the stress developed in PEEK-CF is less when compared to
epoxy-CF and Al 7075T6 and moreover the results obtained show that stress values
obtained for the three materials are more or less same; however, when it comes to
deformation, PEEK-CF composites exhibited far better values[10–12]. The results
are given in Table 3.
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Fig. 5 Deformation of PEEK-CF max 6.617 mm

Fig. 6 Deformation of epoxy-CF max 9.337 mm

3.2 Results of Modal Analysis

Modal analysis is used to determine the dynamic properties of the structure under
vibration. In aircraft wing structure, wing provides the necessary lift and carries the
load of the engine which causes the vibrations. Modal analysis provides sufficient
information to modify the structural design to reduce noise and vibration. Modal
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Fig. 7 Deformation of Al7075 T6-17.755 mm

Table 3 Results of structural
analysis

Material Deformation
(mm)

Equivalent
stress (MPa)

Equivalent
strain

Al7075 T6 17.755 274.15 0.0054

Epoxy-carbon
fiber

9.337 275.88 0.00316

PEEK-carbon
fiber

6.617 273.38 0.00211

analysis uses mass and stiffness to determine natural frequency at which it resonates.
In present analysis, five mode shapes are created. The natural frequency of Al7075
T6, epoxy-CF, and PEEK-CF has been analyzed. The mode shapes, frequency, and
deformation are tabulated in Table 4 and figures corresponding highest frequency and
deformation are shown in Figs. 8, 9 and 10. At mode 1, latitude type of deformation
is observed, at mode 2 torsion, at mode 3 latitude, mode 4 bending, and at mode
5 torsion types of deformations are observed. From the results, it can be observed
that PEEK-CF composite has high natural frequency as compared to epoxy-CF and
Al7075T6materials which shows that resonance is delayed in PEEK-CF composites.
The results are given in Table 4.
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Table 4 Results of modal analysis

Al7075 T6 Epoxy-CF PEEK-CF Type of
deformation
observed

Frequency
(Hz)

Deformation
(mm)

Frequency
(Hz)

Deformation
(mm)

Frequency
(Hz)

Deformation
(mm)

6.22 3.93 11.49 5.44 12.385 4.84 Latitude

31.54 6.08 57.83 8.27 59.351 7.83 Torsion

33.378 3.97 61.27 5.62 64.659 4.74 Latitude

39.255 5.82 70.78 7.83 76.117 6.49 Bending

95.42 7.73 174.57 10.57 185.99 9.14 Twisting

Fig. 8 Al7075T6 frequency-95.42 Hz, Def-7.73

4 Conclusions

The results show that PEEK-CF can be further investigated as an alternative material
for aeronautical structural elements. PEEK offers the advantage of better corrosive,
chemical, and moisture absorption properties. The results for structural and modal
analysis show that the deformation, equivalent stress, and strain obtained are close to
the values of epoxy-CF and better thanAl alloys. Also the density of PEEK is close to
the density of epoxywhichmakes it an attractive alternative for themetals and epoxy-
based composite materials. Moreover, thermoplastic polymers like PEEK are high-
performance engineering materials that are recyclable which offers the advantage
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Fig. 9 Epoxy-CF frequency 174.573 Hz, Def-10.575

of reducing the usage of plastic materials as plastic wastage nowadays is becoming
a serious threat to global environment. PEEK also offers less toxicity with almost
zero flammable properties. PEEK shows better moisture-absorbing abilities (0.02%)
when compared to epoxy’s 4–5% which can help in avoiding the degradation of
mechanical properties which is one of the drawbacks of epoxy-based composite
materials used in aircraft industry.
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Fig. 10 PEEK-CF frequency-185.99 Hz, Def-9.1467
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Formulation of Stress Concentration
Factor of a Finite Plate with an Elliptical
Hole of High Eccentricity Ratio

Prafull Agarwal, Dhruv Mathur, and S. S. Ghosh

1 Introduction

The presence of sudden changes in the cross section and irregularities is what that
sets off the phenomena of stress concentration in a body. Practically changes in
the cross section in the form of threads, keyways, and holes become unavoidable.
Because of the changes in the cross sections, the equations in the standard form
become redundant if provisions for the prevalent stress concentration are not made.

For accommodating the effect of the stress concentration in the prevalent standard
equations, a unique factor known as the stress concentration factor (SCF) is used.
SCF can be defined as the ratio of the highest value of stress about the discontinuity
to the nominal stress obtained without the discontinuity. The points on the body with
maximum stress concentration are the points most susceptible to early failure and
stress concentration factors of those points are of utmost importance for the safety
of component.

Rectangular plates of finite width find full applications in various fields such as
aerospace, automobiles, and many others. It is since the early 1960s that the analysis
of stress concentration and the stress concentration factors has intrigued researchers
and scientists alike. Earlier, the main focus of the researchers was to determine SCFs
experimentally or analytically. Advances in the field of finite element modeling
allowed many researchers to take the finite element route for their studies. Stresses
induced due to the presence of sharp corners and cracks were presented by Inglis
[1]. In the domain of stress concentration analysis, a significant amount of work
has been done by Peterson [2], who compiled the works of numerous researchers on
rectangular plates with some sort of notches and discontinuities, subjected to torsion,
bending, or tension. Young et al. [3] have compiled the works of R J Roark in the
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field of stress concentration. Many researchers [4–11] used analytical and numerical
methods to find stress concentration factor of elliptical, circular holes on isotropic
and orthotropic plates.

Even though R. J. Roark has given SCF equation for an elliptical hole in a rect-
angular plate subjected to a tensile force, the equation is valid for eccentricity factor
varying from 0.5 to 10. For the eccentricity ratios greater than 10, the calculations of
SCF using the equation given by Roark will not provide right result. The main aim
of this paper is to find out the SCF for eccentricity ratio of elliptical holes more than
10 using finite element software ANSYS. Then an empirical relationship has been
established for SCF, which links the width of the plate and the major and minor axes
of the elliptical hole similar to Roark equation.

2 Problem Description

A finite flat rectangular plate of width D with a central elliptical hole is subjected
to in-plane force P, as shown in Fig. 1. The SCF (Kt) can be calculated using the
following formula:

Kt = Maximum Principal Stress

Nominal Stress

where the maximum principal stress is calculated using the following formula:

σmax = σa = σnom

Fig. 1 Finite rectangular
plate with a central elliptical
hole under in-plane loading
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The nominal stress, i.e., σ nom is calculated from the following relation:

σnom = P

t(D − 2a)

where
P = applied force, as shown in Fig. 1,
t = thickness of the plate,
D = width of the plate, and
a = semi-major axis of the elliptical hole.
SCF equations for an elliptical hole in a rectangular plate have been given by

Roark [3]:

Kt = C1+ C2

(
2a

D

)
+ C3

(
2a

D

)2

+ C4

(
2a

D

)3

where
C1 = 1+2

(
a
b

)
,C2 = −0.351−0.021

√ a
b−2.483

(
a
b

)
,C3 = +3.621−5.183

√ a
b+

4.494
(
a
b

)
, C4 = −2.270+ 5.204

√ a
b − 4.011

(
a
b

)
.and

a = semi-major axis of the elliptical hole,
b = semi-minor axis of the elliptical hole,
D = width of the rectangular plate, and
K t = SCF for an elliptical hole in a flat plate.
The SCF for elliptical holes has been analyzed for different sizes by ANSYS and

validated using Roark’s formula. Since the above formula is valid only in the range
0.5 < a

b < 10, the SCF for elliptical holes with high eccentricity ratio is obtained
by ANSYS and a new formulation is derived.

2.1 Validation of the Process (Roark’s Formula)

The primary task at hand is to validate Roark’s formula so that the method of
performing the analysis is verified. A plate with dimensions of 150 × 200 × 5 mm
in length, width, and thickness has been considered. The two varying parameters
include the eccentricity ratio, the values for which are 2, 2.5, 3.33, and 5 and the
ratio 2a/D, for which the values are 0.1, 0.133, and 0.2. For validating the formula,
simulations are run to calculate the values of the maximum principal stress which are
then used to calculate the SCF. The theoretical calculation values for each case have
been calculated by substituting the values of the two ratios in Roark’s formula, and
error is calculated based on theoretical values. Table 1 represents the values obtained.

The error obtained in most of the cases is within ±6%, with a maximum varia-
tion of −8.58%. So, the process used above is valid for the next steps. The SCFs
on ANSYS for eccentricity ratio higher than 10 can be calculated using the same
procedure and the results are formulated.
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Table 1 Validation of Roark’s formula

S. No. 2a/D a/b K t (Theoretical) K t (ANSYS) % error

1 0.1 2 4.51519 4.70477048 4.19875

2 0.1 2.5 5.40337 5.798468 −7.31

3 0.1 3.33 6.87938 7.17 −4.22

4 0.1 5 9.85303 10.3954995 −5.505

5 0.133 2 4.37401 4.410 −0.822

6 0.133 2.5 5.22988 5.52 −5.54

7 0.133 3.33 6.65338 6.97 −4.758

8 0.133 5 9.52407 9.09 +4.55

9 0.2 2 4.11837 4.372 −8.58

10 0.2 2.5 4.91554 5.2588 −6.98

11 0.2 3.33 6.24453 6.7572 −8.2

12 0.2 5 8.93196 9.186 −2.844

3 Methodology

For deriving the relations, primarily three programs have been used: the package
ANSYS Workbench 19.2 premium, for simulating the model, SolidWorks 2019 for
modeling the part and MATLAB 2020 Ra for calculations and the final derivation
of the empirical correlation. As with the case for validation of Roark’s formula, the
experiment primarily involved the variation in two parameters, namely, 2a/D and the
eccentricity ratio a/b. The values of 2a/D considered were 0.1, 0.15, 0.2, 0.3, and
0.4. For each value of 2a/D, three formulations were done, on values of a/b equal
to 11, 15, and 20. The values of the semi-major axis a, the thickness, and length of
the plate were kept constant at 20 mm, 5 mm, and 150 mm, respectively. Applying
a force of 20 N on the top face of the plate while fixing the bottom face of the plate
completed the model.

3.1 Geometry

The part, i.e., the plate with an elliptical hole was modeled in SolidWorks (Fig. 2)
which enabled us to parameterize the model which allowed us to change the value of
the major and the minor axes for every simulation. The part models in SolidWorks
were saved as a step file format and imported onto ANSYS static structural to analyze
the models.
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Fig. 2 Front and side views of the plate

3.2 Meshing

After importing the model onto the static structural module, meshing was performed
on the ANSYS mechanical. The meshing process involved the generation of mesh
with the default size to analyze the model better. Following a threshold 300,000
nodes with a maximum tolerance of ±10, 000 nodes, the element size was varied
concerning the size of the plate. After performing the refinement on the inner surface
of the elliptical cavity with refinement set at 3, a good enough mesh was achieved
(Fig. 3).

Fig. 3 The meshing of the plate



118 P. Agarwal et al.

3.3 Loads and Constraints

In the ANSYS static structural module, after a good enough mesh was achieved, the
necessary constraints were applied to the model. The bottom face of the plate was
fixed in all the three directions to prevent any sort of movement. With the application
of a uniaxial tensile force of 20N on the top face of the plate, the loading of themodel
was deemed complete. On simulating, the model, the values of maximum principal
stress, and the deformations produced in the plate were obtained.

4 Results and Discussion

For the analysis, the plate considered is of the uniform cross section with the only
discontinuity being at the center of the plate in the form of an elliptical cavity with
varying dimensions to analyze different situations. The material of the plate is struc-
tural steel with the material properties as follows: density = 7850 kg/m3; Young’s
modulus= 200GPa; bulkmodulus= 166GPa; shearmodulus= 76.9GPa; Poisson’s
ratio = 0.3; and tensile and compressive yield strength = 250 MPa.

By varying the eccentricity ratio, new values of stress concentration factor were
derived. The value of the major axis has been kept constant at 20 mm. For values
of the eccentricity ratio greater than 10, the size of the elliptical cavity for every
subsequent case that is talked about here is petite.

The two constant dimensions of the plate include the length and the thickness of
the plate, which are 150 mm and 5 mm in magnitude, respectively. The variation in
the value of width is by the ratio 2a/D, which implies that the width is constant only
for a specific value of 2a/D and is changing on changing the ratio.

A rectangular coordinate system has made use of with the planes being the XY-
plane, YZ-plane, and the ZX-plane. The origin is at the left bottom edge of the plate
with the major axis of the elliptical cavity along the x-axis and the minor axis along
the y-axis.

4.1 Results for Eccentricity Ratio More Than 10

Figure 4 represents a sample result obtained after performing the simulation on
ANSYS, while Table 2 represents the values of the SCF obtained for various cases.
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Fig. 4 Stress distribution around the elliptical hole

Table 2 Results obtained by
ANSYS with high
eccentricity ratio

S. No 2a/D a/b K t (ANSYS)

1 0.1 10.5 21.0152

2 0.1 15 22.8321

3 0.1 20 27.9

4 0.15 10.5 20.6283

5 0.15 15 22.6059

6 0.15 20 27.8

7 0.2 10.5 19.42

8 0.2 15 22.3836

9 0.2 20 27.6

10 0.3 10.5 18.834

11 0.3 15 19.6

12 0.3 20 27.00027

13 0.4 10.5 16.574

14 0.4 15 18.9

15 0.4 20 24.538

4.2 Empirical Formulation

Using the value of the maximum principal stress and the nominal stress, the stress
concentration factor for each case has been calculated. Same form of equation as
given by Roark is assumed for high eccentricity ratio. Twelve constants are obtained
to specify the equation for SCF as

Kt =
(
f1 + x f2 + x2 f3

) + (
f4 + x f5 + x2 f6

)
y
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+ (
f7 + x f8 + x2 f9

)
y2 + (

f10 + x f11 + x2 f12
)
y3

where f 1, f 2, …, f 12 are the constants to be found out, x = √ a
b and y = 2a

D .
The first 12 values of the SCFs have been used to find out the values of the 12

constants in the general equation. Substituting the values of the constants derived in
the above general equation gives us the empirical formula for calculating the SCF
for the plate with an elliptical hole having a high eccentricity ratio. The equation
derived is as

Kt =
(
64.0967− 25.9154x + 4.1015x2

) + (
31.2039− 36.6164x + 5.0120x2

)
y

+ (
154.5237+ 0.7372x − 0.6972x2

)
y2

+ (−154.3764− 84.9123x + 14.4825x2
)
y3

which is of the form: Kt = C1 + C2
(
2a
D

) + C3
(
2a
D

)2 + C4
(
2a
D

)3
.

where
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On substituting values of 15 set of parameters into the formula, it is found out
that the results are within ±6% of the value obtained from ANSYS. Figure 5 shows

Fig. 5 K t versus a/b for 2a/D = 0.4
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Fig. 6 K t versus 2a/D for a/b = 15

K t versus a/b obtained from the formulation and simulation for 2a
D = 0.4, while

Fig. 6 shows K t versus 2a/D for a/b= 15. So, the above formula is valid in the range
11 < a

b < 20 and 0.1 < 2a
D < 0.4. For a

b > 20, the trend in the change in the values
of K t becomes different, and thus it is difficult to obtain the convergence and thus
formulate the results.

5 Conclusions

For flat plates with elliptical hole subjected to a static uniaxial tensile force, SCFs
can be calculated fromRoark’s formula. Roark formula is valid when the eccentricity
ratio of the elliptical hole lies between 0.5 and 10. For eccentricity ratios greater than
10, the availability of such formulation is rare. In this paper, an empirical relation is
established for calculating the SCF of plates with elliptical cavities of eccentricity
ratio greater than 10. FEM analysis on ANSYS is used first to validate Roark’s
formula wherein the values obtained using FEM were compared to those calculated
using Roark’s formula. From the results, the procedure is extended for deriving a
relation for SCF of a flat plate with an elliptical hole with eccentricity ratios greater
than 10 and subjected to uniaxial tension. The new empirical relation for SCF is valid
for 11 < a

b < 20 and 0.1 < 2a
D < 0.4. The empirical relations thus derived can be

used easily to obtain significantly accurate results which can ultimately lead to the
safer design of the specimens.
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Design and Development
of the Automated Multimedia Device
for Memorials

Sunil Sharma

1 Introduction

Commemorating the dearly departed members of family and society at graveyards is
a social custom. This custom has been primarily affected by technological prowess
such as video screens, laser shows, and other technological inputs. The use of memo-
rial technologies is not new [1–6]. Currently, research is being done for digitization
of the memorials [7–11]. In this paper, we propose a novel way of funeral tribute
by a new product. This automated gravesite multimedia device can recreate the
memories and allow the bereaved family to relive a few moments with the deceased
ones. The product can rise from the ground and reach the waist level to display the
recorded multimedia. Other applications can be in pet memorials, libraries, plant
houses, and graveyards of army men. Casket and Funeral Supply Association of
America predicted a sale of 1.7 million coffins in the US (2006) with a price range
of $1000–10,000. Harris Interactive conducted a nationwide online survey (2004)
sampling 2158 US adults showed that 83% (1793) wanted a funeral and 62%wanted
some form of personalization by displaying photos, playing special music, or video
tributes of the deceased, or integrating the person’s hobby or interests into the funeral.

1.1 Background

Serenity Panel [12], a patentedmultimedia player, is used in conjunction with a grave
marker to pay tribute to a deceased person. It is mounted on the gravesite and covered
with a solar panel. The solar panel charges the battery that powers the multimedia
device for 10min, as shown in Fig. 1. Ziegler [13] has patented an audiovisual system
for use at the memorial site, as shown in Fig. 1. It includes an audiovisual means
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Fig. 1 Serenity panel [12] and Zeigler’s audiovisual system [13]

with LCD. The audio is played using a speaker and can be stored on flash memory,
magnetic tapes, and DVD. A keyboard or touch screen can be used as input selection
means. In order to protect from weather and extreme temperature, this product has
been hermetically sealed. It also has a power supply medium, such as a battery. A
solar cell, exposed to solar radiation, has been provided to charge the battery and
maintain the full charge.

Issues in the current commercial product. Serenity panel is a similar commercial
product that is solar-powered, installed on the gravestone, and has an LCD. When
the viewer opens the solar panel, the power supply is disconnected, and the video
is played. However, the height of the installation on the gravestone is 12′′, which
is insufficient to properly watch the tribute. For a good view, the screen’s position
must be slanted (if the screen is not up to eye level, which it cannot be) and up to the
person’s waist level, i.e., 36′′. Protection from vandalism is another problem existing
in other products. Damage protection of solar panel, which acts as a cover, and the
LCD screen has not been provided. Therefore, considering the need and lacunae in
the existing product, we propose an automated gravesite multimedia device to be
installed near the grave that rises to waist level (36′′) and will be vandalproof and
accident resistant. This product will be embedded in the ground at the foot of the
grave. Once it is opened with a remote, it will rise to waist level to view multimedia
records.

2 Methodology and Development

The conventional product design approach [14, 15] is followed for designing. This
method consists of the following steps. Step 1 is the specification and translation of
problems. Step 2 is the selection of components based on specifications. Step 3 is
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Fig. 2 A product design process [15]

to configure components according to the functionality and specifications. Step 4 is
to generate conceptual sketches. Step 5 is CAD design and Step 6 is design analysis
(Fig. 2).

Step 1: Specification of design. A product design specification list has been formu-
lated to elaborate on the functionality of the automated gravesite multimedia device,
which is as follows:

1. A video screen displays recorded information about memorials (person, pet
animal), plants, books, and others.

2. A mechanism that can bring the multimedia device to the user interface level,
i.e., 36 in. above from the ground.

3. A solar-powered battery that can power the mechanism.
4. An IR remote can be used to open and close the automated gravesite multimedia

device. It can also control the liftingmechanism, volume output, and can be used
to turn off the power of the automated gravesite multimedia device.

5. All the components must be secured in an enclosure to prevent possible damage
from surroundings and vandalism.

6. Lawnmowers should not damage it, i.e., 2.5 in. ground clearance.
7. The product should pump out water that may accumulate in it due to rain.
8. The product should not corrode over some time.

Working of the automated multimedia device. The solar panel will convert solar
energy into electrical energy that will charge the battery. The charged battery will run
the multimedia device, lifting mechanism, and pump. When discharged, the battery
will be automatically recharged from the solar panel. The lifting mechanism will
be operated by the infrared (IR) remote. It will activate the automated gravesite
multimedia device to open. The lid will be open due to the lifting mechanism in the
enclosure. The enclosure will rise to the waist level and stop. Another push of the
remote button will activate the multimedia device. The video can then be played.
After the video has been played, the power to the multimedia device will be shut off.
The interface will ask the user to play the video again or switch off. The user can
thus select the lifting mechanism to go underground or play the video again. If the
user selects to switch off the device, the lifting mechanism will go underground. The
top lid will be closed automatically through a linkage mechanism. The device will
be locked by pressing the lock button on the remote and again be opened with the
remote.

Step 2: Selection of components. As per the working mechanism, some of the
components from specifications have been selected. These components should be
12 V compatible. The details of the off-the-shelf components are given below:
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1. Solar panel: The solar panel is needed for charging a rechargeable battery. The
solar panel should be waterproof, rustproof, and corrosionproof.

2. Solar charge controller: A charge controller (also called charge regulator)
regulates the voltage and current coming from the solar panels going to the
battery.

3. Electric pump: A pump can remove the accumulated water due to heavy rain
inside the automated gravesite multimedia device.

4. Battery: The batterywill provide power to themultimedia device, linear actuator,
and pump. A comparison of different types of batteries has been made to select
a suitable battery and AGM battery can be the right choice.

5. Linear actuator: For lifting the automated gravesite multimedia device, a linear
actuator can be used. Linear actuators have motors that provide push and pull
forces in a straight line. For the automated gravesite multimedia device, a linear
actuator is needed that can rise to 36 in. from the ground. The up and down
motion will be controlled by remote control. The linear actuator should be able
to withstand moisture and dust.

6. Multimedia device: A high contrast video screen (10.4 in. digital photo frame)
is needed, displaying the pictures and videos, which is readable in sunlight.
The video screen will be powered by the battery and can be activated by the
remote control. The input voltage for the multimedia device is 12 V. A 3.2 Ah
battery can run 1.3 A multimedia device for 2.46 h.Before designing the other
required parts of the automated gravesite multimedia device for housing the off-
the-shelf components and supporting the structure, a list of possible damage by
unprecedented accidents has been made. This list has been illustrated in Table
1.

Step 3: Configuration of components. The components which are to be purchased
and those that are to be custom modeled are sketched to decide the orientation
and location of various components. This configuration is shown in Fig. 3. Once
the components are selected in the configuration phase, the next task is how these
components will be configured so that a complete assembly of a gravesitemultimedia
device is formed. The dimensions and technical specifications aremandatory to know
about.

Step 4. Concept generation. This phase presents concept sketches about the prob-
lems the current design poses or the specification a new design has to meet. In
this design, the main challenge is to mechanize the lifting mechanism. Conceptual
solutions of design have been provided for the liftingmechanismof the device.Mech-
anizing the multimedia device to lift automatically is a challenge. For solving, these
two solutions are sought. Firstly, a gas spring has been used in a lifting mechanism.
Secondly, the lifting mechanism is supported by a linear actuator. A comparison of
the lifting mechanism is made based on different parameters, and the linear actuator
is selected as the finalized one. Refer to Fig. 4.

Step 5: CAD Design. In order to develop the device, manufactured components
need to be designed first. Modeled in ProE, these components form sub-assemblies
with selected components. These sub-assemblies, when assembled, form a final
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Table 1 Possible damage and protection to the automated gravesite multimedia device

Damage from Damage and relevant
variables

Protection

1. Hail balls falling from the sky Damage top enclosure and
solar panel by hail size
5–150 mm (0.20–5.9 in) and
average weight 0.29 lbs/in

Lexan sheet to protect the
solar panel

2. Rain During rain, the inner
enclosure is filled with water
which may damage
components

Electric pump to pump out
water

3. Lightning strike High voltages/current can
damage parts

Lightning arrestor

4. Fire High temperature can melt
material

The enclosure should
withstand high temperatures

5. Walk-behind Lawnmowers Accidently, the tire can
damage the product by 100
lbs force

Withstand the load on the
structure

6. Riding mowers Force exerted by a wheel on
the product will be 1070 lbs

Protect solar panel by
providing Lexan sheet

7. Stepping foot by a 250 lbs
man

Sufficient to break the solar
panel

Protect the solar panel

8. Ten-year kid weighing 70 lbs Can damage the solar panel,
but the structure may not be
damaged

Protect the solar panel

9. Falling tree Severe damage by 2983 kg
(6562 lbs) tree

Protect the structure

10. Vandalism Solar panel and multimedia
device can be stolen

Vandalproof fasteners and
Lexan sheet Multimedia
device mounted in structure

11. Dust Reduce the transmission of
light to the solar panel

Maintenance and
nano-layered coatings

12. Intruders Protect from the third person
using the device

Remote control key

13. Water accumulated Water accumulated during
rain can damage all parts

Electric pump to pump out
water

product. Refer to Fig. 5. CAD design has been done for the following components:
(1) outer enclosure, (2) inner enclosure, (3) top plate for pump, (4) base enclosure
for pump, (5) top support plate for linear actuator, (6) side support plates for linear
actuator, (7) enclosure for bushing, (8) bushing, (9) rubber seal between mount and
bushing, (10) mount, (11) Lexan for multimedia device, (12) frame for multimedia
device, (13) base hinge, (14) enclosure for solar charge controller, (15) bottom enclo-
sure for solar assembly, (16) top enclosure for solar assembly, (17) Lexan for solar
panel, (18) rubber cushion on frame, and (19) enclosure for pump control panel.
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Fig. 3 Initial configuration sketches

Fig. 4 First and second sketches show the gas spring-based lifting mechanism. Third sketch shows
the linear actuator-based lifting
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Fig. 5 CAD assembly in the open and closed positions

Step 6: Analysis of design. Different part components of automated gravesite
multimedia device assembly are analyzed for failure, as described next. Refer to
Table 1. Three such cases of product failure have been considered. Firstly, a hail ball
falls and collides with the top of the device. Secondly, a heavyman accidentally steps
on a top of the Lexan sheet, the Lexan bends, and breaks. Thirdly, a lawnmower’s
wheel is accidentally run on the Lexan sheet’s top during the lawn-mowing process.
This action causes the Lexan sheet to bend and ultimately break.

1. Calculations for force created by hail ball impact. Manual calculations are
performed using the formula of drag force and flow velocity. The kinetic energy
of the hail ball is then predicted using research data. The force generated is 11
kN, which can damage the Lexan sheet.

2. Calculations for deflection of theLexan sheet.Twocases are described.Case I:A
250 lbs man steps on the top Lexan sheet of the automated gravesite multimedia
device. Refer to Table 2. Case II: A 2140 lbs lawnmower runs its wheel on the
Lexan sheet of the automated gravesite multimedia device. Refer to Table 3.

Table 2 Case I: theoretical
and FEA deflection results for
different thicknesses of Lexan
sheet

Thickness (in.) Theoretical deflection
(in.)

FEA deflection (in.)

0.125 23.93 23.988

0.25 2.99 3.002

0.5 0.374 0.374
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Table 3 Case II: theoretical
and FEA deflection results for
different thicknesses of Lexan
sheet

Thickness (in.) Theoretical deflection
(in.)

FEA deflection (in.)

0.25 12.8 12.868

0.5 1.6 1.607

0.75 0.474 0.475

2.1 Other Design Concerns

Crucial design decisions have also been taken and described as follows:

• Spring fit on protrusions of the enclosure to prevent the automated gravesite
multimedia device to wobble.

• To ensure the safe working of components, the enclosure can have a thickness of
1 in. with a slot on the enclosure’s inner side with a depth of 0.5 in. This slot will
support the inner enclosure.

• Calculation of average discharge time of the battery.
• Installation of the automated gravesite multimedia device.

3 Conclusions

An automated gravesite multimedia device is laid at the feet of the grave. The system
will require a power source to operate, a multimedia device, a pump, a lifting mech-
anism, and an enclosure to hold and protect the product from surroundings. Initial
selections for off-the-shelf and to be manufactured components are made. Design
calculations have been done for off-the-shelf and to be manufactured components.
The material has been selected based on environmental conditions where the auto-
mated gravesite video player will work. CAD models and drawings are made. The
cost of making this automated gravesite video player as calculated from the bill
of materials comes to be $2300. An interdisciplinary approach to the problem can
improve a second version of the product. More tests and calculations can be done on
the automated gravesite video player. We summarize the conclusions as follows:

• The product design process has been followed to design automated multimedia
device from specification to design analysis.

• Conceptual sketches sketched, and CAD and analysis are developed for this
device.

• Design calculations and considerations with manufacturability and actual prod-
ucts have been taken into consideration.

• Detailed drawings have been prepared with assemblies and sub-assemblies.
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Statistical Investigation on Reliability
of Single-Hole Pin Joints Strength
and Failure Mechanisms in Glass–Epoxy
Composite Laminates

Akash Gupta and Manjeet Singh

1 Introduction

The selection of the right material seems to be a primary challenge for the engi-
neers, which should have been high in strength with the reduction of weight and as
per the perspective of demand. The incorporation of composite material during the
last few decades has offered numerous benefits and substitutes the metals mostly
with composites [1]. Regardless of the benefit of excellent mechanical properties,
fiber-reinforced polymer composites provide the most durable engineering materials
throughout the automotive, aerospace, shipbuilding applications, etc. Due to the high
costs associated with geometric constraints, it becomes almost difficult to construct
an entire structure in one unit. The choice is the development of smaller sections
that will later be assembled. The assembly approach requires the utilization of joints
[2]. Generally, these approaches involve the joining of composite materials to other
composites or even to metallic materials. However, such joints are sensitive to large
stress concentrations inside and outside the circular cavity, and frequently tend to
cause unexpected failure in structural components made of composites. Due to the
extreme flaw established in the material which induces local stress accumulation all
across the cavity, it can lead to component failure. And subsequently, the strength of
such a structural system relies on the joint’s strength [3]. The entire nature of pinned
joints gained the attention of the researcherswho have been interested in investigating
the composite joints. Okutan et al. [4] examined the behavior of the glass–epoxy
composite pin-loaded joints by considering theE/D andW /D ratios differed between
1 and 5 and between 2 and 5 with six distinct stacking configurations and with the
surge in W /D and E/D proportions, superior bearing strength of the joint observed.
Aktas et al. [5] examined experimentally the influence of geometric variables on the
strength and failure states of the pin-loaded joint made from carbon epoxy pin joint.
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And it was claimed that the high bearing strengthwitnessed atE/D andW /D equals 4.
Because composite materials are anisotropic, and in various directions have dissim-
ilar mechanical properties. By comparison, they show varying strengths due to its
internal composition, and therefore it is hard to express the strength of themechanical
behavior of the material by a single magnitude. This results in the need to incorporate
statistical analyses for their effective use during the design and manufacturing [6, 7].
The Weibull distribution tool has indeed been proven effective as well as a flexible
statistical tool for assessing composite structural reliability. Weibull distribution has
the potential to model different characteristics of experimental results. That is one
of the prime motivations presently for broad utilization [8, 9]. The incorporation
of Weibull distribution methodology has frequently been employed to evaluate the
dynamic and static mechanical performance of polymer matrix (PMC), ceramics
matrix (CMC), and metal matrix composites (MMC), respectively [10]. Weibull’s
distribution function has proved to be a valuable and flexible way to characterize
composite material properties when evaluating the reliability of composite structures
[11].

This research deals with the preparation of specimens of pinned joints made
from glass–epoxy composite. Experimentally and statistically, these pinned joints
were analyzed. By utilizing Weibull distribution, the variations in bearing strength
intensity were validated. To every specimen configuration, four bearing strength tests
were performed. Finally, the reliability of composite laminated pin joints in terms of
bearing strength was evaluated at a 99% reliability level compared with the average
bearing strength of similar specimens during the experimental test.

2 Sample Formation and Testing Method

In this study, the composite laminate’s geometrical configuration consists of a single
circular openingwith diameter “D” (4mm) positioned at a distance from one end “E”
along the midline of the plate and the stacking sequence of lamina was considered
[0/45/90]. The layout of composite laminate is shown in Fig. 1. A constant force “P”
was introduced to the plate and therefore the force was parallel to the length of the
plate and there is no bending existed.

Bearing stress (σb) can be defined as

Fig. 1 Geometrical
configuration of composite
laminate
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Fig. 2 Mechanically
fastened pin joint failure
modes [3]

σb = Pmax

D.t
(1)

Generally, themechanically fastened pin joint composite laminate comprises three
main possible failure manners, i.e., bearing, shear-out, and net tension. Among all,
bearing failure mechanism is the suggested failure manner that has high strength as
per the design point of view due to non-catastrophic. And rest two failure modes are
severe and not recommended type of failure mode having the least strength [12, 13]
as presented in Fig. 2. The various parameters that can influence the joint strength are
material, geometry, stacking sequence, fasteners parameters, and design parameters
[6, 14]. Unidirectional glass fiber was used as a reinforcement of 1200 gsm fabric and
epoxy “L-12”was used as amatrix agent. Preparation of laminates includes the curing
process at room temperature for 24 h and then after compressing the laminates use a
compression molding technique at a steady load of 120 KNwith curing at 150 °C for
2 h and were finally cooled down at room temperature by keeping constant pressure.

All the specimens were cut into a rectangular shape for tensile testing as per
ASTM D3039 and specimen was prepared from the laminates. So a circular cavity
of diameter 4 mm and length L = 100 mm along the middle line is shown in Fig. 1.
In total, 12 geometric configurations have been selected by keeping E/D proportion
as 3 and 4 and W /D proportion altered 2, 3, 4, and 5, respectively, and maintaining
W /D proportion as 3 and 4 and E/D proportions altered 2, 3, 4, and 5, respectively.
Each specimen of selected configuration has been tested four times to get the mean
bearing strength value. The specimens made of distinct proportions of edge/diameter
and width/diameter have been presented in Table 1.

The tensile test was performed using Zwick-Roell Universal Testing Machine—
Model Z010 at a temperature of 25 ± 2 °C. For all the specimens, a crosshead speed
of 2 mm/min was being kept.
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Table 1 Geometric configuration of specimen

S. No. E/D W /D D (mm) E (mm) W (mm) Thickness (mm) L (mm) Layup

1 3 2 4 12 8 2 100 [0/45/90]

2 3 3 4 12 12 2 100 [0/45/90]

3 3 4 4 12 16 2 100 [0/45/90]

4 3 5 4 12 20 2 100 [0/45/90]

5 4 2 4 16 8 2 100 [0/45/90]

6 4 3 4 16 12 2 100 [0/45/90]

7 4 4 4 16 16 2 100 [0/45/90]

8 4 5 4 16 20 2 100 [0/45/90]

9 2 3 4 8 12 2 100 [0/45/90]

10 5 3 4 20 12 2 100 [0/45/90]

11 2 4 4 8 16 2 100 [0/45/90]

12 5 4 4 20 16 2 100 [0/45/90]

3 Weibull Distribution

Weibull distribution tool has been deployed to model the extreme values of bearing
strength at different geometric configurations. Two common arrangements of the
Weibull distribution approach can be used, i.e., two- and three-parameter-based
Weibull distribution. The general expression of three-parameter-based Weibull
distribution can be written as [8]

F(x; γ, n, β) = 1 − exp

[
−

(
x − γ

n

)β
]

(2)

γ ≥ 0, n ≥ 0 and β ≥ 0

where γ , n, and β are variables of position, scale, and shape, respectively. When
γ = 0 in Eq. (2), then it becomes two-parameter-based Weibull distribution. For
this analysis, the Weibull two-parameter-based distribution function was presented
to predict the load-carrying capacity of glass–epoxy composite laminates at a 99%
reliability level. The two-parameter Weibull function can be written as [6, 7, 11]

F(x; n, β) = 1 − exp

[
−

( x
n

)β
]

(3)

n ≥ 0 and β ≥ 0

In this approach, probability density function can be represented by F(x; n, β)
which means the probability of bearing strength would be equal or less than x.



Statistical Investigation on Reliability of Single-Hole Pin Joints … 137

F(x; n, β) + R(x; n, β) = 1 (4)

where R(x; n, β) represents the reliability of the factor, which means the probability
of bearing strength would be equal to or more than the value of x.

R(x; n, β) = exp

[
−

( x
n

)β
]

(5)

The linear regression approach was adopted to evaluate the scale and shape vari-
ables. Since this is the simplest technique that can be used to assess the Weibull
variables, this approach allows transforming Eq. (3) into linear equation manner, i.e.,
Y = mx + c. by taking double natural logarithmic on both sides of the expression.

ln

[
ln

(
1

1 − F(x, n, β)

)]
= β ln(x) − β ln(n) (6)

To determine the F(x, n, β), Benard’s approximation method is employed, and
with the help of Median Rank (Q(t)), n and β will be evaluated.

Benard’s approximation (Median Rank) [15]

F(x, n, β) = Q(t) = i − 0.3

j + 0.4
(7)

where i is the order of the specimen and j is the total size of the number.

4 Result and Discussion

The strengths were obtained experimentally for single-hole joints glass fiber-
reinforced epoxy composite (GFREC) and validate the data with a statistical
approach, and the influence of geometrical parameters, i.e., edge/diameter and
width/diameter proportions were addressed. Table 2 presents the mechanical
properties of unidirectional fiberglass epoxy (GFREC) laminate.

Table 2 Mechanical properties of GFREC laminate

E1 (MPA) E2 (MPA) G12 (MPA) v12 Fiber %

17,400 6200 3100 0.3 62
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Fig. 3 Schematic of failure modes observed experimentally at width/diameter = 3 and 4 and
edge/diameter = 2, 3, 4, and 5, respectively

4.1 Experimental Results of Unidirectional GFREC

The pin joint strength of a single cavity GFREC was reported, and it has been
identified that the bearing failure mechanism was induced when the proportions of
E/D andW /D exceed 4. Apart from the bearing failure mode, combination of failure
mechanism was also addressed. At E/D equals 5 and W /D equals 3, combined net
tension and bearing failure mechanism detected. As well as at E/D = 3 and W /D
= 4 combined bearing and shear failure mode revealed. And at W /D = 3 and E/D
= 2, 3, and 4, respectively, catastrophic net tension failure is noticed as shown in
Fig. 3. Bearing mode was observed at E/D = 4 andW /D = 4 and 5. At lower edge to
diameter and width to diameter proportions, catastrophic failure, i.e., shear-out and
net-tension failure mechanism, has been noticed as represented in Fig. 4.

4.2 Probability Study

Weibull reliability functions have been analyzed by considering different sets of
arrangements with four specimens each. The influence of geometric parameters has
been examined at a 99% reliability level of composite laminate joint in terms of the
normalized bearing stress ratio, i.e., ratio of σ bi to σ avg, where σ bi is the bearing
stress for ith specimen at given set of geometrical parameters and σavg is the average
bearing strength of all four specimens at each set of geometrical configuration. Table
3 shows the bearing strength for each specimen at a given set of parameters alongwith
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Fig. 4 Schematic of failure modes observed experimentally at edge/diameter = 3 and 4 and
edge/diameter = 2, 3, 4, and 5, respectively

the average bearing strength from the experimentally recorded values and theoreti-
cally calculated Weibull parameters at each geometrical configuration. The Weibull
reliability plots concerning normalized stress ratio of data obtained from bearing
test at different geometric parameters offer identical test plots of bearing stress. The
abscissa represents the normalized stress ratio (σ bi/σ avg) where σ bi is the bearing
stress for ith specimen and σ avg is the average bearing stress of the joint. The ordinate
represents the Weibull reliability distribution as shown in Fig. 5.

The Weibull reliability was taken into account from the study point of view with
99% reliability for all configuration sets. Figure 5a curve depicts the bearing strength
value of 193.7 MPA noticed at 99% reliability point, which offers a high level of
reliability at E/D equals 3 and W /D equals 2 with net-tension failure mechanism.
Similarly, in Fig. 5b, theWeibull reliability curve gives the bearing strength of 153.76
MPA at E/D and W /D proportions equal to 3 with again catastrophic net-tension
failure. A similar plot has been observed at E/D = 3 andW /D = 4 with a magnitude
of bearing stress of 282.35 MPA as shown in Fig. 5c but the dual failure mode has
been noticed, i.e., bearing and shear-out failure mechanism. Similar failure modes
were also observed at E/D = 3 and W /D = 5 with the magnitude of stress 252.48
MPA as shown in Fig. 5d. Therefore, those curves support the finding that can be
used to approximate the assurance of joint strength.

Figure 6 shows that edge/diameter proportion equals 4 and width/diameter ranged
between 2 and 5, respectively, offered bearing stress magnitude 189.72, 297.58,
460.91, and 450.89 MPA with identical plots at 99% reliability level. It represents
that increasing theW /D ratio bearing failure mode can be achieved atW /D = 4 and
5 and at lower ratio catastrophic failure obtained as confirmed from Fig. 4.
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Fig. 5 Weibull reliability distribution at E/D = 3 and W /D = 2, 3, 4, and 5

The bearing strength noticed from Weibull reliability at E/D = 2 and W /D = 3
was 138.47 MPA, which was 27% lower than the average bearing strength with net-
tension failure mechanism as represented in Fig. 7a. A similar plot was also observed
at E/D = 2 and W /D = 4 with high reliability bearing strength of 96.45 MPA and
the shear-out failure mode was detected as shown in Fig. 7b. Similar plots are also
observed in Fig. 8 with greater bearing strength at E/D = 5 andW /D varied 3 and 4,
respectively, i.e., 367.24 MPA and 363.85 MPA as the selected ratios are in the high
range which gives bearing failure modes.

The average pin joint strength attained from experimentation and Weibull prob-
ability distribution function at constant E/D equal 3 and W /D proportion altered
between 2 and 5, respectively, as shown in Fig. 9a.

The lowest bearing strength noted at E/D equals 3 and W /D equals to 2 and
3, respectively, for both statistical and experimental outcomes. However, pin joint
strength surges with the surging ofW /D proportion above or equal to 4. The strength
obtained from the Weibull distribution function at 99% reliability gives 28% lower
than the average bearing strength. As an assurance aspect, if the theoretical value
with the geometric parameters was preferred, then the component failure life would
significantly reduce as well as the composite structure reliability would enhance.
The average bearing strength obtained from experimentation andWeibull probability
distribution function at E/D equals 4 concerning W /D as shown in Fig. 9b. It can
be shown that, in an experimental and statistical study, the deviation in the bearing
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Fig. 6 Weibull reliability distribution At E/D equals 4 and W /D ranged between 2 and 5,
respectively

Fig. 7 Weibull reliability distribution at E/D = 2 and W /D = 3 and 4

strength seems to be an identical pattern. And the maximum bearing strength was
noticed alongwith bearing failuremode atE/D andW /D ratio equal to 4. The strength
obtained from the Weibull distribution function at 99% reliability gives 11% lower
than the average bearing strength.
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Fig. 8 Weibull reliability distribution at E/D = 5 and W /D = 3 and 4

Fig. 9 Bearing stress comparison (experimental vs. statistical) a At E/D proportion equals 3 and
W /D proportion varied from 2 to 5, respectively, bAt E/D proportion equals 4 andW /D proportion
varied from 2 to 5, respectively

5 Conclusion

In this analysis, both experimentally and statistically, the pin joint strength of
the single-hole unidirectional GFREC laminate has been explored. The research’s
primary objective was to identify the triggered failure mechanism during the applied
load and also to study the impact of dimensional configuration on the pin joint strength
of the laminated composite at constant tensile loading. The following findings are
taken based on both experimental and statistical outcomes which are as follows:

1. In an experimental study, bearing strength has been recorded at different sets
of geometrical configurations for each specimen and the same data has been
employed to conduct the statistical analysis.

2. In statistical analysis, the Weibull distribution function has been applied to
predict the reliability of the composite laminate at 99% of the reliability level.

3. The pin joint strengths extracted from theWeibull study were almost 22% lower
than that obtained from experimental tests by maintaining the value of E/D
equals 3 as well as the W /D spanning from 2 to 5.
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4. At E/D equals 4 involvingW /D ranged from 2 to 5, the strength extracted from
Weibull distribution function at a 99% reliability gives almost 11% lower than
the average pin joint strength. This implies that designers account the fact of
the average values, so it will be less significant in terms of the assurance. If
assurance is required, then statistical bearing strength can be considered for
further analysis with a great significance level.

5. Net-tension and shear-out failure modes detected at a lower proportion ofW /D
andE/D values, respectively. These failures are sudden and precaution-free. The
bearing failure mechanism is indeed advantageous since this is progressive. The
failure mechanism for bearing arises forW /D and E/D ratios are greater than 4.
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Three-Dimensional Non-linear Transient
Analysis for Predicting the Defect
Propagation Rate of Taper Roller
Bearing Using Finite Element Method

Sumit Shoor and Manpreet Singh

1 Introduction

Mechanical systems such as motors, pumps, engines, and turbines are operating on
shafts which are rotating at different speeds. The bearing is at the heart of all rotating
equipment, and the condition of the bearing often reflects how well a machine is
running [1]. Due to unexpected operating and loading conditions, results in high
stresses and amplitude. Factors which influence reaction forces generated in taper
roller bearing are curvature, misalignment, contact angle, clearance, diameter, lubri-
cation, and material properties, etc. In most of the rotating equipment bearing is one
of the major causes of failure, so more attention is paid by researchers on bearing
failure in past two decades [2–4]. Main reason of failure in bearing is contact stresses
[5], Temperature field [6] fatigue, crack propagation, misalignment, unbalance, fric-
tion, etc. Different types of non-destructive techniques are available to detect the
bearing defects and such as ultrasonic testing, wear analysis, thermal analysis, finite
element analysis, acoustic signal analysis, and vibration signal analysis [7–10]. State
of bearing can be predicted by contact analysis using FEM and vibration analysis
is also a mostly adopted for condition monitoring which gives information about
stresses, displacement, and penetration which helps to evaluate bearing performance
under different loading conditions. Contact between surface can be generated by
using ANSYS software and friction heat generated can be used to predict the state
of system. Taper roller bearing is designed to carry radial and thrust loads so they
are used under severe vibration conditions [11]. The major parameters in taper roller
bearing are the contact between moving element and stationary element. The friction
generated due to contact between elements causes friction and rise in temperature
and hence produces contact stresses [12] which may further lead to failure of bearing
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if it increases a certain limit. Very less study has been carried out on rolling element
bearing by using FEM. The main aim of the study is to develop a CAD model of
taper roller bearing and to obtain a simulated vibration signal using FEM analysis.

2 Mathematical Model

Hertzian tells the contact stress produce when parts rub each other [13]. In Bearing
contact is generally a higher pair or lower pair when a sphere came into contact with
surfacemake a line contact and cylinderwith surfacemake a surface contact. Increase
in pressure cause yielding of two surfaces and creates a very small indentation through
yielding. Contact stresses thus created are also called hertzian contact stresses [14].
Hertz stress also known as stress closest to this area of contact between two spheres.
The contact angle between the roller and inner raceway is αi, the angle between the
center line of the roller and the center line of the bearing is αm, the contact angle
between the roller and outer raceway is αo. Taper roller bearing geometry is shown d:
cone bore diameter, D: outside cup diameter, T: Bearing width, Dpw: Pitch diameter,
LRe: Length of rolling element bearing,Dm:Meandiameter of rolling element bearing
at its center Ore Figs.1 and 2.

Stiffness k = d f

du
= (

E2RF
)1/3

(1)

Depth of indentation μ =
(
2F2
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)1/3

(2)

1
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1− μ2
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+ 1− μ2

E2

)
(3)

Fig. 1 Hertzian contact zone and indentation of a roller on an elastic surface



Three-Dimensional Non-linear Transient Analysis for Predicting … 149

Fig. 2 Loading and degree of freedom of taper roller bearing [15]

Stress σmax = 3F

2πa2
= 0.4

(
E2F

R2

)
= 0.4

K

R
(4)

3 Finite Element Analysis

Contact between roller and outer race, roller and inner race is line contact before
loading. Line contact converted into surface contact after loading. Size and shape
depends upon load applied on bearing. In this 30205 taper roller bearingwasmodeled
using CREO with stationary outer race is considered. All degree of freedom is
constrained in outer race and radial load is applied on inner ring as shown in Fig. 5.
Contact is simulated by finite element method.

3.1 Building of Bearing Finite Element Model

ANSYS model once built can be changed in terms of material properties, loading
conditions, boundary conditions, etc. ANSYSmodel helps in creating and optimizing
design and enhancing reliability. Taper roller bearingmainly composed of outer race,
inner race, roller, and cage [16]. Figure 3 shows outer race, inner race, taper roller
bearing, three-dimensional CAD model, and meshed model of taper roller bearing.

3.2 Defining Material Properties

It is assumed that taper roller bearing material is isotropic with having following
Material properties: Density: 7750 kg/m3: Young’s modulus: 200,000Mpa Poisson’s
Ratio: 0.29 [17]
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Fig. 3 Inner race, defective outer race, cage, roller, assembled model and meshed model of taper
roller

3.3 Define Contact and Check Contact Element

As shown contact has been created between roller and outer race, roller and inner
race. Friction coefficient taken is 0.29. Contact in ANSYSwas created by pick target,
Pick contact and create Fig. 4.
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Fig. 4 Contact between roller and inner race and roller and outer race

3.4 Selecting Element Type and Meshing

Brick 8 node 185 was used for meshing. Target 170 and contact 174 element was
used for creating contact between roller and outer race and roller and inner race. The
finite element model was composed of 24,734 nodes and 22,722 elements.

3.5 Boundary Conditions and Apply Loads

Boundary conditions were applied as shown in Fig. 5 which outer race is fixed or all
degree of freedom is constrained and radial loads are applied to inner part of ring. In
analysis type transient analysis was selected.

Fig. 5 Boundary conditions and normal load



152 S. Shoor and M. Singh

4 Result and Discussion

Bearings are mechanical assemblies that allow machinery to carry heavy loads with
efficiency and ease and move at extremely high speed in linear or rotational motion
while reducing friction. By using finite element method contact stresses, strain, von
misses stress, displacement can be get once the process simulated. In this three dimen-
sional model was created by CAD and non-linear analysis was carried out by using
APDL (Ansys parametric design language) using ANSYS software. Nonlinearity is
further classified as material nonlinearity and geometric nonlinearity. Where stress–
strain relationship is not linear. By applying the boundary and loading conditions the
contact stresses and deformation is simulated by using ANSYS software. Simulated
result helps in design, optimization, and predict the contact stresses and deforma-
tion. The maximum stress generated in the taper roller having outer race defect was
analyzed by transient analysis using the finite element method Figs. 6 and 7.

Taper roller bearing axial load was applied radial load of 150 N and angular
velocity of 150 rad/s was applied along x-direction. Transient analysis is carried
out to predict the behavior of taper roller bearing under loading. As shown from
simulated results maximum displacement is 36.5 mm at 50 s. Figure 8 shows the

Fig. 6 Transient analysis of displacement
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Fig. 7 Transient analysis of contact stresses

Fig. 8 Graph showing maximum amplitude and stresses

transient behavior of taper roller bearing. Displacement at 10 s was found 1.1 mm
which is further increased to 36.5 mm at 20 s may be due to contact between taper
roller and defect on outer race region further value of displacement decreases to
27.9 mm at 40 s. Simulated result revealed the maximum stress generated at outer
race of taper roller bearing. At 10-s stress noted was 55 MPa and value increased
to 85.68 MPa at 40 s, which indicates that as defect propagates value of stress
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also increasing. Maximum variation of contact stress found from 10 to 40 s 35.80%.
Figure 8 shows the graph in the vicinity of maximum stress region nodes are selected
in region where maximum stress is generated and graph is plotted. Maximum stress
noted was 85.68 MPa in the defective region of outer race and also shows the graph
of maximum displacement of 36.5 mm. As per simulated results fluctuating stresses
were obtained which vary with respect to time.

5 Conclusion

In this study transient three-dimensional nonlinear finite element analysis of the
experimental taper roller bearing was carried out using the ANSYS code. Taper
roller bearing (Make: NBC, Model: 30,205) was chosen and drawing was prepared
using CAD software as per manufactures catalogue. This paper explains a process
to determine the contact stresses in the outer raceway of a taper roller bearing using
FEM. Simulation revealed the transient behavior of taper roller bearing subjected to
radial loading conditions. Maximum stress noted was 85.68 MPa with percentage
in variation 35.80% from 10 to 40 s even maximum stress is found in region where
defect was created. Hence FEM can also be used as condition monitoring to predict
the state of system at particular time under given loading conditions.
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Cooling System Design of PPE
with Simulation

Sagarjit Das, Md. Wasim, Lipa Manna, and Soumyajit Roy

1 Introduction

The biggest name of terror in the world is COVID-19 at present time, and people are
well aware of its tremendous effect. In this situation, the biggest warriors of COVID-
19 are the doctors, police, and other health workers, especially in the hospital. To
secure from COVID-19, they have to wear a PPE kit, on duty. This PPE kit protects
those from any kind of virus contamination but wearing PPE during duty is terrifying
to them. Because wearing a PPE kit for a long time causes excess sweat and at a time
it will lead to headaches and breathing problems. The body temperature will also
increase that may cause illness. For these problems, a system device is introduced
which will give a cooling effect with safety precautions keep in mind. So, in this
case, it will be easy to do something for a long time using the PPE kit. It is of very
low cost, which makes it affordable to all. A series of simulation experiments using
the device were carried out and the result was satisfactory.

2 Background

Farhang et al. [1] have proved that, in the experiment, a large percentage of workmen
found the PPE uncomfortable (other than face mask). It has also come to a verdict
to sort out the agonizing factors in the kit.

John et al. [2] have caught sight of the PPE and found that the manufacturers give
the majority of their concern to the safety of the clothing, not in coziness. It shows
the solacement of the kit plays a role and should be emphasized. John et al. [3] have
done field test, from which the uneasiness from the PPE is highlighted that there
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is extreme discomfort in the clothing. The factors affecting over here are mainly
hotness.

Farhang [4] made the survey and as a result, we can see only 25% of the employee
was comfortable in PPE and rest were not. With the study, it came to know the main
factorswhich are resisting the employees to use it are discomfort, irritated skin, sweat,
etc. It has also suggested the optimum goal, i.e., restful condition, permanence, etc.

Eun-Kee et al. [5] have sketched to output that the use of protective clothing is lost
in farers clone to the messiness of it and lack of knowledge. Ikuharn et al. [6] have
investigated the health condition of workers at the construction plot. Several health-
hazardous can be seen in the process. Concerning this, we can assume the health
status of health workers, fire workers, and farmers using PPE in adverse conditions.

Lausent et al. [7] have found that using PPE will increase body temperature.
Making extension of the theory can say that labors working in the field under
scorching sun and using PPE will lead to health hazards.

Ingvar [8] has made an approach where the report has been given that the evap-
orative sweat is responsible for hampering the heat transfer in between protective
equipment which may cause the workers to get tired. Here comes the fact about the
efficiency ratio of pervasion to determine the heat exchange during evaporation. The
result shows that if the transfer of heat exchange due to precipitation and climatic
contrast needs to be explained, more experimental works are required.

A viewpoint has been given by Parsons [9], where he is talking about anatomical
objectives about the human body temperature which should not much differ from the
normal body temperature and the amount of sweat is needed to control under a level
to avoid irritation. These objectives involve the maintenance equilibrium of heat to
keep the normal body temperature 37 °C but the heat equilibrium characteristics of
protective equipment are complicated for which some important components are not
perfectly estimated.

Patrick et al. [10] have stated atmospheric volume of protective equipment plays
an important role in feeling the alleviation of operators while wearing it. This volume
can be evaluated as both clothed and unclothed cases. This report also says that there
should be an airing index which will maintain the cooling. It is also signified that
this atmospheric volume has an impact on an insulator that is why a critical point in
cooling effect is necessary to get comfort.

Candas et al. [11] have presented how the temperature of the human body changes
with and without the clothing. In clothed system, more sweat is made than in the
non-clothed system, in an airless condition. For a non-clothed system, the increased
pressure of vapor decreases evaporation and as a result the body is getting wet that
decreases the sweat dissipation which is not found in clothed system. This is under
the same steam pressure. As a result, workers will feel cool while wearing protective
equipment in airless (less-airflow) conditions.

Here comes the most important aim that is given by Raimundo et al. [12] is to
examine the properties of protective equipment in case of an extreme condition like
firefighting. For that, they have proposed an improved version of the multi-branch
temperature control model, which has the capability to reserve a high-temperature
heat that will help the users to survive during extreme situations. The outcomes have
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shown that the protection of employees is necessary for that high temperature in the
way to improve the quality of protective equipment.

Goldman [13] has stated that the values of insulation and vaporization impedance
are the most important keys to get the most perfectly thermal shielding in clothing.
Protection and responsibilities should be taken when air pass ability changes greatly
or when unwanted air transfer occurs. Newer studies have described the required
improvement to measure the flow of air, where thermal reaction of human body is
explained as the parameters of equipment, amount of heat and surroundings.

3 Modeling

The modeling of the “PPE Cooler” along with the mechanical design and electronics
circuit has been described below. The components were tabulated in Table 1 with
Specifications. The schematic diagram of the PPE cooling system setup was given
in Fig. 1 along with the fixture on PPE. The pictorial view of the device was shown
in Fig. 2 along with circuit diagram.

4 Experimental Procedure

The experimental setup along with specification was tabulated in Table 2 and
discussed in Fig. 1.

To simulate the experiment with “PPE Cooler” the device was attached to the
shoulders on both sides with a strap from the top of the box so that the system can
be carried easily. Another most effective part in that box was open where the fans
were kept and there PPE kit was cut. N95 Covers were placed at that gap. So, while
providing cool air, if any nano-sized virus or harmful particles were with that air,
they will get stuck by that layer and only fresh air will enter.

The same person was fitted with PPE kit at the same temperature of 25 °C and
humidity of 47%, but this time the ventilation system was set at the back, which
will give cooling effect. After every 45 min, both temperature and humidity were
measured again in the same way to observe variation. The experiment has been
carried out on multiple times and on multiple people.

5 Results and Discussion

The result of the simulation experimentation has been tabulated and thereafter
discussed briefly.
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Table 1 Specification and use of the components for “PPE cooler”

Components Use Specification Number

1 CPU fan Produce cooling effect 9 Blades, 12 V, 0.30A,
Material-Plastic,

2

2 Lithium-ion battery To Run Fans For 5
Hours (Continuous)

3.7 V, 2900 Mah 3

3 Storage box Hold the whole system Dimension-90 mm ×
240 mm × 60 mm,
material-plastic

1

4 IC CD4017 (CMOS
Decade Counter IC)

Used for low range
counting applications

High speed 16 pin
CMOS Decade
counter, 10 decoded
outputs, Wide supply
voltage range from 4
to 14 V, typically +
5 V, Maximum Clock
Frequency: 5.5 Mhz,
16-pin PDIP, PDSO

1

5 1N4007 Rectifier
Diode

Used to convert
alternating current to
direct current

Maximum Recurrent
Peak Reverse Voltage
1000 V, Maximum
RMS Voltage 700 V,
Peak Forward Surge
Current: 30A,
Maximum DC
Blocking Voltage
1000 V, Average
Forward Current:
1.0 A, Maximum
Instantaneous
Forward Voltage:
1.0 V

1

6 5-PIN 5 V Relay 1. Used for Switching
Circuits

2. To Control On/Off
for Heavy Loads At
A Determined
Time/Condition

Voltage across coil:
5 V DC, Maximum
AC load current: 10A
@ 250/125 V AC,
Compact 5-pin
configuration with
plastic molding,
Operating time:
10 ms Release time:
5 ms, Maximum DC
load current: 10A @
30/28 V DC

1

(continued)
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Table 1 (continued)

Components Use Specification Number

7 LED Here LEDS ware used
as battery charge level
indicators

Weather resistance,
UV Resistant, 5 mm
Round Standard
Directivity, Forward
Voltage: 1.8–2.4 V,
Forward Current:
30 Ma, Reverse
Voltage: 5 V,
Operating
Temperature: −25 to
+80 °C, Luminous
Intensity: 20 mcd

Green-1 Red-1
White-1

8 IR (Infra Red) Sensor
Module

Used for Sense a
Remote Control

5VDC Operating
voltage, I/O pins are 5
and 3.3 V compliant,
Range: Up to 20 cm,
Adjustable Sensing
range, Built-in
Ambient Light
Sensor, 20 mA supply
current, mounting
hole

1

9 4.7 µF/50 V
Electrolytic Capacitor

Used For Flashing
Circuits

Value: 4.7 µF,
Temperature: −40 to
+85 °C, Type: Radial
Tolerance: 20%,
Rated Voltage: 50 V

1

10 Resistor Circuit element
(Reduce current flow,
adjust signal levels)

Resistance (ohm):
330, 1000 Resistor
Type: Carbon Film,
Size: Standard, Power
(Watts): 0.25

330 �−1

1000 �−1

5.1 Results

The humidity and temperature inside the PPE was measured with “PPE Cooler” and
without using the “PPE Cooler”. The Graph was plotted in Fig. 3 and the Problems
Experienced during Experiment was tabulated in Table 3.

5.2 Discussion

Above mentioned, two types of tests were performed; one with “PPE Cooler” and
another was without “PPE Cooler”. The humidity graph shows that the humidity
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Set up of “PPE Cooler” in PPE Enlarge View of Section - B

Fig. 1 Schematic diagram of the “PPE cooler”

increases for both the case, but the rate of increment were much higher for the exper-
iment without using the “PPE Cooler”, whereas using “PPE Cooler”, the increase in
humidity was tolerable for more than 5 h.

The same result can be shown for the graph of temperature varying with time.
The slope of the graph was greater in the process of not using ventilation than the

slope of the graph in the process of using ventilation. So when the device was not
used in the PPE kit, body temperature increases rapidly but when the “PPE Cooler”
was used, temperature increases at a very low rate, which makes the PPE kit less
painful to everyone.

6 Conclusion

The experiment shows that, while using the PPE kit without “PPE Cooler”, sweating
starts after a few moments. This leads to breathing problem. Dry throat and sweating
in the head later make the user feel very uncomfortable.
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Fig. 2 Pictorial View of PPE cooling system setup (Top Left), front view (Top Right), and circuit
diagram for “PPE cooler” (Bottom)

Table 2 Specification and use of the components used for simulation

Components Use Specification

1 PPE Kit Designed to guard the health
of by minimizing the exposure
to a virus, bacteria etc.

Approved by Positex, Medical
Disposable Protective Coverall
Suits, For High-Risk User, PP
Non-Woven with Shoe Cover
and Face Shield

2 N95 Cover Use to protect from airborne
particles

Brand: Gleam, Respirator
Type: Air-purifying Respirator,
Anti-Virus With Melt Blown
Fabric
Layer ISO CE Certified

3 Temperature- Humidity
Clock

Use to measure humidity and
temperature

Brand- HTC-1, Temperature
unit C/F, LCD display

4 PPE Cooler Use to maintain Temperature
and Humidity inside PPE

Discussed in Table 1

Using the “PPE Cooler”, sweat does not start in that huge rate within 2 h. After a
long time sweat increases, thismay cause a little bit of dry throat. The ‘“PPECooler”’
lowers the humidity inside the PPE kit, as a result, the sweat evaporation rate will
increase faster and body temperature will be in a stable condition.

The designed “PPECooler” cools for 5 h by running continuously. But if required,
it can be run for more hours by adding an extra Lithium-Ion battery or by running
with the break with the same setup. Even if more air discharge is required then a
large diameter fan can be installed in the same setup.
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Fig. 3 Graphs for humidity and temperature inside PPE, with and without “PPE cooler”

Table 3 Problems
experienced during
experiment

Time span Without “PPE cooler” With “PPE cooler”

1 45 min Sweat No sweat

2 1 h 30 min Sweat Very little sweat

3 2 h 15 min Sweat and dry throat Sweat

4 3 h Very high sweat Increase in sweat

5 3 h 45 min Breath rate high Increase in sweat

6 4 h 30 min Wet head and face Increase in sweat

7 5 h Wet clothed PPE Increase in sweat and
dry throat

The ‘“PPE Cooler”’ is a combination of small parts, if one element gets damaged
that can be repaired or replaced separately which is a great way to avoid huge costs
of replacing the whole device system. So, it can be concluded, this device system is
effective and affordable for this type of cooling activities.
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Parametric Optimization of Hole Quality
in Laser Drilling Kevlar/Basalt Hybrid
FRP Composite

Kaushal Pratap Singh, Gavendra Norkey, and Girish Dutt Gautam

1 Introduction

With the rise of advancematerials in the various engineering sectors, the rigid design,
complex shape, and unusual size of the work piece confined the use of traditional
machining methods. This situation arises the demand for non-traditional machining
techniques for such materials [1]. In industries, Electron Beam Machining (EBM),
Electro-ChemicalMachining (ECM), Electrical DischargeMachining (EDM), Laser
BeamMachining (LBM)AbrasiveWater JetMachining (AWJM), etc. aremajor types
of non-traditional machining processes which are using in industries for machining
advance materials. These processes are widely replacing conventional machining
techniques due to their ability to produce complex design and intricate shape on
work piece [2].

LBM is one of the most applicable machining processes which is suitable for all
materials like metals, non-metals, and composite materials. In LBM, a high energy
laser beam is strike on the work surface and removes materials through melting and
vaporization.

In LBM, various factors like beam, material, and machining parameters signifi-
cantly affect the quality characteristics of machined work surface. In laser drilling
these quality characteristics can be classified as hole circularity, heat-affected zone
(HAZ), recast layer thickness, etc. there were a lots of investigations have been
conducted during past to analyze the effect of vital drilling parameters on the
quality charactertics of drilled hole. It has been observed that in these studies experi-
ments were performed by using the design of experiments (DOE) techniques. These
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approaches are superior to other techniques due to their systematic and scientific
way to define the number of experiments with limited resources [3, 4]. Nd:YAG and
CO2 are two most popular types of laser systems. Nd:YAG is highly preferable on
CO2 in industries due to its ability to operate in pulsed mode and develop higher
peak power. In recent years, hybrid fiber reinforced polymer composites receives the
attention of researcher due to their low cost and improved mechanical properties.
In the present research article, authors are used a Kevlar-29 and basalt fibers-based
hybrid composite sheet as work piece during laser drilling. Kevlar-29 has extraordi-
nary thermal, mechanical, and antiballistic properties and is widely replacing Glass
and Carbon fiber reinforced polymer (FRP) composites in automobile industries. On
the other side, Basalt fibers are extracted from natural volcanic rock. Basalt fibers are
harmless and eco-friendlymaterials. From sometimes, the application of basalt fibers
is utilized in the automobile, marine, construction, and aerospace sectors [5–7].

Fiore et al. [7] calculated the tensile strength of hybrid basalt and glass fiber
sheet and revealed that the tensile strength has been increased by the mixing of
glass fiber. Abrate et al. [8] studied that machining of basalt fiber composite mate-
rials is difficult because of the non-uniformity and sensitivity toward heating of
the matrix whereas high abrasiveness of the reinforcing agents. Mathew et al. [9]
investigated that Nd:YAG laser can satisfactorily cut the FRP composite. They also
developed the predictive models for heat-affected zone and taper of the cut surface
using response surface methodology (RSM). Hocheng et al. [10] observed that in
conventional drilling of FRP, delamination is a major issue which affects the hole
quality. Tsao et al. [11] identified a correlation between the process parameters and
induced delamination during drilling of a CFRP laminate. Davim et al. [12] inves-
tigated the equivalent delamination factor (Fed) during core-saw drilling-induced
delamination. Gaugel et al. [13] studied about the machinability of FRP composite
and observed that requirement of advanced geometry cutting tools. Petrucci et al.
[14] identified the ability to machine basalt-glass hybrid composite laminates. In
literature, it has been observed that conventional methods have various limitations
in machining of FRP composites and resulted good quality characteristics will not
be found.

Therefore, the attentions of the researchers are shifted toward the application
of LBM for machining of FRP composites. Solati et al. [15] observed that the
hole quality has been most affected significantly from heat-affected zone of GFRP
composite during laser drilling. Gautam and Pandey [16] identified the optimum
levels of process parameter to reduce the kerf deviations at both sides during laser
cutting of KFRP composite. Gautam and Mishra [17] acquired the optimum levels
of laser parameters to improve the kerf quality of the performed laser cut by using
Firefly Algorithm. Gautam and Mishra [18, 19] also identified the optimum settings
of laser parameters for cutting of hybrid FRP composite laminate. In all studies, they
considered lamp current, pulse width, pulse frequency, compressed air pressure, and
cutting speed as input laser parameters and kerf quality characteristics as output
responses. Mishra et al. [20] revealed that standoff distance (SOD) significantly
affects the geometry of top and bottom kerf deviation during laser cutting of basalt-
glass-kevlar 29 hybrid FRP composite laminates. In this article, the hole circularity
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will be maximized for the fabrication of Kevlar 29-Basalt hybrid composite through
the laser beam drilling. For doing so, the hybrid fiber composite has been fabricated
with the help of hand lay method and examined its hole circularity. After that drilling
operation has performed by using pulsed Nd:YAG laser. Moreover, Taguchi opti-
mization technique has been utilized to find the effects of drilling parameters on hole
circularity.

2 Methodology, Material, and Experimentation

The methodology of this study has been divided into four phases. The first phase
focuses on the fabrication of KFRP and BFRP hybrid fiber composite laminates with
the help of hand layupmethod. Composite sheet has been fabricated in the laboratory
environment using epoxy resin-520 with hardner-509 manufactured and supplied by
Electro coating and Insulation Technical Pvt. Ltd., Pune, India. The orientations
of Basalt-Kevlar-29 hybrid fiber mats in fabricated laminates have been kept [B-
0°/K-0°/B-45°/K-45°/B-0°] for the five layers. The orientation of fibers affects the
physical properties of fabricated composite. Therefore, to ensure the smooth flow
of epoxy resin, the orientation angle of (0°/45°) has been taken. A mild steel mould
has been used to fabricate the composite laminate. The dimensions of the mould
were 150 mm× 150 mm× 20 mm. Silicon spray has been used to work as releasing
agent. Resin glue has been preparedwith the help of using amagnetic stirrer to ensure
homogeneous mixture of epoxy and hardener (5:1 ratio proportion). Thereafter, mats
of fiber fabrics have been placed according to the defined the stacking sequence with
the intermediate layers of resin glue. At last, mould has been tighten by the bolts
and rest for curing at room temperature. After 24 h, mould opened and fabricated
laminate has been released and cut into the required size. The thickness of the laminate
is 1.2 mm (Fig. 1).

Fig. 1 KFRP-BFRP hybrid
fiber composite specimen
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Table 1 Details of process parameters for KFRP-BFRP hybrid fiber composite

Symbol Factor Unit Level 1 Level 2 Level 3

I Lamp current Amp 160 180 200

f Pulse frequency Hz 20 25 30

p Air pressure kg/cm2 8 9 10

In the second phase, A 250 W pulsed Nd: YAG laser system has been used to
perform drilling experiments on the fabricated composite laminate. This system is
developed at Raja Ramanna Center of Advanced Technology (RRCAT), Indore,
India. An assist gas has been compressed throughout the experimentation. Whereas
standoff distance and impact angle of incident beam kept constant at 1 mm and 90°,
respectively, for whole range of experiments. Three laser drilling parameters such as
lamp current (I), pulse frequency (f ), and air pressure (p) have been selected as an
variable input parameters and listed in Table 1, with their respective levels.

Taguchi method has been selected to design experiments. Therefore, total 9 exper-
iments have been conducted. After performing experiments, hole circularity has been
measured for 9 different combinations of input laser drilling parameters, viz., lamp
current, pulse frequency, and air pressure. Further, in the next phase, the Taguchi
approach has been applied for optimization of hole circularity. Moreover, in this
phase, a confirmation of experiment has been also done to validate the optimal result
by using Taguchi method. In the fourth phase, identify the analysis of parametric
effects for all process parameters.

KFRP and BFRP hybrid fiber composite having the nature of fiber pull out from
the sides during drilling because of this sample preparation process for measuring
the quality characteristics has been done very carefully.

For this research work, the test for determining the hole circularity has been
performed on the peak of the sample variable. After performing the experiments,
measurements of four diameters d1, d2, d3, and d4 have been taken on one side of
each drilled hole along the circumference at an interval of 45° angles. One of the
sample measurements has been shown in Fig. 2. Measurements have been taken with
the help of anoptical microscope (OM-JEOL), Japan, placed in the Indian Institute
of Technology (IIT), Kanpur, India. The circularity of the hole has been calculated
by using the Eq. 1.

Holecircularity = d min

d max
(1)

where Holecircularity represents the hole circularity, d min represents the minimum
diameter and d max represents the maximum diameter of the individual holes.

The images obtained fromOMhave been adopted for themeasurement of theHole
circularity for every KFRP and BFRP hybrid fiber composite sample. The measured
values of hole circularity are tabulated in Table 2.
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Fig. 2 Hole diameter
measurements

Table 2 The response of hole circularity under different process parameters

Exp. No. Process parameters factors and their level Response

I f p Hole circularity

1 160 20 8 0.9169

2 160 25 9 0.6650

3 160 30 10 0.9006

4 180 20 9 0.7895

5 180 25 10 0.7706

6 180 30 8 0.8584

7 200 20 10 0.8908

8 200 25 8 0.8007

9 200 30 9 0.8081

3 Taguchi Methodology

A Japanese engineer G. Taguchi proposed many approaches for parametric design
which are sometimes called “Taguchi Method”. These methods have been utilized
various types factorial designs. Taguchi introduced experimental design for:

– Designing products as per robust to environmental conditions;
– Designing and developing products/processes for robust to component variations;
– Minimizing variation around a target value.

The techniques of Taguchi are applicable widely. Basically Taguchi method has
been employed an orthogonal array by considering the whole parameter with a few
number of experiments. The loss function is defined with the deviation between the
experimental value and the desired value. For finding the loss function from desired
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value corresponds to performance characteristics, Taguchi method can be imple-
mented. After that it is further determined the signal-to-noise (S/N) ratio η. Usually
there are three types of the performance characteristic in the S/N ratio, the first one is,
the smaller-the-better, second one is,the larger-the-better, and the last one is, nominal-
the-best. The S/N ratio for each level of process parameters is computed based on the
S/N analysis. On the basis of the performance characteristic, the larger S/N ratio indi-
cates the better performance characteristic Therefore, highest S/N ratio η indicates
the optimal level of the process parameters. Furthermore, a statistical analysis of
variance (ANOVA) is performed for finding statistically significant process param-
eters. In this paper, Taguchi method is used to obtain optimal laser beam machining
performance in drilling operation by using drilling process parameters.

Nominal is the best:

S/
NN

= 10Log

(
y

s2y

)

(2)

Higher is the better:

S/
NH

= −10Log

(
1

n

n∑

i=1

1

y2i

)

(3)

Smaller-is-the better:

S/
NS

= −10Log

(
1

n

n∑

i=1

y2i

)

(4)

where y is the mean of observed value, S2y is the variance of y, n is the number of
observations. The goal of this research has to produce maximum hole circularity in
laser drilling operation. Larger hole circularity values represent better or improved
hole quality. Therefore, a larger is the better quality characteristic which has been
implemented and introduced in this study.

4 Results and Discussion

An analyzing the experimental data on the basis of signal/noise ratio is the main
essential criterion in the Taguchi method. According to Taguchi, S/N ratio should be
higher for getting the optimum drilling condition. Each factor corresponds to their
level is equally distributed in the L9 experiments of orthogonal array, due to which,
it is easy to find the effect of each factor at each level. Hole circularity is calculated
from mean S/N ratio for all process parameters at each level and the main effect
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Table 3 The result of S/N ratio under different process parameter

Exp. No. S/N ratio Exp. No. S/N ratio Exp. No. S/N Ratio

1 −0.75356 4 −2.05296 7 −1.00440

2 −3.54357 5 −2.26342 8 −1.93060

3 −0.90936 6 −1.32621 9 −1.85070

represented the value of hole circularity for each experiment. Average S/N ratio for
each parameter at each level is given in Table 3.

According to the Taguchi design, the level values are given in Table 1 which
is obtained from MINITAB 16 Program. Accordingly, Fig. 3 and Tables 4 and 5
showed that the higher value for the factor lamp current (I) at level third, factor pulse
frequency (f ) at level first and the factor air pressure (p) at level first. Therefore
experiments will be conducted (311) as 200 amp for lamp current, 20 Hz for pulse

Fig. 3 Main effect plot for S/N ratios

Table 4 Response for signal
to noise ratios

Level Lamp current (I) Pulse frequency
(f )

Air pressure (p)

1 −1.735 −1.270 −1.332

2 −1.881 −2.579 −2.482

3 −1.595 −1.362 −1.392

Delta 0.286 1.309 1.146

Rank 3 1 2
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Table 5 Response for means Level Lamp current (I) Pulse frequency
(f )

Air pressure (p)

1 0.8275 0.8657 0.8587

2 0.8062 0.7454 0.7542

3 0.8332 0.8557 0.8540

Delta 0.0270 0.1203 0.1045

Rank 3 1 2

frequency, and 8 kg/cm2 for air pressure to obtain drilling condition. Effectiveness
was observed at three depth levels.

The value of hole circularity for each factor level shows themain effect plots for the
average 9th experimentation. The specimen subjected to higher pulse frequency or
higher air pressure pulse frequency showed larger hole circularity. The flame current
has low effect on hole circularity compared to other two parameters according to
Fig. 3.

According to previous researchers, they suggested that the hole circularity was
affected significantly by the flame current. The air pressure had a lower effect on the
hole circularity but according to the observation in Tables 3 and 4. It signifies that
the major role participation of pulse frequency then pulse frequency and air pressure
had a lower effect.

The analysis of variance has been also calculated and resulted the p values for
the flame current, pulse frequency, and air pressure are 0.020, 0.529, and 0.413,
respectively, which confirms the previous statements.

The percentage contribution of various parameters affecting hole circularity is
shown in Table 6. In this case pulse frequency and air pressure are themost significant
parameters as compared to lamp current affecting hole circularity of thematerial after
drilling.

Table 6 ANOVA for hole circularity of KFRP-BFRP Hybrid fiber composite

S. No. Factor DF Sum of square Mean square F P Contribution

1 Lamp current (I) 2 0.1224 0.06119 0.56 0.642 0.020

2 Pulse frequency
(f )

2 3.2030 1.60149 14.58 0.064 0.529

3 Air pressure (p) 2 2.5037 1.25183 11.40 0.081 0.413

4 Error 2 0.2196 0.10981 0.036

5 Total 8 6.0486
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5 Conclusions

The Nd:YAG laser drilling of KFRP/BFRP hybrid fiber composite has been deliber-
ated in this paper for obtaining the precise result on hole quality based on Taguchi
methodology. The result has been analyzed using ANOVA and it has been concluded
that the proposed method is applicable for predicting more accuracy in result. Other
conclusions are summarized below:

1. The condition for Optimum drilling which related to maximum −1.595 S/N
ratio value of the larger hole circularity value for drilling operation (311) was
found to be 200 A for the lamp current, 20 Hz for the pulse frequency, and
8 kg/cm2 for the air pressure.

2. By using Taguchi experimental design, the number of experiments was reduced
in the same or similar area in drilling operations to determine optimum drilling
conditions. More accurate results will be applicable in academic and industrial
uses.

3. The most significant parameters are pulse frequency and air pressure as
compared to lamp current affecting hole circularity of the material after drilling.
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Flywheel Energy Application
in Commercial and Agricultural Field:
A Typical Review

Sagar D. Shelare, Ravinder Kumar, and Pravin B. Khope

1 Introduction

A system for storing energy assumes a significant role in today’s world. An upcoming
world without systems for storing energy is just like a computer device with no hard
disc. There are several energy storage devices utilized in manufacturing like battery
energy storage [1], thermal energy storage [2], air energy storage (compressed) [3],
energy storage system with flywheel technology and flywheel.

Flywheel which is additionally called a mechanical battery [4], might be used as a
primary system of energy storage and it is the oldest of all [5]. The flywheel is utilized
in machines fills in like vault, which stores when energy supply is extra than required
and releases it when the necessary energy is more prominent than a requirement.
Flywheels restrict adjustment in rotational speed, which helps predictable turn of
a shaft during intermittent torque is applied by the capacity source, or when the
discontinuous force, like a piston pump, is set on it. The function of the engine
flywheel is to make a smooth transmission to wheels. In order to ensure the constant
output flywheel is attached with the same link of the shaft. Whenever a shaft receives
power higher than the average value then it is received and stored by flywheel for a
moment. Figure 1 shows the typical casting of different shapes of a flywheel.

Energy stored is corresponding to the mass and rotational velocity square of a
flywheel. This can be comprehended by equations of energy (E) and moment of
inertia (I) as in Eqs. (1) and (2), respectively, [6],

E = 1

2

(
I × ω2

)
(1)
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Fig. 1 The typical casting of
different shapes of a flywheel

I = (
r2 × m × h

)
/2 (2)

where r radius; m mass and h height of the flywheel.
The flywheel is generally attached at one end of the shaft in order to have uniform

torque. They store energy when it is in excess and releases it when desired. Hence a
flywheel can be considered as a reservoir of energy, which gives energy at the desired
time. A flywheel is needed in two types of machines, one in which the operation is
intermittent. In this type of machine, the flywheel absorbs energy from a power
source during the ideal period and delivers a large amount of stored energy in a very
short useful portion of the cycle. The machines of this type include press, riveting
machines, etc. So it is obvious that in these machines, a large amount of energy is
required during the working period for performing the operation. Without Flywheel,
one should be compiled to install amotor at very high power, but during the rest of the
cycle, when no energy is required, the motor will be running at no load. So by using
a flywheel, a smaller power unit can be used and large power can be obtained for a
shorter period. In the second type of machine, the necessity of flywheel is realized
where torque generated is in the form of peaks and troughs (non-uniform torque),
as in the case of I.C engines, steam engines, etc. Here flywheel smoothens out the
speed fluctuations caused by the non-uniform flow of power from piston during the
working stroke.

When the shaft receives the varying output the whole mechanical system becomes
unstable and shaft will unable to work. To ensure the constant output flywheel is
attached with the same link of shaft. Whenever a shaft receives power higher than
the average value then it is received and stored by flywheel for a moment. This
power is disbursed when shaft receives powerless than the average power. Usually,
the power, energy, and velocity all are taken analogously with each other. Flywheel
absorbs kinetic energy through its inertial mean. The storing power of kinetic energy
depends upon density, volume, and distribution of mass about the axis. Many papers
are reviewed in this with conventional and software methods. Due to a number of
models of engine and their performance in between cycles the flywheel designed
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Fig. 2 Common uses of a flywheel

today in such a way so that the total storage capacity of flywheel can be increased
for given constraints. In modern days the compactness is also one of the basic needs
of life that enhances the system appearance.

Flywheel has its uses in most of the areas. Figure 2 shows the common uses of a
flywheel.

2 Flywheel Materials and Shapes

Figure 3 shows the typical cross section of the flywheel. In this figure Do, D, and d
are the outside, mean, and internal diameter of the rim respectively. Also, a and b are
sections of the arm and width of the flywheel.

Flywheels are made using a wide variety of materials; based on the applications.
C.I. flywheels are utilized into older steam engines. Flywheels utilized in automo-
biles are produced by C.I., st., or al. Flywheels made from composite or high-quality
steel were designed in anticipation of their use in systems for motor energy storage

Fig. 3 Typical cross section
of the flywheel [6]
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Table 1 Significance of flywheel materials

Material specification M in kJ/kg Remarks

High strength Al, Steel, Mg, and Ti
Alloy

100–200 Performance is just similar to one another.
Mg and Ti alloys are costly than steel and
Al alloys

Composites: CFRP 200–500 Work very well

Composites: GFRP 100–400 Better just like CFRP

Beryllium 300 Toxic in nature. Difficult to work.
Expensive in price

Cast Iron 8–10 Higher density makes it’s suitable for
limited velocity and strengthLead Alloy 3

and stoppage. high-quality steel or composite has been planned in favor of its utiliza-
tion into motor energy stockpiling and stopping mechanisms. The proficiency of
the flywheel is controlled by the most extreme measure of energy store over unit
weight. Stored energy increases with flywheel’s rotational speed; notwithstanding,
the stresses likewise increment.

Various materials used to make the flywheel along with their signifi-
cance/drawbacks are shown in Table 1

The alloy steel, carbon steel 1065, maraging steel, and stainless steel are mostly
used to make a flywheel. Within the upcoming year, increasingly, appropriate char-
acteristics and materials will be picked to investigate that will give progressively
exact outcomes and a similar strategy of materials for different uses.

Table 2 shows calculated values for various physical values of the flywheel
required for storing 250 J.

The various shapes of the available materials for the flywheel are as shown in
Table 3. Disc of lavals and solid disc is made up of metals while composites are
preferred to make a thick ring and thin ring. Value of shape constant (K) for disc of
lavals, solid disc, thick ring, and thin ring are 1, 0.606, 0.305, and 0.50, respectively.

Table 2 Various physical values of the flywheel for storing 250 J

Material R M ω � ï

Al. Alloy 153 3.3 2406 0.0421 151,515

C. I 104 16.6 1465 0.0084 30,121

Composite: CFRP 195 1.0 3382 0.1389 500,000

Composite: GFRP 150 3.8 2323 0.0365 131,579

Maraging steel 145 4.4 2218 0.0316 113,636

Note R flywheel radius in cm, M flywheel mass in gm, ω flywheel angular velocity in rpm, �

flywheel energy density in kWh/kg, ï flywheel efficiency in J/kg
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Table 3 Various shapes of flywheel

Material Shape type Shape constant value Shape

Metal Disc of lavals 1.00

Metal Solid disc 0.606

Composite Thick ring 0.305

Composite Thin ring 0.50

3 Recent Advances in a Flywheel

Ha et al. considered flywheel plans comprising numerous composite shells combined
with obstruction fit so as to pre-stress a composite into pressure. A group found ideal
measurements for such a structure [7] and found that the subsequent plans could
be scaled [8, 9]. They additionally created and displayed plans for split-type hubs
[10] and composite hubs [11], the last of which has additionally been the subject of
several patents [12]. Authors additionally created and displayed plans for split-type
center points [8] and composite center points [11], the last of which has additionally
been the subject of a few licenses [12]. These investigations have been joined by the
assembling and testing of the subsequent plans [13], approving the discoveries.

Flywheel supportive networks have likewise observed critical advances.
Flywheels are generally enclosed inside the vacuum chamber to diminish aerody-
namic energymisfortunes [14].Magnetic bearings have been used on fixed flywheels
and propose altogether diminished friction on customary rolling bearings [15, 16].

Zakiuddin et al. developed chaff cutter which works on HPFM. Author also estab-
lished generalized models for the chaff cutter operated by HPFM for responses [17].
Wagh et al. have developed a novel Flour Kneading Machine with HPFM. This
machine found its suitability in pantry, educational institutes, hall kitchen, and several
industries [18]. Shelare et al. have developed Charoli nut desheller which works on
HPFM. Author also formulated the mathematical model for the responses [20].
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4 Agricultural Application of Flywheel

Several researchers usedflywheel for the storageof humanenergy.Dr. J. P.Modakand
his team have developed several machines for agricultural mechanization. Machines
which was also called a processing unit works on the pedaling unit which mainly
comprises of bicycle unit and flywheel. In this pedaling unit, flywheel stores the
energy which has generated by the peddler and utilizes the same for the working of
various agricultural machines. The various authors like Bhatkulkar and team, Dhale
and team, Ganorkar and team, Ghuge and team, Khope and team, Khope and team,
Khope and team, Moghe and team, Nimbarte and team, Sonawane and team, Sonde
and team, Undirwade and team, and Waghmare and team have been developed the
process units like Nursery Fertilizer Mixer, Oil press, Water Pump, Novel Gearbox,
Chaff cuttingmachine, ForgeCutter, Ice creamMakingMachine, Turmeric Polishing
Machine,Garlic PeelingMachine, SugarCaneSproutCutterMachine,WoodChipper
Cutter, Sliver cutting machine, and Stirrup Making Machine, respectively.

5 Results and Discussion

The various flywheel-assisted machines for agricultural purpose are given below in
Table 4.

The above machine found cost-effective, can be used for human-operated process
machines having intermitted working. The efficiency of the machine finds higher at
low input.

6 Conclusions

The energy storing system has the prospective to employ a key role in facilitating the
addition of renewable resources. Numerous advantages can be gained by utilizing
efficient energy storage. This paper provides a review of storage devices especially
mechanical energy with the help of flywheel. The total storage capacity of flywheel
gives uniformity in speed at changing loads. This factor has been considered bymany
authors. Energy storage is the main scope for a flywheel. Various factors affected the
performance of the flywheel like material and shapes are studied. Many machines
have been developed bymany researchers for the agricultural purposewith a flywheel
and found efficient and reliable for work.

This paper gave an up-to-date technical review of the flywheel in different
commercial and agricultural processes. Till date no thresher machine is developed
with flywheel, so there is a scope of development as most of the machines with
flywheel working safely.
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Table 4 Various agricultural applications of flywheel

Agricultural machine Specification/significance/limitations References

Chaff cutting machine Developed chaff cutting machine to
overcome uncertainly of electricity. The
developed machine is worked with the help
of HPFM. The machine is proper for
marginal farmers having 2–3 cattle

[19]

Chaff cutter Developed chaff cutter which works on
HPFM. Established generalized models for
the chaff cutter operated by HPFM for
responses

[17]

Charoli nut desheller Developed mathematical model of Charoli
nut desheller

[20]

Flour Kneading Machine Developed a novel Flour Kneading
Machine with HPFM. This machine found
its suitability in pantry, educational
institutes, hall kitchen, and several
industries

[18]

Forge Cutter A newer cutter is made up which different
than other fodder cutters that will work on
the non-conventional energy source. The
machine runs with the help of flywheel
energy

[21]

Garlic Peeling Machine Developed Garlic Peeling Machine
assisted by a flywheel. The machine is
cost-effective and useful for
human-operated machines having
intermitted working

[22]

Ice cream Making Machine Developed human-powered Ice cream
making machine assisted by a flywheel. In
machine wooden having a mixture of ice
and salt, where ice cream ingredients are
stirred and blended with flywheel energy

[23]

Novel Gearbox Developed a novel gearbox for the HPFM.
Gearbox runs smoothly with the help of
flywheel

[24]

Nursery Fertilizer Mixer Developed human-powered nursery
fertilizer mixer assisted by flywheel
(HPFM). The machine is economically
feasible, can be used by a normal worker
and it minimizes the time

[25]

Oil press Developed an approximate generalized
data-based model by varying independent
variables for an oil press. The recognized
database will be helpful for lower to
medium output oil press

[26]

(continued)
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Table 4 (continued)

Agricultural machine Specification/significance/limitations References

Oil expeller Developed Oil expeller which works on
HPFM. Established generalized models for
the Oil expeller phenomena operated by
HPFM for responses

[27]

Sliver cutting machine Designed and developed a sliver cutting
machine assisted by a flywheel. The
operation of the machine is successful and
highly reliable

[28–30]

Stirrup Making Machine Developed a human-powered flywheel
motor for stirrup making machine. The
machine is cost-effective and useful for
human-operated machines having
intermitted working. The efficiency of the
machine finds higher at low input

[31, 32]

Sugar Cane Sprout Cutter Machine The machine is useful for cutting a
sugarcane bud that is helpful for sugarcane
sown. The machine reduces economic loss
and human effort

[33]

Turmeric Polishing mc Designed and developed a turmeric
polishing Machine. Machine work well
with flywheel energy

[34]

Water Pump Developed human-powered water pump
assisted by a flywheel. The machine can
lift a moderate amount of water at a
considerable height

[35]

Wood Chipper Cutter Developed wood chipper cutter assisted by
a flywheel. The machine is cost-effective
and useful for human-operated machines
having intermitted working. Also
experimental plan was established to
measure human energy

[36]
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Cyclostationary Analysis-Based Gearbox
Fault Diagnosis Under Varying Speed

Vikas Sharma, Anand Parey, and Ram Bihari Sharma

1 Introduction

Gearbox of awind turbine operates at uncertain wind speed due to uncontrollable and
harsh environment conditions. Signal-processing techniques and condition indicators
(CIs) are the backbone of any fault detection algorithms developed for a gearbox.
When a gearbox is operating, its health can be monitored continuously by frequency
content explored using appropriate signal processing technique [1]. Ignorance of any
fault in the gears of a gearbox could possibly lead to a catastrophe. Various signal
processing techniques consisting of time domain [2], frequency domain [3–5], and
time–frequency domain [6] along with CIs have been used widely to state the health
of gearbox [4, 6, 7]. These techniques process the gearbox signals (noise, structural
vibrations, and gear vibrations) acquired by the transducers. Theymeasure the energy
of the signal statistically and quantify the level of vibrations generated due to fault.

Time synchronous averaging (TSA), a widely explored technique, provides an
accurate estimate of the gear tooth meshing vibration signal under constant speed
conditions [8]. To diagnose gear fault at the incipient stage, kurtosis was applied to
TSA signals [9]. TSA can be used for tacho supported applications only. When a
gear meshes with another gear, amplitude and phase modulation occurs due to the
presence of pitch errors, eccentricity, wear, and non-uniform load. Consequently,
these modulations appear as sidebands around the gear mesh frequency (GMF) and
its harmonics in the frequency spectrum. For an incipient fault, the sideband activity
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is weak and masked by noise components, making it difficult to explore them using
Fourier spectrum alone. Spectral kurtosis (SK) is a measure of energy in frequency
domain, used for detection of early faults in presence of heavy overlapping noise
[10].

Further, if there is periodic variationofnth ordermoment or the statisticalmoments
of a non-stationary signal varies with time, and then such non-stationary vibration
signals of gearbox are treated as cyclostationary signals [11, 12]. On evaluating cyclic
cumulants and cyclic spectrum, cyclostationary analysis detects modulation caused
due to faults. CIs based on cyclostationarity signal can detect fault effectively [13].

Most of the fault diagnosis methods were developed under either constant speed
or speed specific conditions, rely on the assumption of hypothetical data, computa-
tional complexity, and signal stationarity. Conversely, gearboxes often operate under
varying conditions, and their vibration signals are multi-component, modulated, and
non-stationary. To the best of our knowledge, the research on a gearbox under fully
varying speed is very limited. The main contributions of this work are

1. A novel analysis exhibiting a effectiveness of fourth-order of cyclostationary
analysis, thereby detecting fault transients caused by meshing of faulty gears;

2. The speed variation performed to examine the performance of the cyclosta-
tionary analysis resembles the real-time speed variation (i.e., run-up, random
fluctuation, and coast-down), not yet studied.

The manuscript reviews the theoretical background of all the signal processing
methods followed by experimental investigation. The experimental findings, discus-
sion about the diagnostics capability of the each method are also reported.

2 Theoretical Background

2.1 Time-Domain technique- TSA

To examine the occurrence of faults, TSA extracts the gear tooth meshing vibrations
thereby attenuating the non-synchronous components present in the gearbox vibra-
tion signal. It enables the average signal to exhibit the meshing of teeth over an entire
revolution. [8]. TSA for a raw vibration signal y(t), is expressed as [8]

y(t) =
(
1

N

) N−1∑
n=0

y(t − nT ) (1)

where T is shaft rotation period and N is number of averages. TSA segments the
vibration signal synchronous with shaft rotation, gear rotation, etc. to perform the
ensemble averaging to extract the signal of interest. After extracting the ensemble
averaged signal, kurtosis can directly be applied to comment about the gear health.
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2.2 Kurtosis

It shows the peakedness of probability density function (PDF) of a signal [14]. For
a healthy gear vibration signal, kurtosis is approximately 3 [15]. It is defined as
fourth-order moment normalized by the square of variance of a signal. It is given by

K =
N

N∑
i=1

(
Yi − Y

)4
(

N∑
i=1

(
Yi − Y

)2)2 (1)

2.3 Frequency Domain technique- Spectral Analysis

Measurement in frequency domain states the amplitude of different frequencies
present in time-domain signal. Using discrete Fourier transform (DFT) various
components, i.e., GMF, harmonics of GMF, sidebands, shaft rotation frequency, etc.
can be observed. For healthy gearbox running at constant speed, the GMF dominates
the frequency spectrum. Condition of gear health can be evaluated by comparing the
healthy spectrum to the faulty gear spectrum. With the increasing concern of early
gear fault diagnosis under heavy noise, SK has been used, as energy normalized
fourth-order moment of the real part of the DFT. It detects non-Gaussian components
generated due to gear fault. Antoni et al. [10, 16, 17] introduced the SK technique
into mechanical fault diagnosis. The SK of a signal y(t) can be evaluated as [17]

Ky( f ) = C4Y ( f )

S22Y ( f )
= S4Y ( f )

S22Y ( f )
− 2, f �= 0 (2)

where C4Y ( f ) = S4Y ( f ) − 2S22Y ( f ), f �= 0 is fourth-order spectral cumu-
lant, S22Y ( f ) is the power spectral density of y(t). The energy measurement of
the complex envelop H(t, f ) is given by second-order instantaneous moment:
S2Y ( f ) = 〈

H |(t, f )|2〉. Based on SK, Kurtogram a 2-D map, is used for fault
diagnosis, exhibiting the values of SK for frequency and bandwidth [17].

2.4 Cyclostationarity-Based Kurtosis

Cyclostationary signals are defined by the periodicity of moments. When the first-
order moment of the signal y(t), i.e., mean mY (t) is periodic with period T, then it
is said to be a first-order cyclostationary (CS1) signal, expressed as
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mY (t) = E{y(t)} = mY (t + T ) (3)

where E{·} implies ensemble average. The signals which exhibit periodicity in
auto-correlation function (ACF) are termed as a signal with second-order cyclosta-
tionarity (CS2) [12, 13]. Either amplitude modulation or frequency modulation or
both appearing in stochastic process are examples of CS2 signals. ACF of a signal
y(t) is a periodic function with period T and is expressed as

RYY (t, τ ) = E
{
y(t + βτ)y(t − βτ)∗} = RYY (t + T, τ ) (4)

where τ is the time lag, β+β = 1 and * refer to the conjugate. ACF is independent
of t for 2nd order stationary signal such that RYY (t, τ ) = RYY (τ ). Cyclic behavior
is observed for a gearbox under operation which is due to the inherent parameters
such as excitation by fault, speed variations, and load. It exhibits that such signals
are fundamentally cyclostationary in angular domain [12]. Therefore, time-domain
vibration signal can be resampled by an angular variable ϑ and a cyclic period �

in the angular domain with angle lag as φ. Thus, a signal y(t) is defined in angular
domain as y(ϑ). Consequently both Eq. (4) and (5) can be rewritten as

mY (ϑ) = E{y(ϑ)} = mY (ϑ + �) (5)

RYY (ϑ, ϕ) = E
{
y
(
ϑ + βϕ

)
y
(
ϑ − βϕ

)∗} = RYY (ϑ + �,ϕ) (6)

Fundamentally, a gearbox vibration signal is a combination of various orders
of cyclostationarity. Researchers have cited that vibrations of first-order periodicity
are caused by the imbalanced and misalignment present in the rotating machines.
Whereas modulated vibrations generated due to wear, friction force or impacts
between teeth belongs to second-order periodicity [13, 18]. Thus, to detect and to
state about the fault, these different orders have to be explored. Therefore, cyclic
cumulants can be used to express the indicators of cyclostationarity (ICS1Y and
ICS2Y ):

ICS1Y =
∑

α∈A,α �=0

∣∣Cα
1Y

∣∣2∣∣C2Y (0)
∣∣1 (7)

ICS2Y =
∑

α∈A,α �=0

∣∣Cα
2Y (0)

∣∣2∣∣C0
2Y (0)

∣∣2 (8)

where A is the set of interested cyclic frequencies which is a subset of A. These
indicators are normalized by the energy of residual signal and therefore they are
dimensionless. For a signal y(t), skewness and kurtosis are defined as the energy
normalized third and fourth-order cumulants respectively and can be evaluated as
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ICS0nY = C0
nY (0)∣∣C0

2Y (0)
∣∣n/2 , n = 3, 4 (9)

For evaluating cyclostationary-based kurtosis, n = 4 is considered. To summarize
all the available spectral information, the cyclic cumulants at zero lag were used.

3 Experimental Setup

3.1 Test Rig

The experimental investigations were performed on a Drivetrain Diagnostic Simu-
lator (Fig. 1), which utilizes a 2.237 kW, 3phase, 0–3000 rpm AC drive motor simu-
lating a WT. The operational speed and load can be varied at the same time with
the help of a computer. The vibration signals were acquired from single-stage gear
set of 20° pressure angle, further specifications of gearbox are mentioned [4]. Gear
tooth faults, i.e., cracked tooth, chipped tooth, and missing tooth (Fig. 1) have been
considered. Experiments were performed for all the test gears at varying speed at no
load, 40% load, i.e., 32 Nm and 80% load, i.e., 64 Nm, respectively. The profile of
speed as shown in Fig. 2 is considered in accordance with fluctuating wind speed
observed in wind turbines [19, 20]. Such varying speed profile was never analyzed.
The vibration signals were acquired with a sampling rate of 12.5 kHz.

Fig. 1 Experimental setup and different gears a healthy gear; b cracked tooth gear; c chipped tooth;
d missing tooth gear
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Fig. 2 Profile of fluctuating
speed

4 Results and Discussion

The vibration signals acquired for the gear tooth faults under for 40% and 80% load
are shown in Fig. 3. On observing Fig. 3, it was noticed that the amplitude of time-
domain signals for healthy, crack, and missing tooth fault at 40% load appears nearly
same (Fig. 3a, b, d), whereas for chipped tooth the amplitude and the density of peaks
was found increased comparatively (Fig. 3c). Thus, from Fig. 3, it becomes difficult
to state the fault from raw vibration signals. Conversely, at 80% load, an increase in
the amplitude of vibration signal was observed (Fig. 3). It implies that the impulses
which were observed weak for missing tooth gear at 40% load were observed strong
and visible at 80% load. However, the impressions of faults to distinguish from
raw vibration signals and kurtosis (Table 1) were not clear. Both varying speed and

Fig. 3 Gear vibration signals, a–d corresponds to different gear health at different load
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Table 1 Value of kurtosis for raw time-domain vibrations signals and TSA signals

Load
(%)

Gear

Raw signal TSA signal

Healthy
gear

Crack
tooth
gear

Chipped
tooth gear

Missing
tooth
gear

Healthy
gear

Crack
tooth
gear

Chipped
tooth gear

Missing
tooth
gear

0 6.0294 6.3093 9.1206 5.9104 4.9584 6.8745 5.9120 11.9496

40 6.2245 5.8465 8.7754 6.9715 5.1045 4.9876 5.9951 8.4513

80 6.8515 6.1514 9.5718 9.8898 4.7845 5.5978 5.4879 5.7978

localized tooth fault govern the raw vibration signal, as a result the variance of the
signal is very high. Therefore, kurtosis of healthy gear vibration signal at different
loads was found nearly 6. Further, at 40 and 80% load the value of kurtosis for crack
tooth gear was found less than the value of healthy gear. Thus, gear faults cannot be
detected from raw vibrations signals.

4.1 Analysis Using Time Synchronous Averaging
and Kurtosis

TSA of raw vibration signal was performed, a well-proven inwind turbine cases [15].
For constant speed conditions, resampling approach followed by a simple linear
interpolation, for equal number of samples, was adopted. The procedure of TSA
has been adopted, i.e., resampling and ensemble averaging are performed. Figure 4
shows the TSA signals and it was observed that resampled TSA have a limited
capability to detect fault at the aforementioned varying speed. The occurrence of
transients was irregular as shown in Fig. 4 for chipped tooth and missing tooth;
conversely, no transient was visible in case of cracked tooth. A possible reason could
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Fig. 4 TSA signals obtained under fluctuating speed for different gear health conditions at 40%
load
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be inseparability of transients towards the end of the rotation due to different phases,
because of modulations. The kurtosis value calculated from the TSA signals and
proved to be unreliable (Table 1). This proves that the TSA fails to diagnose fault at
aforementioned varying speed. Kurtosis of both raw signals and TSA signals when
calculated doesn’t indicate the fault present in the signals for different gear health.

4.2 Analysis Using Spectral Kurtosis

The spectral smearing in frequency domain encourages the use of SK, which shows
the kurtosis as a function of frequency. Figure 5 shows the power spectrum and
the spectral kurtosis with respect to normalized frequency plotted for different gear
health considered. The y-axis of power spectrum is amplitude, whereas x-axis has
no unit. It exhibited the peaks observed in power spectrum of different gear health
have a variation in their amplitude. The amplitude of peaks for both healthy and the
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Fig. 5 Power spectrum and spectral kurtosis for different gear health at 40% load
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Fig. 6 Kurtogram is plot obtained from the waveform in Fig. 3 for different gear health

missing tooth gear is less than the amplitude of peaks for crack and chipped tooth
gear.

At 32 Nm load the value of kurtosis for healthy gear was observed as 9.8, whereas
for crack tooth, chipped tooth, and missing tooth is found as 21.5, 17.3, and 11.1,
respectively. Further, it can be noticed from Fig. 6 that the level of faults observed
was in a range of 3–5, but healthy gear reflects highest kurtosis at level 9.8 for 40%
load. Thus, it can be said that both SK and power spectrum of the different gear health
have reflected ambiguous results. A similar behavior of SK is observed at 80% load.
This deviation of results reflects the insensitivity of SK towards the fault diagnosing
mechanism of a gearbox.

Thus, at aforementioned varying speed profile both conventional spectral analysis
and SK failed to reveal fault symptoms when the vibration signal is non-stationary.
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Fig. 7 Angular domain average vibration signals at 40% load

4.3 Analysis Using Cyclostationarity Analysis

The theory of cyclostationarity will be competent for fault detection when a time-
domain signal is resampled in angular domain. Therefore, resampling in angular
domain was performed in pursuit of uniform samples/revolutions using tachosignal.
Thereafter, angular domain averagingwas performed to identify the first-order cyclo-
stationary present in the signal as shown in Fig. 7. It is the first step to find the presence
the cyclostationarity in the signal on noticing transients of high amplitude. In Fig. 7a
no transient impulse was noticed, correlating it to a healthy gear. Whereas the tran-
sients peaks were observed in Fig. 7b–d, when compared to each other. The transients
observed in Fig. 7d have a larger duration in terms of angle as compared to Fig. 7a,
which is possible indication of vibrations generated due to the impact of the missing
tooth. Further, the residual signal derived by cyclic average vibration signals was
used to calculate the fourth-order cumulants, i.e., cyclostationarity based kurtosis.
In order to evaluate the cyclic cumulants, cyclic frequency and cyclic orders were
calculated first. For the present study, the normalized cyclic frequency was evalu-
ated as 0.03125 and cyclic orders are set up to a range of 0–70. From healthy gear
to missing tooth gear, the amplitude of cyclic cumulants was found increasing as
highlighted by encircling them for both 40% load and 80% load (Fig. 8). The peaks
for cyclic cumulants appear at same orders, but their amplitude has gained twice at
80% load. The peaks for cracked tooth and chipping tooth were observed in between
the cyclic order of 30–40. But for missing tooth the peaks were observed from the
cyclic order 25–40.

Cyclostationarity-based kurtosis (ICS4Y ) has been calculated for each fault and
its response was worth noting (Table 2), as the fault can be directly identified using
a simple threshold of 3.5. ICS4Y associated with the healthy gear was observed low,
suggesting that no fault development on the gear. Whereas ICS4Y exhibits a sudden
increase of CS4 cyclic cumulant for gear crack. Although the speed of gearbox was
varied, ICS4Y shows significant impact on fault diagnosis.
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Fig. 8 Estimated fourth-order cyclic cumulant for different gear health angular domain vibration
signals

5 Conclusion

Experimental investigationwas conducted for gearbox fault diagnosis imitatingwind
speed variation. The resampled TSA was not capable extract fault transients under
varying speed. Similarly, the SK was not found effective in noticing the fault symp-
toms excited by the gear faults. Conversely, cyclostationary analysis attenuated the
non-synchronous components indicating the presence of fault symptoms by CS1
components. Further, CS4 cylic cumulant was found increased at the cyclic orders of
gear tooth for both 40% load and 80% load. ICS4Y supports the presence of localized
faults too. Cyclostationary analysis completely outperforms the results of resampled
TSA signal, spectral kurtosis—kurtogram and it could prove to be a robust approach.
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Table 2 Values of ICSnY for different gear health at different load

CIs Gear

Healthy gear Crack tooth gear Chipped tooth gear Missing tooth gear

a No load

ICS1Y 0.5121 0.6678 0.7815 0.8312

ICS2Y 2.4751 2.8795 3.1354 4.0012

ICS3Y 3.9557 5.6647 7.9945 10.4715

ICS4Y 3.2491 5.1642 6.9815 9.1548

b 40% load

ICS1Y 0.8874 0.9574 1.2157 1.5541

ICS2Y 1.2198 3.0541 3.8745 4.5213

ICS3Y 4.0121 6.8877 9.1044 12.9515

ICS4Y 3.3371 5.8745 7.0015 8.9995

c 80% load

ICS1Y 0.9748 1.0251 1.2517 1.6564

ICS2Y 2.1145 3.1917 3.6615 4.5553

ICS3Y 4.1001 7.0114 9.2255 13.4507

ICS4Y 3.4071 5.7857 7.8095 9.5501

References

1. Wang J, Cheng F, Qiao W, Qu L (2018) Multiscale filtering reconstruction for wind turbine
gearbox fault diagnosis under varying-speed and noisy conditions. IEEETrans Industr Electron
65(5):4268–4278

2. Bechhoefer E, Qu Y, Zhu J, He D (2013) Signal processing techniques to improve an acoustic
emission sensor. In: Annual conference of the prognostics and health management society, vol
4, 1–8

3. Barszcz T, Randall RB (2009) Application of spectral kurtosis for detection of a tooth crack in
a planetary gear of a wind turbine. Mech Syst Sig Process 23:1352–1365

4. Sharma V, Parey A (2017) Frequency domain averaging based experimental evaluation of gear
fault without tachometer for fluctuating speed conditions. Mech Syst Sig Process 85:278–295

5. Saidi L, Ali JB, Benbouzid M, Bechhoefer E (2016) The use of SESK as a trend parameter for
localized bearing fault diagnosis in induction machines. ISA Trans 63:436–447

6. PareyA,TandonN(2007) Impact velocitymodeling and signal processingof spur gear vibration
for the estimation of defect size. Mech Syst Sig Process 21:234–243

7. Sharma V, Parey A (2016) Gear crack detection using modified TSA and proposed fault
indicators for fluctuating speed conditions. Measurement 90:560–575

8. Braun S (2011) The synchronous (time domain) average revisited. Mech Syst Sig Process
25:1087–1102

9. Ahamed N, Pandya Y, Parey A (2014) Spur gear tooth root crack detection using time
synchronous averaging under fluctuating speed. Measurement 52:1–11

10. Antoni J, Randall RB (2006) The spectral kurtosis: application to the vibratory surveillance
and diagnostics of rotating machines. Mech Syst Sig Process 20:308–331

11. Sharma V, Parey A (2017) Use of cyclostationarity based condition indicators for gear fault
diagnosis under fluctuating speed condition. In: Chaari F, Leskow J, Napolitano A, Zimroz R,



Cyclostationary Analysis-Based Gearbox Fault Diagnosis … 199

Wylomanska A (eds) Cyclostationarity: theory and methods III. Applied condition monitoring,
vol 6. Springer, Cham

12. Antoni J, Bonnardot F, Raad A, Badaoui M, El. (2004) Cyclostationary modelling of rotating
machine vibration signals. Mech Syst Sig Process 18:1285–1314

13. Zhu ZK, Feng ZH, Kong FR (2005) Cyclostationarity analysis for gearbox condition
monitoring: approaches and effectiveness. Mech Syst Sig Process 19:467–482

14. Sharma V, Parey A (2016) A review of gear fault diagnosis using various condition indicators.
Procedia Eng 144:253–263

15. Samuel PD, PinesDJ (2005)A reviewof vibration-based techniques for helicopter transmission
diagnostics. J Sound Vib 282:475–508

16. Antoni J (2006) The spectral kurtosis: a useful tool for characterizing non-stationary signals.
Mech Syst Sig Process 20:282–307

17. Antoni J (2007) Fast computation of the Kurtogram for the detection of transient faults. Mech
Syst Sig Process 21:108–124

18. Kidar T, Thomas M, El Badaoui M, Guilbault R (2013) Diagnosis of gear faults by
cyclostationarity

19. https://drømstørre.dk/wp-content/wind/miller/windpower%20web/en/tour/wres/variab.htm
20. Wagner R, Antoniou I, Pedersen SM, Courtney MS, Jørgensen HE (2009) The influence of the

wind speed profile on wind turbine performance measurements. Wind Energy Int J Progr Appl
Wind Power Convers Technol 12(4):348–362



Control System for Hybrid Journal
Bearing: A Fuzzy Approach

Anamika Yadav and Pooja Pathak

1 Introduction

Hybrid bearing has the function of hydrostatic and hydrodynamic bearing both.
Hybrid bearing has an edge over poorly hydrostatic bearing by tolerating substantial
load over and above the normal design load. These bearings can take heavy dynamic
loading that has wide variation in the direction of rotation. The blank space in the
bearing surfaces is avoided in hybrid bearing, so that it can maximize the hydrody-
namic effect. The bearing has performed the required support to the shaft only if the
proper lubrication is maintained in clearance space. The lubrication system of hybrid
bearing works as human vein and oil works as blood. So, the researches have always
thought about the advancement towards the lubrication for improving and hassle-free
working of a turbine using hybrid bearing.Here author uses the concept of fuzzy logic
for the prediction and controlling of oil pressure [1]. Authors suggested a decision-
making tool for selection procedure of fluid film journal bearing [2]. In this work
authors presented a mechatronic system called active hydrostatic journal bearing
that is a need of fast-budding manufacturing environment to improve the dynamics
and static characteristics of hydrostatic journal bearing [3]. In this work authors
developed a neural-fuzzy system with the help of optimal membership functions to
generate the input linguistic variables of a system [4]. The researchers developed
fuzzy orthonormal-ARX adaptive fuzzy logic-structure feedback observer a fuzzy-
based anomaly-diagnosis algorithm on Rolling-element bearings (REBs) that is used
in several activities of non-linear rotating machines [5].

Fuzzy logic suggests the selection of type of bearing. Stability analyses for the
hybrid bearing have been done by some rechargers. Different oil pump that is used
in this lubrication system ensures the proper lubrication for the bearings. Types of
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pumps that are mainly used are emergency oil pump, main oil pump, and auxiliary
oil pump.

1.1 Main Oil Pump (MOP)

The main oil pump provides oil for all the requirements for all the journal bearings
in the turbines. It generates high oil pressure. It is attached directly to the turbine
shaft at either turbine or at generator end so, it operates with the speed of shaft of
turbine. At the time of starting and slowdown of turbine, the main oil pump does
not get proper number of rotation to generate required all pressure. At 90–95% of
turbine speed, the main oil pump can generate required pressure.

1.2 Auxiliary Oil Pump (AOP)

It has following two functions:

1. It operates at the time of startup and shutdown [6] when the turbine does not
have proper number of RPM for the main oil pump to provide eccentrically
pressure.

2. It is a standby lube oil pump for the bearings when the main oil pump fails.

It has full flowandprovides full pressure thatwill full fill the turbine andgenerators
oil requirement. When the main oil pump fails, the auxiliary oil pump supply oil to
all the bearings and controlled the full power operation.

It operates automatically through a pressure switch that is fitted in the discharge
pipe of main oil pump. The pump powered by a alternative current electric motors
of fourth class.

1.3 Emergency Oil Pump (EOP)

When the turbine slows down from operating speed to stopping condition, it takes
20–40min for this complete process. At this time turbine could not provide sufficient
electric power to the AOP that will result in reduce oil pressure. Consequently, bear-
ings will damage Due to overheating. This loss is protected by providing sufficient
number of alternate power supply lube oil pumps that will insure the lube oil flow.

Emergency oil pump does not provide full flow and full pressure. It is a pump that
works only for some emergency time. It cannot fulfill the requirement for continuous
period of time.
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2 Lubrication System of Hybrid Bearing

The maximum amount of lubricating oil is held in lube oil sump. It has capacity
of 4–10 m3, or it depends on the unit’s size. Lube oil pump sucks oil through this
tank and discharging with high pressure (generally 500–1000 kPa gauge pressure).
From the discharging pipe most of oil is providing to the bearing ad rest of the oil is
provided to the control system. The control unit is discharging oil through a pump
to generate pressure, so that it provides sufficient pressure to control valves with
a smallest piston possible. As the pressure is high, the required area will be less.
Hence, the oil volume is also being less. This provides faster response time as the
time required oil flow is very less.

Thepressure that is required in control oil system is very high compared to pressure
in bearing operation. High pressure in bearings requires high capacity of seals so that,
there is no leakage of oil from the bearing. For this purpose, pressure reducing valve
is provided midway in the oil discharging pipe that goes to the bearings.

Before reaching oil to bearings, it is pasted through filters, so that any solid
contaminants present in oil can be removing. The temperature of oil that is following
through the bearing should be controlled carefully. For this purpose, coolers are
installed in between the distribution pipe. That cools the oil to the required extent.
The viscosity of oil affects the flow of oil hence temperature should not go down
below the required temperature. Control of the following oil temperature must be
taken proper care. For keeping the temperature of bearing oil within limit coolers are
installed if the temperature of oil is very less then it results in increased viscosity of
oil by within the proper flow of oil in bearings does not happen. Hence, coolers are
set to maintain the oil pressure between 45 and 48 bar.

Figure 1 is line diagram of lubricating oil system for a hybrid bearing. Figure 2
explains the unwrapped internal surface structure of a hybrid bearing having oil inlet
arrangement.

Figure 3 represents the different oil pump arrangements for 500 MW turbine
having six hybrid journals bearing to support the turbine shaft efficiently.

3 Fuzzy Logic Approach

Fuzzy logic was introduced by a Prof. Zadeh [7–9] to introduce the linguistic vari-
able in controlling the engineering devices. It deals with uncertainty and vagueness.
Fuzzy logic is used by many researcher to tackle the uncertainty in journal bearing
performance [10–13]. The performance and stability of journal bearing is dependent
on the groove dimensions and groove locations [14–16]. The membership function

of a fuzzy set is represented by,
∼
µA(X), defined as follows:

µ̃A(X) :→ [0, 1] (1)
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µ̃A(X) gives the degree of belongingness of x in fuzzy set
∼
A. Where the degree

of membership value “0” corresponds to the absolute non-membership and the “1”
corresponds to the absolute membership. Fuzzy Inference is the key to map fuzzy
input to crisp output.

Fuzzy Inference system consists of four important sections:

1. The “Fuzzification unit” that converts the information in the form of linguistic
variable of minimum film thickness/oil pressure to fuzzy values.
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Fig. 3. Lubricating oil system of turbine unit of capacity of 500 MW

2. The “Inference Mechanism” is used to evaluate and to process control rules.
3. The “RuleBase unit” converts the input parameter into decision output variables.
4. The “Defuzzification unit” changes the fuzzy output into its equivalent crisp

values.

A fuzzymembership function
∼
µA(X)gives the degree of belongingness of element

x of the universe of discourse. Some membership functions are predefined. The
simplest form ofmembership function is straight line. Apart from this other member-
ship functions are triangular, trapezoidal,π-shaped, S-shaped, etc. In thiswork, trian-
gular membership functions are taken as shown in Fig. 4. Triangular membership
function can be calculated as follows:

µ̃(X; a, c, b) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 if X < a
X−a
c−a if a ≤ X ≤ c
b−X
b−c if c ≤ X ≤ b
0 if X > b

(2)

where a, b, and c are defined by experts (Fig. 4).
Fuzzy Inference is used for building fuzzy rules that mimics the human thinking

and works over the linguistic variables. Linguistic variables may also be termed
as fuzzy variables. The fuzzy variables that are used in this paper are LOW (L),
MEDIUM (M), and HIGH (H) for all input parameters. MOP (Main Oil Pump), AP
(Auxiliary Pump), and EOP (Emergency Oil Pump) as output parameter in the fuzzy
model. Using these fuzzy variables, fuzzy if–then rules are to be defined for fuzzy

inference. Rules are generally represented as “if X is
∼
A then Y is

∼
B” where X and Y
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Fig. 4 Triangular
membership function,
∼
µ (X; a, c, b)

a c b
X

are fuzzy variables and
∼
A and

∼
B are fuzzy sets, obtained by its membership function.

If part of the rule is called the antecedent and may consist of multiple inputs with
operator AND or OR between them. Then part is called the consequent and may also
include several outputs.

4 Fuzzy Expert System

Here in thiswork fuzzy logic-based smart controller is used to select pump tomaintain
the minimum film thickness in the bearing. The fuzzy expert system for selection
of correct pump is designed around the “Thickness of fluid film (X1), Journal speed
(X2), Pressure in the bearing (X3)”. Selection of the membership function for an
inference system is developed with the opinion of the domain experts. The domain
experts identified are from Hindalco Industries, Sonbhadra, U.P, and Jindal Power,
Raipur, Chattishgarh.

4.1 Algorithm for Fuzzy Expert System-Based Selection
of Fluid Film Bearing

An algorithm for the fuzzy-based selection of pump in fluid film bearing is given
below.

Step 1: Define membership function for “thickness of fluid film” (h/c), It ranges
from 0.005 to 0.2, “Pressure” (0 to 6.9 MPa) “Speed of journal” is calculated by
speed of journal/maximum rated speed of journal (0 to 1).

Step 2: Normalization of the inputs by dividing maximum value of corresponding
input.

Step 3: Mapping crisp inputs into their respective membership function to
determine their degree of membership i.e. fuzzy inputs.
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Step 4: Determination of the rules that fire from the rule base corresponding to
these fuzzy inputs.

Step 5: Calculation the degree of truth (R), of each rule by evaluating the
parameters in antecedent values with AND operator and also its consequents.

Step 6: The inference engine aggregates consequences of all relevant fired rules
into a single fuzzy set for same output (MOP, AP, IOP) by Root Sum Square (RSS)
method.

Step 7: Defuzzification method is applied to the fuzzy output to convert it into
crisp output with the help of Center of Gravity (CoG) method.

Step 8: Output of the fuzzy expert system about type of bearing.

4.2 Fuzzification

Fuzzification is the process that converts linguistic valueinto its equivalent fuzzy
value. This is accomplished with the help of the membership functions as discussed
earlier in this paper. In this work triangular membership function is used.

Fuzzification is done by selecting input values of parameters at the x-axis and
its corresponding value at y-axis vertically to the upper boundaries of membership
function to determine the degree of membership. Construction of fuzzy subset and
determination of membership function is the very first step in the advances or devel-
opment of fuzzy logic-based expert system.As shown in Eqs. (3)–(4). Figure 5 shows
the membership function for inputs index of Fluid film thickness (X1).

µ̃LOW(X1) =

⎧
⎪⎪⎨

⎪⎪⎩

0 if X1 < 0
X1

0.005 if 0 ≤ X1 ≤ 0.005
0.01−X1
0.005 if 0.005 ≤ X1 ≤ 0.01

0 if X1 > 0.1

⎫
⎪⎪⎬

⎪⎪⎭

(3)
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µ̃MEDIUM(X1) =

⎧
⎪⎪⎨

⎪⎪⎩

0 if X1 < 0.007
X1−0.007
0.043 if 0.007 ≤ X1 ≤ 0.05

0.1−X1
0.05 if 0.05 ≤ X1 ≤ 0.1

0 if X1 > 0.1

⎫
⎪⎪⎬

⎪⎪⎭

(4)

µ̃H IGH (X1) =

⎧
⎪⎪⎨

⎪⎪⎩

0 if X1 < 0.08
X1−0.08
0.07 if 0.08 ≤ X1 ≤ 0.15

1−X1
0.05 if 0.15 ≤ X1 ≤ 0.2
0 if X1 > 0.2

⎫
⎪⎪⎬

⎪⎪⎭

(5)

Similarly, membership functions were derived for input parameters pressure
(normalized) (X2) and speed of journal (normalized) (X3). Their fuzzy sets are given
by Eqs. 6–8 and 9–11.

µ̃LOW(X2) = tringle (X2; 0.0, 0.225, 0.45) (6)

µ̃MEDIUM(X2) = tringle (X2; 0.35, 0.55, 0.75) (7)

µ̃HIGH(X2) = tringle (X2; 0.55, 0.775, 1.0) (8)

µ̃LOW(X3) = tringle (X3; 0.0, 0.215, 0.40) (9)

µ̃MEDIUM(X3) = tringle (X3; 0.30, 0.50, 0.75) (10)

µ̃HIGH(X3) = tringle (X3; 0.60, 0.775, 0.1) (11)

5 Rule Base

After fuzzification process the next step is the development of knowledge base, i.e.,
fuzzy rules. The fuzzy rules in this research work are developed with the aid of
domain experts from industries and from literature. The fuzzy rule base is generated
for selection of correct bearing. Twenty-seven rules are developed and are shown in
Table 1.

where X1 (I/P) minimum film thickness, X2 (I/P) pressure in bearing, X3 (I/P)
journal speed, Y (O/P) type of pump used for proper and safe functioning of journal
bearing.
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Table 1 Sample Rule base for the fuzzy logic-based expert system

Rule No.. X1 (I/P) X2 (I/P) X3 (I/P) Y (O/P)

1 Low Low Low AP

2 Low Low Medium AP

3 Low Low High EOP

4 Low Medium Low AP

5 Low Medium Medium AP

6 Low Medium High HS

7 Low High Low AP

8 Low High Medium AP

9 Low High High MOP

10 Medium Low Low EOP

11 Medium Low Medium EOP

12 Medium Low High EOP

13 Medium Medium Low AP

14 Medium Medium Medium AP

15 Medium Medium High MOP

16 Medium High Low AP

17 Medium High Medium AP

18 Medium High High MOP

19 High Low Low EOP

20 High Low Medium EOP

21 High Low High EOP

22 High Medium Low EOP

23 High Medium Medium AP

24 High Medium High MOP

25 High High Low AP

26 High High Medium AP

27 High High High MOP

6 Conclusion

The fuzzy logic had been used on and off the different pumps to maintain the
minimum film thickness between the bearing and the journal for proper functioning
of rotary equipment. The developed fuzzy expert system for the operating of different
lube oil pumps in hybrid bearing provides the decision support platform to proper
operating of bearing. Using this approach of fuzzy logic with hybrid bearing, life of
rotary equipment is increase.
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Design and CFD Analysis on Flow
Through a Reactive Muffler
of Four-Cylinder Diesel Engine

Ujjal Kalita and Manpreet Singh

1 Introduction

Automobiles industry is the most advanced and most developed industry in today’s
world,withoutwhichpeople could notmove in this fast-moving life. Internal combus-
tion engines are the main source of power in automobile vehicles. These engines are
operated by taking in the mixture of air and fuel inside the engine or by compressing
the air that is taken inside it. It is dividedmainly into two types petrol engine (mixture
of air and fuel) and diesel engine (only air is taken which is followed by combustion).

The exhaust comes out from these engines at high pressure and it produces an
ample amount of noise. According to different researches, it is found that the noise
coming out from exhaust is almost ten times higher than any other structural noise
that is produced by vehicle. It is our prime concern to reduce this noise as this
noise may lead to harmful disease in human body. According to different health
organizations, noise from exhaust may cause heart diseases. To reduce this noise
the exhaust pressure should be reduced. Muffler is one such instrument that can be
used in the exhaust system for this reduction of noise [1]. A muffler is a device
used for reducing the noise coming out of the exhaust system of vehicle. Its main
components are tubular metal covering, perforated tubes, absorption materials, and
expansion chambers. The arrangement of these components inside muffler would
allow the flow from the exhaust system to pass through the inlet pipe of muffler and
will pass on to the expansion chamber. The expansion chamber and other components
would reduce the pressure inside it and ultimately the amount of noise would be
reduced. The pressure drops produced in the muffler from inlet to the outlet of
muffler would reduce the noise at the exit. Pressure drop or back pressure is one
of the main factors which affect the performance of a muffler. While designing a
muffler this factor is utmost taken into consideration. In the present scenario there
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are two major types of muffler which are incorporated in automobiles, i.e., Reactive
muffler and dissipative muffler. Reactive mufflers generally composed of a single
chamber or multiple chambers with which a perforated tube could be incorporated
in it. The exhaust from the engine would enter to this chamber through the inlet pipe.
The gases would expand in the chamber and this will cause a significant amount of
pressure drop inside it. Implementation of perforated tube and baffles would help in
reducing the pressure to a higher amount. Thus, it can be said that the back pressure
produced inside the chamber would ultimately reduce the noise coming out from
the outlet of muffler. Dissipative muffler composed of absorptive material inside it.
This material will absorb or dissipate the amount of heat produce by the exhaust
system and would ultimately reduce the noise. A third type of muffler could also be
incorporated which is combination of both the reactive and dissipative muffler, i.e.,
a hybrid muffler [2, 3].

2 Literature Review

The design of mufflers has become a great topic of research from many years. The
new rules set by the European commission would soon be implemented in vehicles,
so it has become utmost important to create new design of muffler. According to this
new considerations or regulation, lower limit values for passenger cars, buses, and
light trucks will be lowered in two steps of 2-decibel A-weighting (dB (A)) each. For
heavy-duty vehicles, the amount of reduction will be 1 dB (A) for the first step and
it would be 2 dB (A) for the second step [4]. Different researchers have developed
different types of muffler in recent years by taking into considered the performance
parameters of muffler. Back pressure, flow velocity, transmission loss, insertion loss
are the different performance parameters that are taken into consideration. A good
design of muffler should give best noise reduction and optimum back pressure for
the engine. Usually mufflers are designed by well-established numerical techniques
such as boundary element method or finite element method. Different researchers
had worked on this design of muffler from last few decades. Davis et.al in 1954
had done the first comprehensive experiment on the design and analysis of muffler.
Davis et al. used the acoustic transfer matrix method and studied the noise reduction
principle of muffler. Experimental verification is also performed and with respect to
it muffler research theory is established [5]. In their report they had done experiment
on 77 different single chamber and multiple chamber mufflers. From the experiment
they have plotted the attenuation to frequency curve and this result was compared to
the theoretical results. Later Fukuda et al. had developed the transfer matrix method
(TMM) which is ideally suited for acoustical modeling of cascaded element in auto-
motive mufflers [6]. This strategy made the standing wave factors to move starting
with one component then onto the next in course. The investigation of this work is
performed through transfer matrix method. Prof. Amar Pandhare et al. in his work
had done the CFD Analysis of Flow through Muffler to Select an Optimum model
of Muffler for use in a CI Engine [7]. Later Dragos Tutunea et al. had done the
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CFD analysis of resistive muffler [8]. Om Ariara Guhan C P et al. had worked on
Three Cylinder LCV Exhaust System. They also performed the CFD analysis and
determined the Pressure Drop and Uniformity Index [9, 10]. R. Ramganesh et al.
in their work studied the flow pattern and prediction the back pressure of inside the
silencer by using the CFD tool [11]. Further Ahmed Elsayed et al. worked on baffle
and studied the effect of baffle on the performance of exhaust mufflers [12]. Xu et al.
had also worked on analysis of flow field by using computational fluid dynamics [13,
14]. Trivedi et al. [15] in their work optimized the muffler by using a fast light-off
exhaust system for motorcycle applications. Dere et al. had also performed CFD
analysis in their work [16, 17]. Further Lee et al. had worked on both reactive and
dissipative mufflers [18].

The main objective of this study is to design an exhaust muffler which could be
used in a four-cylinder diesel engine. This muffler could be designed for optimum
flow of exhaust gases through it. Back pressure which is important performance
parameter for a muffler is taken for study. High back pressure can reduce engine
efficiency, so while designing a muffler this parameter is one of the most important
parameters. This study mainly focuses on designing an optimized muffler by deter-
mining the pressure drop or the back pressure produce inside muffler. For this study
CFD analysis is performed in ANSY’s software by taking the different boundary
conditions applicable for it. The results obtained from it are compared with the
already existing muffler of diesel engine.

3 Design Methodology

A properly designed muffler must satisfy five basic criteria for application in any
type of vehicle [19].

1. Acoustic criterion: It specifies the minimum noise reduced by a muffler with
respect to frequency.

2. Aerodynamic criterion: It specifies the maximum acceptable average pressure
drop in a muffler at a given temperature and mass flow rate.

3. Geometrical criterion: It specifies the space constraint in vehicle. Themaximum
allowable volume and space provided for installing the muffler is taken into
consideration.

4. Mechanical criterion: It specifies the materials used for muffler which would be
durable and requires less maintenance.

5. Economical criterion: It is important when we look into our design with the
marketplace.

For good design of a muffler, seven broad steps are considered which are followed
by practical considerations [20].
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4 Detail Study

Consider the case of an LCV diesel engine vehicle, i.e., a Maruti Ciaz vehicle.
Step 1: While setting the benchmark, the back pressure, transmission loss, and

pressure drop targets are set for the model of engine considered for study.
Engine data for LCV diesel engine vehicle (Ciaz)

Bore(D) = 69.6mm,Stroke(L) = 82mm

Number of cylinders (n) = 4, Engine Power (P) = 88.7 bhp at 4000 RPM.
Step2: The target frequencies could be calculated byusing the following formulas.
These are frequencies are mainly used while calculating the transmission loss for

the muffler by making use of maximum engine rpm.
Theoretical Formulation:

CFR = Engine rpm/60(2− strokeengines) (1)

CFR = Engine rpm/120(4− strokeengines) (2)

EFR = n × CFR (3)

where CFR = Cylinder Firing Ratio, EFR = Engine Firing Ratio, n = No. of
cylinders, rpm = Revolutions per minute,

By considering 4-stroke engine as it is used in Ciaz.

CFR = 4000/120 = 33.33Hz,EFR = 4× 33.33 = 133.33Hz

The first four harmonics should be suppressed as higher order has little effect on
noise. In case of perforation hole diameter will also suppress this frequency.

Step 3: Muffler volume calculation.
As per theory of acoustics, the volume of muffler is calculated as follows.
Swept volume of each cylinder (V s) = (π/4). D2. L = (3.14 × 69.62 × 82)/4 =

0.3119L Total swept volume of the engine in liters = 0.3119 × 4 = 1.247 L
Volume to be considered for design of muffler = 0.5 × V s × n n is the factor

considered while designing muffler.
From different researches it is found that the factor should be between 12 and 25

de- pending on the space constraint [1].
For a Ciaz engine, the factor considered is 22. Therefore, Volume considered =

0.5 × 1.247 = 0.6235 L.
Volume of muffler= factor× volume considered= 22× 0.6235 L= 13.72 L=

0.01372 m3.
Volume can be varied depending on the space constraint.
Step 4: Internal configuration and concept designs.
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For designing a muffler, the dimensions of muffler are the important parameters.
Calculation of diameter of muffler chamber:

Volume ofmuffler (Vm) = (π/4). D2
m.Lm (4)

By taking reference with existing muffler in Ciaz, length considered is 0.5 m or
500 mm.

Therefore, 0.01372 = (3.14 × D2 × 0.5) /4,
i.e., Dm = 0.187 m = 187 mm.
Calculation of diameter of inlet and outlet pipe of muffler.
As per the standards of supercritical grade of muffler, the diameter of body should

be three times the exhaust pipe diameter.
i.e., Dm = 3 × de,
i.e., 187 = 3 × de,
i.e., de = 62.33 mm or 0.06233 m.
Material properties considered

Property Unit Values

Density kg/m3 8030

Specific heat J/(kg K) 502

Thermal conductivity W/(m*K) 16.2

Conductivity type Isotropic Isotropic

5 Problem Statement and Formulation

In this case study five different models of muffler are considered for study of pressure
drop and velocity variation. Out of this the optimized muffler could be incorporated
inMaruti Ciaz.While designing this muffler, volume of muffler is the prime property
that is taken into consideration [10].

The existing volume of muffler is considered for study and modification is done
in different models considering the existing parameters of muffler. Here baffles are
introduced into the chamber and its effect on back pressure or pressure drop is taken
for study. The amount pressure drop from inlet to outlet of muffler will give us an
effective muffler that could be used in muffler. The different models considered for
study are as follows.

Model 1: Simple Reactive muffler.
Model 2: Reactive muffler with a single hole baffle. Model 3: Reactive muffler

with two baffles.
Model 4: Reactive muffler with a baffle and tube Model 5: Reactive muffler with

a three-hole baffle.
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Table 1 Initial values of
velocity inlet B.C

Parameters Values

Density (kg/m3) 0.696

Viscosity density (kg/m s) 2.7e–05

Enthalpy (j/kg) 749,575.3

Velocity (m/s) 80

Temperature (K) 470

Table 2 Initial values for
pressure outlet B.C

Parameters Values

Gauge pressure (Pa) 0

Temperature (K) 470

6 Boundary Conditions (B. C)

Here in this study to determine the pressure drop, CFD analysis is performed in
ANSY’s software. This analysis is performed by considering two types of boundary
condition.

1. Velocity inlet boundary condition
2. Pressure outlet boundary condition

By taking the reference of different researches performed for diesel engine, the
initial values for velocity inlet and pressure outlet boundary conditions are shown in
Tables 1 and 2.

This boundary conditions are applied to all the models.

7 Results and Discussions

Applying the boundary conditions to all the models the analysis diagram for total
pressure is shown in the below figures.

7.1 Pressure and Velocity Variation in Model 1

Model 1 is a simple reactive muffler. Figures 1 and 2 shows us the variation of
pressure and velocity inside this reactive muffler. As there are no obstacles inside
this muffler so pressure drop is low.
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Fig. 1 Pressure variation
inside muffler model 1

Fig. 2 Velocity variation in
model 1

7.2 Pressure and Velocity Variation in Model 2

Figures 3 and 4 shows the pressure and velocity variation inside muffler, when a
baffle is placed inside it. It can be seen that pressure increases to a maximum value at
point of baffle. As the pressure increases, so the velocity also increases at that point
of baffle as shown in Fig. 4.

7.3 Pressure and Velocity Variation in Model 3

Figures 5 and 6 shows the pressure and velocity variation inside muffler, when two
baffles are placed inside it. It can be seen that pressure increases to a maximum value
at point of first baffle after that pressure drops and after the second baffle the pressure
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Fig. 3 Pressure variation
inside muffler model 1

Fig. 4 Velocity variation in
model 1

Fig. 5 Pressure variation
inside muffler model 3
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Fig. 6 Velocity variation in
model 3

drops by a large amount. The velocity also increases at the junction of both the baffles
as shown in Fig. 4.

7.4 Pressure and Velocity Variation in Model 4

Here the pressure is high at the inlet but it gradually reduces and as it passes through
the tube, the pressure reduces even more as shown in Fig. 7. Maximum velocity
attained by this muffler is also quite high but it reduces at the exit of muffler as
shown in Figs. 8 and 9.

Fig. 7 Pressure variation
inside muffler model 3
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Fig. 8 Velocity variation in
model 3

Fig. 9 Pressure variation
inside muffler model 5

7.5 Pressure and Velocity Variation in Model 5

From Fig. 9, it can be found that with the increase in number of holes in the baffle,
the difference in pressure inside the muffler increases. Velocity also increases near
the holes of the baffle as shown in Fig. 10. But this increase in back pressure is less
than that of model 4.

From the Table 3, the pressure variation inside the different muffler models is seen
and in Table 4 the variation of velocity inside the muffler is observed.
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Fig. 10 Velocity variation in
model 5

Table 3 Pressure variation inside the mufflers

Maximum Minimum At inlet At outlet

1 5020.48 1275.45 2796.35 −1.65 2798

2 7477.41 −901.85 5250 3.38 5246.62

3 9318.28 −847.7 7040.96 2.6 7038.36

4 10,803.53 −2158.47 8574.24 1.59 8572.65

5 5639.84 1016.15 3410.52 4.27 3406.25

Table 4 Velocity variation inside the mufflers

Model Velocity (m/s) Velocity (m/s)

Maximum Minimum At inlet At outlet

1 93.57 0 80 87

2 146.32 0 80 96.72

3 147.35 0 80 105

4 176.68 0 80 101

5 99.46 0 80 95.12

8 Conclusion

From the work performed by different researchers, it is found that increase of back
pressure will reduce the exhaust noise. High back pressure will lead to reduction
in more exhaust noise by increasing the pressure drop from inlet to outlet of the
muffler. Here CFD analysis is performed for determining the pressure drop inside
the muffler. From the analysis performed for different models it is found that when
baffle is placed inside the muffler, the back pressure for that muffler is increased. At
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the position of baffle, the pressure as well as the velocity is increased. Further there
is also a substantial increase of pressure when we increasing the number of holes in
the baffle. Inserting a tube in the baffle further increases the pressure. Thus, from all
the analysis it is found that the pressure drop from the inlet to outlet of muffler is
maximum when a baffle as well as a tube is incorporated in the chamber of reactive
muffler. There is 67% increase in pressure drop for this case as compared to our
simple reactive muffler. For model 2 the increase in pressure drop is 47%, for model
3 and model 5 it is 60.25% and 17.9% respectively. With respect to model 5, back
pressure increase by 18% in model 4. Thus, from this analysis of back pressure or
pressure drop, it can be concluded that model 4 is the most favorable reactive muffler
for use in diesel engine which will eventually reduce maximum noise coming out
from exhaust system of vehicle.
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Modeling of Chipped Tooth Fault
in Straight Bevel Gears

Palash Dewangan , Dada Saheb Ramteke, and Anand Parey

1 Introduction

Dynamic characteristics of a faulty gearbox can be studied using dynamic modeling
of gear faults [1]. Tooth breakage is the most common tooth fault in gears, which
is a result of tooth surface failure. When sudden enormous stresses develop at the
tooth surfaces, partial tooth breakage (chipping) or complete tooth breakage (missing
tooth) occurs [2]. In addition, high tooth impact loads may also contribute to tooth
breakage [3]. Time-varying gear meshing stiffness is considered as the primary cause
of excitation in the gear transmissions, which leads to high vibrations characteristics.
In addition, the presence of any fault in gear teeth also alters the dynamics of the
gears because fault introduces a decrease in the gear meshing stiffness. Thus, it is
imperative to study the dynamics of the gear systems in the presence of faults.

A few works [4–9] may have been found on the modeling of bevel gears without
considering faults. These works were focused on the modeling of teeth contact
deformation, modal analysis, and effects of assembly and manufacturing error on
the dynamic response. However, numerous works can be found on the modeling
of faults in spur gears [10]. Chaari et al. [2] proposed a three-dimensional geom-
etry for chipped tooth fault. The geometric parameters are chipped height, chipped
width, and chipped thickness. The variation in one of these geometric parameters
yields distinct stiffness reduction. Wang et al. [11] used a periodic pulse function
multiplied by meshing stiffness function to include the effect of tooth chipping in
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a planetary gear of a wind turbine gearbox. The results were also validated with
experimental results. Li et al. [12] developed a multiple tooth chipping model for
fault diagnosis of a compound planetary gear by considering the straight-line shape
of the tooth breakage.

On the contrary to that, there is a lack of literature on the modeling of faults in
bevel gears. Karray et al. [13] calculated the dynamic response of one-stage spiral
bevel gear with a tooth crack defect. Yassine et al. [14] studied themanufacturing and
tooth crack defects in a two-stage straight bevel gear using a dynamic model. Later,
Karay et al. [15] extended their work under non-stationary operating conditions of a
spiral bevel gearbox in the presence of a tooth crack defect.

In the above literature, only the effect of crack fault on the dynamics of bevel
gears has been studied. In addition to crack, tooth surface failure such as wear and
tooth breakage also occur under high dynamic loads and uncertain loading conditions
[16, 17]. Tooth breakage (chipped tooth) may also severely affect the operation of
the gearbox and leads to failure. Therefore, it is crucial to study the chipping tooth
fault behavior in a bevel gearbox. This motivates the authors to study the dynamics
of bevel gearbox with chipped tooth fault. In addition, in the available literature,
modeling of chipped tooth fault and its effects on the dynamics of bevel gears have
not been addressed.

In this paper, the time-varying meshing stiffness (TVMS) model of a straight
bevel gear to account for a chipped tooth fault is proposed. The TVMS model is
incorporated in the dynamic model of a one-stage straight bevel gearbox to calculate
dynamic responses. Experiments are conducted to validate the simulation results. It
is shown that the model can diagnose the missing tooth fault in a one-stage bevel
gearbox.

2 Dynamic Modeling of One-Stage Straight Bevel Gearbox

In this study, modeling of a straight bevel gearbox is adopted from Ref. [14], as
illustrated in Fig. 1. The model consists of a bevel gear pair with five degrees of
freedom for each gear body (pinion/wheel), i.e., three translations and two rotations.
The translations are defined by x j , y j , z j , ( j = p, w), and rotations are defined as
φ j and ψ j . The rotations of pinion shaft and wheel shaft is defined as θ j , and the
displacements of motor and receiver are defined as θm and θr , respectively. k(t) is
the TVMS, k jx and k jy ( j = p, w) are the radial bearing stiffness, k jz is the axial
bearing stiffness, k jφ and k jψ are the bearing tilt stiffness, and k jθ is the torsional
stiffness of the shaft containing gears j .

The tooth deflection due to meshing of the teeth is given by [14]

δ = {L}T {q} (1)

where



Modeling of Chipped Tooth Fault in Straight Bevel Gears 227

Fig. 1 An illustration of
dynamic model of straight
bevel gear
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{L} = {s1, s2, s3, s4, s5, s6, s7, s8, s10, s11, 0, s9, s12, 0}, (2)

and

q = {
xp, yp, z p, xw, yw, zw, φp, ψp, φw,ψw, θm, θp, θw, θr

}T
(3)

The coefficients s j ( j = 1, 2, . . . 12) can be found in Ref. [14]. Lagrange’s method
is used to obtain the motion equation of the system, which is written as [14]

Mq̈(t) + Cq̇(t) + [Ks + K (t)]q(t) = F(t) (4)

where subscripts m and r indicates motor and receiver, respectively.
In Eq. (2),M is the diagonal mass matrix of the system and can be written as

M = diag
(
mp,mp,mp,mw,mw,mw, Ipx , Ipy, Iwx , Iwy, Im, Ipθ , Iwθ , Ir

)
(5)

wherem j ( j = p, w) is the concentrated mass and Ii j (i = p, w; j = x, y) is the
diametral moment of inertia of the gear bodies. Im ,Ipθ , Iwθ , and Ir are the diametral
moment of inertia of the motor, pinion shaft, wheel shaft, and the load, respectively.

The TVMS matrix is given by [14]

K (t) = k(t){L}{L}T (6)

The bearing stiffness matrix is given by [14]
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Ks =
[
KT 0
0 KR

]
(7)

where

KT = diag({kpx , kpy, kpz, kwx , kwy, kwz}) (8)

and

KR =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢
⎣

kpφ 0 0 0 0 0 0 0
0 kpψ 0 0 0 0 0 0
0 0 kwφ 0 0 0 0 0
0 0 0 kwψ 0 0 0 0
0 0 0 0 kpθ −kpθ 0 0
0 0 0 0 −kpθ kpθ 0 0
0 0 0 0 0 0 kwθ −kwθ

0 0 0 0 0 0 −kwθ kwθ

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
⎦

(9)

The proportional Rayleigh damping C can be defined as

C = 0.05M + 10−4Km (10)

where Km is the mean meshing stiffness matrix, i.e., Eq. (6) without k(t).

3 Modeling of Meshing Stiffness

3.1 Meshing Stiffness of Healthy Bevel Gear

In this paper, TVMS for a pair of straight bevel gear is modeled as the square wave
approximation. The time evolution of meshing stiffness of a healthy bevel gear pair
is illustrated in Fig. 2. The speed of the pinion shaft is taken as f p = 7.04 Hz .
Therefore, the gear meshing frequency (GMF) obtained is fm = 126.7 Hz , and the
meshing period obtained is Tm = 0.0079 s.

3.2 Meshing Stiffness with Chipped Tooth Fault

The meshing stiffness calculation is based on the Tredgold assumption [18].
According to which the straight bevel gears, when projecting on a plane tangent
to the back cone, may be considered equivalent to spur gears. The pitch of this
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Fig. 2 TVMS of a healthy
bevel gear pair
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approximated spur gear will be the same as the bevel gear, and the pitch radius will
be equivalent to the back cone radius.

For the current study, the chipped tooth fault is modeled on the pinion of a straight
bevel gear pair. Chipping of teeth may vary from small to large portions of a tooth
along the length, width, and height [2]. In this study, instead of modeling the actual
chipping phenomenon, a proportional amount of reduction in stiffness corresponding
to chipping is used. It can be observed from Ref. [2] that for 50% of chipped width,
around 50% stiffness reduction was obtained. This indicates that chipped width has
a considerable influence on tooth stiffness. Based on the observation from Ref. [2],
a meshing stiffness with variation in chipped width is proposed. In this model, the
meshing stiffness reduction is varied from 0 to 50% for DTPC and is kept the same
as the healthy case for STPC because a slight change has been observed for STPC
in Ref. [2]. The time evolution of meshing stiffness of a straight bevel gear pair with
chipped tooth fault for two meshing periods is illustrated in Fig. 3(a), and for two
revolutions of a shaft is illustrated in Fig. 3(b).

Fig. 3 TVMS of a straight bevel gear pair with chipped tooth fault a for two meshing periods, b for
two rotations of shaft
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4 Simulation and Results

For simulation purposes, bevel gear parameters are obtained from an experimental
test rig (see Table 1). The mass moment inertia of the motor and receiver are Im =
0.0055 kgm2 and Ir = 0.1 kgm2.

4.1 Dynamic Response of the Healthy Bevel Gear System

For calculating the dynamic response, as described in Sect. 3.1, the pinion speed is
taken as 7.04 Hz, and the corresponding GMF is 126.7 Hz. The equation of motion
has been solved using the Newmark β algorithm, which gives all the vibration quan-
tities, i.e., displacement, velocity, and, acceleration. A Fourier transform (FT) is
obtained from the time domain acceleration data to generate frequency response.
The frequency spectra of the healthy bevel gear at pinion bearing are illustrated in
Fig. 4. The GMF and its harmonics can be explicitly observed.

4.2 Dynamic Response of Bevel Gear with Chipped Tooth
Fault

For calculating the dynamic response of bevel gear for chipped tooth fault, a 30%
reduction in the meshing stiffness corresponding to 30% chipped width is consid-
ered. The reason for choosing this value is that it is comparable to the experiment
(illustrated in Sect. 5). The fault is introduced in the pinion of the straight bevel gear
pair. The frequency spectra for the chipped tooth fault case are illustrated in Fig. 5.
First, the accelerations are computed in the time domain by solving the equations of
motions using the Newmark β method. Then, the frequency spectra are obtained by
computing the Fourier transform (FT) of the time domain accelerations. In Fig. 5, the
frequency components with higher amplitudes are the gear mesh frequency (GMF)
which are calculated as teeth numbers of the input gear multiplied by the input speed.
The other low-amplitude frequency components around the GMF are called side-
bands. These sidebands are also regarded as the fault feature characteristics which
are mainly the indicator of a fault or manufacturing error. These sidebands may have
different values depending on the type of fault or manufacturing error. For most of
the localized gear faults such as chipping, spalling, and crack, the fault feature char-
acteristics are the sidebands around the gear mesh frequency. From the frequency
spectra of Fig. 5, it can be observed that the fault feature characteristics appear as
the low-amplitude multiple sidebands (n fm ±n f p) on either side of the gear meshing
frequencies and around the harmonics as well, where n is the number of gear mesh
harmonics, and fm and f p are explained in Sect. 3.1; 2 fm and 3 fm are the second
and the third harmonic of the gear mesh frequency, respectively.
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Fig. 4 The frequency spectra of healthy bevel gear at pinion bearing
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Fig. 5 The frequency spectra of bevel gear with chipped tooth fault at pinion bearing for 30%
chipped width

5 Experimental Validation

For the validation of simulated results, an experimentwas conducted on a single-stage
straight bevel gearbox with a healthy and chipped tooth fault case. A bevel gearbox
mounted on a machinery fault simulator was used as a test rig. The healthy bevel
gear and bevel gear with a chipped tooth fault used in the experiment are illustrated
in Fig. 6a, b. The specification of the gearbox is given in Table 2.

The measured frequency spectra of a healthy bevel gear are illustrated in Fig. 7.
TheGMF and some of its harmonics are observed fromFig. 7. However, the response
also contains some high amplitude noise components. The frequency spectra of
the bevel gear test rig with a chipped tooth fault are illustrated in Fig. 8. First,
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(a) (b)

Fig. 6 Gears with different health condition. a Healthy gear, b Gear with chipped tooth with 30%
loss of width (position highlighted in red)

Table 2 Specifications of the
bevel gearbox

Parameters Value

Gear ratio 1.5:1

Wheel pitch angle 56°19´

Pinion pitch angle 33°41´

Pressure angle for wheel and pinion 20°

Number of teeth in pinion 18

Number of teeth in the wheel 27

Fig. 7 The frequency spectra of healthy bevel gear experimental signal at pinion bearing

the time domain accelerations are obtained from the accelerometer mounted over
the test rig. Then, the frequency domain response is obtained by doing FT of the
time domain acceleration signal. The fundamental GMF ( fm) and small amplitude
sidebands around it can be observed. Likewise, for the third harmonic (3 fm) of GMF,
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Fig. 8 Frequency spectra (experimental) of bevel gear with chipped tooth fault at pinion bearing

sidebands can be observed around it. However, because of noise in the measurement,
sidebands around the second harmonic of GMF are not clear. The comparison of
Figs. 5 and 8 shows that results are in good agreement.

6 Conclusion

In the present study, a gearmeshing stiffnessmodel of chipped tooth fault is proposed
using square wave approximation. In the model, a reduction in the meshing stiffness
governed by variation in chippedwidth is implemented. Themeshing stiffness model
is then incorporated into the dynamic model of a one-stage straight bevel gearbox.
The dynamic response is calculated numerically, and fault feature characteristics are
observed. For validation of the simulation result, an experiment is performed. The
simulation and experimental results are compared and found to be in good agreement.
Therefore, it is concluded that the proposed model successfully identifies the fault
in a single-stage straight bevel gearbox.
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Fatigue Crack Growth, Life Estimation,
and Comparative Analysis of Carbon
SteelsA333 Gr 6 Material Piping
Component Using FEA Approach

Dinesh Agarwal, Dinesh Kumar Soni, and S. K. Dhakad

1 Introduction

The satisfactory performance of nuclear reactors (newly established or the old and
active reactors) requires the extension of reactor life from 40 to 60 to 100 years.
The design of nuclear reactors has all-time big challenges for the design engineer
and scientists. The nuclear reactor is an essential part of the nuclear power plant, in
which a large quantity of heat energy has been produced as the nuclear reaction takes
place. A breakdown in the piping could lead to the loss of fluid (i.e., steam, heavy
water, and other nuclear fuels). Accidents may lead to the discharge of radioactive
materials. Therefore, the estimation of the remaining age of the piping component
under fatigue loading is essential to be determined for the safety of power plants
and mankind. In this perspective, small-sized sample testing and sophisticated non-
destructive assessment together with modeling and simulation will facilitate us to
acquire an in-depthknowledgeof fracturemechanisms,microstructure, and structural
degradations [1, 2].

Fatigue failure takes place when metal is subjected to a dynamic or variable load
and will fail at stress lesser than its ultimate tensile strength [3]. The harm caused all
through the fatigue development is cumulative and usually unrecoverable. Detailed
understanding of fatigue actions is therefore necessary for components subjected to
continuous variable amplitude loading [4].

While experiencing considerable cyclic stress, even high ductile material may
undergo fatigue failure over a definite period of time. Constant optimum rhythmic
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stress can produce a part to wear and crack, and henceforth, stress will increase the
wear until crack grows and ends into terrible component failure [5].

2 Fatigue Research History

Literature survey of milestones in the area of fatigue fracture analysis in different
areas dealing with different materials is as follows.

Wilhelm August Julius Albert issued his first article on metal fatigue in 1837. He
formulated a test machine for conveyor chains to be used in the Claustral mines [6].

In 1910, O. H. Basquin suggested a log–log correlation for S–N curves, by means
ofWohler’s test data. Through the 1920s and 1930s, fatigue had developed as amajor
field for scientific research [7].

Paul Croce Paris (P. C. Paris) was an American academician, engineering consul-
tant, and researcher in the field of mechanics and fatigue. He firstly introduced Paris’
law connecting crack growth rate to the amplitude of the stress intensity factor (SIF)
range to sub-critical crack growth under a fatigue stress regime. The basic formula
interprets as follows:

da

dN
= c�km

where “a” is the crack length, “N” is the number of reversals, and da/dN is the
fatigue crack growth rate, which denotes the crack growth for a load cycle. On the
right side, C and m are material constants determined experimentally and depend
on the environmental factors, stress ratio, and the characteristic specimen size. The
alternating stress intensity�K is the difference between themaximum andminimum
stress intensity factors for each load cycle [8, 9].

M. Bergman (1995) published a paper on “stress intensity factors for circumfer-
ential surface cracks in pipes” in a journal and derived a computational method for
computation of stress intensity factors using finite element method ABACU. He used
pipes with both, cracks located at the in surface and outside surface of pipes with a
thickness ratio equal to 5–10. The expansion of pipe taken by him was 15 times the
wall thickness of pipe, mesh consists of 20 node brick elements, and the number of
elements ranged from 1268 to 2342 depending on the length of crack front. Poisson’s
ratio was set to 0.3 in calculations. The crack depth ratio ranges from 0.2 to 0.8 and
the crack aspect ratio ranges from unity to 16 in the analyses. He analyzed them
for ample range of geometry (80 different geometries) and load configuration (6
different load cases) which describes influence functions for the SIF along the whole
crack front. SIFs are used to calculate approximately how a crack grows due to the
shape of crack or stress on pipes. Stress intensity factor K1 = √

πaσ i f i, where f i is
the influence function to the stress component σ i. Evaluated influence function coef-
ficients for each load case were tabulated for inside and outside cracked specimens
[10].
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3 Finite Element Approach

By means of FEM (finite element method) and BEM (boundary element method)
techniques, it is currently feasible to examine complicated crack configurations in
genuine technical structures under complex loads with nonlinear material behavior
[11].

Fatigue software that interfaces with FEA programs comprises a database of
fatigue properties. The fatigue software computes, where and when fatigue cracks
will arise (fatigue hot spots), decides factors of security on operational stresses (for
optimizations), and discover the possibility of endurance at different service lives.
Results are accessible as contour plots of fatigue lives, stress-safety factors, and
possibility of failures, and are plotted bymeans of standard FEAviewers and graphics
software.

In this general idea, four major input factors, namely—geometry, material prop-
erty, meshing, and loading, are considered to have similar functions. These parame-
ters appear to be the most important input to any software for modeling and simu-
lation. In the case of crack problems, either crack edges (for two-dimensional prob-
lems) or both crack surfaces (for three-dimensional problems) have to be allocated
separate nodes. Due to the singular stress fields at the crack, in general, a very fine
mesh is essential in the crack area. For fatigue crack proliferation, the crack has to
be incrementally lengthened. This involves re-meshing in the crack area [12]. After
pre-processing, analysis and post-processing will take place in the software based
on FEM, and result will be displayed on the screen.

4 Methodology

Piping material selected for the present analysis is ASME SA333Gr6 steel. This is
used in the manufacturing of pipes of the Indian Pressurized Heavy Water Reactor
(PHWR). Material properties have been taken from literature in which experiments
had been conducted on seamless pipes of SA333Gr6 carbon steel material used in
Indian PHWRs. All the properties were considered for the analysis and defined in
the ANSYS software so that the material for the pipe specimen will be SA 333
Gr 6 carbon steel in the software. The pipes have predefined notch on the outer
surface circumferentially. The experiment was simulated to calculate life cycles for
the desired boundary condition as mentioned below.

4.1 Pipe Specimen Modeling and FEM Analysis

A set of experiments were conducted on full-scale, four-point bending specimens of
seamless pipes of the base material. Pipe was first modeled as shown in Fig. 1 in
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Fig. 1 Model of a pipe specimen

workbench of ANSYS software with distinct dimensions.
PBSC is a pipe specimen without weld seamless pipe of 219 mm outer diameter

and 15.38 mm as its total thickness. The total length as outer span of the pipe taken
was 2500 mm and inner span was 880 mm on which load has to be applied of 160 kN
(Pmax) and 16 kN (Pmin). The predefined notch on the pipe is on the outer surface
in the center of pipe in the circumferential direction, which was initially 113.0 mm
in length and 3.5 mm in depth direction. Specifications considered to model the
seamless pipe specimen in the software are given Table 1:

where

PBSC Pressurized base straight component,
O Douter diameter of pipe,
t thickness of pipe,
2C notch length,
Pmax maximum load on the pipe,
a notch depth,
R load ratio.

Pipe was prepared using the material SA 333 Gr 6 by defining all its properties
and simulated as shown in Fig. 2

Pipe was fixed at both the end surfaces. Loading frame was applied on the inner
span, i.e., 880mm in2500-mm-longpipe specimen (outer span). Loadingwas applied
perpendicular to the inner span edges. Tests have been conducted under cyclic loading
at room temperature and air environment.

After modeling the seamless pipe, meshing has been done. Firstly, meshing
has been done generally as is defined in the software. Once general meshing
with quadratic element order with smooth and fine mesh metrics completed, patch
conforming method was chosen in the menu with tetrahedron meshing with defi-
nite element size and command was executed. Then around the crack, refinement
of meshing was done with sphere of influence (command option in software) with
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Fig. 2 Test setup for pipe

a generated coordinate system as the center of the crack with fine element size as
accepted as per the geometry of themodel (but should be donewith <1mm). Creating
a finite element mesh with a crack can be a challenging and time-consuming effort.
These areas should be re-meshed and further refined to check for solution conver-
gence. This pipe specimen finally generates 39,568 nodes and 28,514 elements
(Fig. 3).

The number of cycles on the increment of crack with a certain dimension has
been recorded with their respective SIF values on the tips of length as well as depth
direction of the crack. Using Paris’ law, the crack growth process was repeated up
to through-wall crack.

As we started applying load on the specimen, it starts showing deformation.
Initially, the deformation was elastic, but repeated loading–unloading cycle on the
pipe specimenbrings it to the elastic zone so that the permanent deformations increase
the crack length. Figures below, showing results of life cycles and variations of
SIF values at different crack depths of the pipe specimen when subjected to the
experimental conditions, during the crack growth process till through-wall crack,
are obtained through ANSYS R19.1 software. Figures 4 and 5 give values for the
number of cycles and SIF values at crack initiation, i.e., when crack extended to
0.1 mm depth. Subsequent figures are recorded showing the number of cycles and

Fig. 3 Deformation shown in the pre-meshed cracked pipe specimen
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Fig. 4 Fatigue life cycles at 3.6 mm crack depth

Fig. 5 Variation of SIF at 3.6 mm crack depth

SIF values for the pipe specimen as the crack progresses due to fatigue (Figs. 6, 7,
8, 9, 10, 11, 12, 13, 14 and 15).

Crack initiation depth was considered to be a 0.1 mm increment in the previous
crack depth (i.e., crack to growby 0.1mm). The software runs to get cycles for fatigue

Fig. 6 Fatigue life cycles at 6 mm crack depth

Fig. 7 Variation of SIF at 6 mm crack depth
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Fig. 8 Fatigue life cycles at 8 mm crack depth

Fig. 9 Variation of SIF at 8 mm crack depth

Fig. 10 Fatigue life cycles at 10 mm crack depth

Fig. 11 Variation of SIF at 10 mm crack depth

crack initiation which is found to be 6038. Different values of stress intensity factors
and fatigue cycles in the analysis by using ANSYS R19.1 software simulation done
for pipe specimen for every crack depth in mm till through-wall crack, as reported
after applying a cyclic load to the specimen are presented in graph Figs. 16 and 17,
respectively.
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Fig. 12 Fatigue life cycles at 12 mm crack depth

Fig. 13 Variation of SIF at 12 mm crack depth

Fig. 14 Fatigue life cycles at 14 mm crack depth

Fig. 15 Fatigue life cycles at 15.38 mm crack depth
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In figures below, stress intensity factor at crack depth or crack tip (Kd) and SIF at
crack ends or free surface (K s) of cracks in MPa

√
m are plotted against crack depth

to pipe thickness (a/t) in mm for pipe PBSC 8-4, as values are obtained after the
simulation through ANSYS R19.1 in the present analysis. The values of SIFs K s and
Kd are found to be 15.2 MPa

√
m and 40.5 MPa

√
m at through-wall crack through

ANSYS, respectively.
Thegraphbelow represents the values of fatigue cycles for pipePBSC8-4obtained

at different crack depths in mm.

5 Comparison of FEM Results with ASM Solution and M.
Bergman Solution

PBSC 8-4 pipe specimen details of prediction results using ASM solution and M.
Bergman solution for SIF values for depth and surface of the crack ends and fatigue
life cycles are recorded at different crack depths, while crack propagation process
till through-wall crack of the specimen.

Results of ANSYSR19.1 for pipe specimen have been compared graphically with
predicted experimental results of ASM and finite element results of M. Bergman
solution using ABACUS code available in literature. Data of stress intensity factor
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at surface (K s) and stress intensity factor at depth point (Kd) are plotted with crack
depth to thickness ratio (a/t) of the pipe specimen in Figs. 18 and 19 comparing all
the three results.

The number of fatigue cycles during propagation of the crack in the pipe specimen
of all the three results were plotted against crack depth/thickness (a/t) for compar-
ison, viz. ANSYS results, ASM experimental results, and M. Bergman results using
ABACUS finite element software in Fig. 20.
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6 Conclusions

Piping material selected for the present analysis is ASME SA333Gr6 steel. This is
used in the manufacturing of pipes of the Indian Pressurized Heavy Water Reactor
(PHWR).

1. The analysis performed through finite element technique-based software
ANSYS R19.1 for pressure-based straight piping component of dimension
length 2500mm, outer diameter 219mm, and thickness of 15.38mm and loaded
vertically downward with 160 KN uniformly distributed on the inner span of
880 mm opposite to the initial circumferential surface crack (2C—113 mm,
a—3.5 mm) of the specimen.

2. The solutions shown in the work are accurate due to the used finite element
technique-based software ANSYS and results are nearer to other experimental
solutions available in open literature [8, 9].

3. As ANSYS saves much time and this method doesn’t require a huge infras-
tructure setup, it saves money and production volume too. This method is even
helpful in designing new pipe components by removing flaws of the old designs,
which are responsible for less life to the piping components.
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Analytical Hierarchy Process in SMEs
of Punjab

Satnam Singh, Ankur Bahl, and Guravtar Singh Mann

1 Introduction

AHP approach developed is the combination of two different fields, i.e., maths and
interaction of the projected work [1]. AHP is effective in prioritizing the factors
to mitigate unforeseen accidents in industries [2, 3]. Implementation of prioritized
factors further saves the unallocated funds. Such tools have the capacity to provide
growth in industries [4, 5]. In order to get the best parameter selection for occupational
safety, it is important that all the responses are optimized simultaneously. AHP is one
of the most successful techniques for solving decision-making problems involving
the goals, the alternatives for reaching the goals and the criteria for evaluating the
alternatives [6, 7]. In this technique, by using the simple mathematical theory of
Eigenvector and priority, a number of pair-wise comparison matrices are formed as
per their relative importance with respect to the parent element. The advantage of
this tool is that it combines both qualitative and quantitative parameters [8, 9]. The
detailed steps are as follows:

1. At the topmost level, this comprises a goal or a focus. At the intermediate and
lower levels, the approach deals with criteria or sub-criteria and the available
alternatives, respectively.

2. Construction of a pair matrix for each level with esteem to higher levels. The
relative importance of different alternatives with respect to the immediately
above sub-criteria is determined.

3. Application of Eigenvector methods to calculate the relative weight for the
pair-wise comparison of options on each criterion.

4. Check the consistency related with matrix. This is achieved using consistency
ratio (CR) of consistency index (CI) with the proper range of random index
(RI).
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Fig. 1 Methodology for
analytic hierarchy process

Step-2: Selection of factors

Step-4: Feedback from experts

Step-3: Framing of questionnaire

Step-5: Consistency test

Step-1: Problems identification and concerned factors

5. Repeat the above steps.
6. Evaluate the general relative value by linear addition function.

2 Prioritization of Occupational Safety Factors Using AHP

AHP is successfully implemented in different fields like field of manufacturing,
design of layout, appraisal of tools, flexible mechanized system, etc. [10, 11]. AHP
is based on calculation of an Eigenvalue with different pair-wise comparison [12].
Qualitative and quantitative calculations are carried out by the use of AHP [13, 14].

The objective of this analysis is to utilize the effectiveness of AHP to prioritize the
factors associated with the safety of workers in the small and medium size manufac-
turing industries (SSMIs and MSMIs). A questionnaire is developed for conducting
the study using AHP technique. Feedback from knowledgeable and skilled experts is
taken on an developed questionnaire for different parameters with pair-wise compar-
ison. Based on the results of the earlier chapter, a total of nine main factors are
considered with 22 and 40 sub-factors for SSMIs and MSMIs, respectively. The
methodology of AHP involves five key steps as shown in Fig. 1. Moreover, all the
steps are carried out with full care.

It is ensured after pair-wise comparison, CR is below or nearly 10%, only then
the questionnaire is considered good. If CR comes out to be more than 10%, the
questionnaire needs to be reviewed if it is not accommodating the possible factors.

3 AHP Hierarchy Model for SSMIs and MSMIs

The hierarchymodel for SSMIs is shown in Fig. 2 in the form of ninemain factors and
22 sub-factors. The detailed procedure of the AHPmethod, the pair-wise comparison
based on experts’ opinion is detailed for the sub-factors f 41,f 42,f 43 of the main factor
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Fig. 2 AHP hierarchy model for SSMIs

f 4 only. These three sub-factors refer to f 41: Periodic inspection (PI); f 42: Availability
of proper machine guards (APMG); f 43: Training sessions for tools and equipments
use (TPFHT).

The hierarchymodel forMSMIs is shown in Fig. 3 in the form of ninemain factors
and 40 sub-factors. As an example, the pair-wise comparison based on experts’
opinion is detailed for the factor f 1 having sub-factors f 11,f 12,f 13. These three sub-
factors refer to f 11: Existence of safety policy (ESP); f 12: safety department (FSD);
f 13: Qualified safety and health specialists engineers (QSHS). The factors are priori-
tized using AHP, and the priority level is tabulated in Table 1. Based on this analysis,
the highest priority is found for factor PPEs. Therefore, PPEs are the main and
very important parameter, and there is a necessity for its priority to prevent the
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Table 1 Values for Eigenvector (SSMIs)

Main factor Eigen vector (%) Priority

Organizational attributes (f 1) 16.8 2

Occupational safety services/documentation (f 2) 8.4 5

Workplace layout and housekeeping (f 3) 7.0 6

Equipment and hand tools safety and machine guarding (f 4) 6.4 8

Fire prevention, firefighting and electrical safety (f 5) 10.1 4

Material handling and storage (f 6) 5.9 9

Occupational exposures (f 7) 6.5 7

Personal protective equipment (f 8) 27.4 1

Hygiene factors (f 9) 11.4 3

life of workers and cost at the workplace of SSMIs. Other factors also need to be
implemented as per their priority level given in Table 1.

The major advantage of this analysis is that the factors, as well as their sub-
factors, are also prioritized. This leads to considerable savings in cost that can be
offset for worker welfare. For example, the first main parameter foundwas PPEswith
some sub-factors. The sufficient supply of PPEs is 3.89 and 9.02 times important as
compared to maintenance and training of PPEs, respectively. So, necessary actions
can be taken accordingly, and SSMIs can take the benefit from this prioritization.

The main factors associated with worker’s safety, in MSMIs, are prioritized with
AHP expert decision-making technique as tabulated in Table 2. According to expert
feedback, the personal protective equipments (PPEs) are again given first priority
followed by fire prevention system and organizational attributes. It is suggested that
PPEs must be provided to the employee, who are working on the shop floor. This
explains and confirms the relevance of AHP methodology for proper prioritization
of occupational safety factors.

Table 2 Values of
Eigenvector and priority for
main factors of MSMIs

Main factor Eigenvector (%) Priority

f 1 14.0 3

f 2 7.6 5

f 3 2.5 9

f 4 10.1 4

f 5 22.8 2

f 6 4.6 7

f 7 4.7 6

f 8 30.6 1

f 9 3.0 8
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4 Conclusion

The technique, AHP is carried out to prioritize the factors of SSMIs and MSMIs.
In case of SSMIs, it is observed that first priority is given to f 8 (personal protective
equipment) followed by f 1 (organizational attributes), f 9 (hygiene factors), f 5 (fire-
fighting, fire Prevention, and electrical safety), f 2 (occupational safety documenta-
tion/services), f 3 (workplace layout and housekeeping, f 7 (occupational exposures),
f 4 (machine guarding), and f 6 (storage). It is recommended that SSMIs can follow
this hierarchy while implementing the safety measure. On the other hand, factors
for MSMIs are also prioritized with weightage given by experts. It is found that first
priority is given to f 8 (personal protective equipment) followed by f 5 (fire-fighting,
fire prevention, and electrical safety), f 1 (organizational attributes), f 4 (machine
guarding and equipment and hand tools safety), f 2 (occupational safety documenta-
tion /services), f 7 (occupational exposures), f 9 (hygiene factors), and f 3 (workplace
layout and housekeeping). On the basis of AHP analysis, it is suggested that factor
f 8 (personal protective equipment) is the prime factor which needs utmost care in
both SSMIs and MSMIs. It is suggested to the SMEs that PPE should be given the
highest priority and be supported by regular training programs in order to prevent
workplace accidents. Further, if the industry is new and wants to implement some of
the safety measure, then also industry can follow the above-discussed hierarchy for
better and safe working environment.
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A Study of Virtual Simulation
for Five-Axis Machining

Vishaldeep Singh, Hitesh Arora, and Prashant Kumar Pandey

1 Introduction

The multi-axis machining for the manufacturing of the products has been used for
long time. The Computer Numeric Control (CNC) machines can move a tool or
the part to be manufactured on the different axis of the machine at the same time.
In three-axis machines, the part can move in three directions, whereas in five-axis
machines the two additional rotations are there. Figure 1 shows the universal head
which is mainly used in industries for the manufacturing of parts. These machines
are mainly used because of the flexibility in manufacturing and accuracy with which
the parts are manufactured. Also, the parts with complex structures are manufactured
in less time.

There are many benefits of five-axis machining system. The machining time for
the sculptured surfaces is reduced that too with accuracy and better surface finish.
Also, this system reduces the multiple setups used during machining of the parts. It
also reduces the cost of fixtures which otherwise were used to machine the complex
parts. Figure 2 compares the three-axis and five-axis machining system. Figure 2a
it shows that if the inclined surface is to be manufactured, in three-axis machining
system the tool has to be moved number of times, whereas in five-axis machining
system the tool can be tilted and directly the tool can move on the inclined surface.
Figure 2b shows that for the contoured surfaces, in three-axis machining the material
is uncut, whereas in five-axis machining the material can be easily removed because
of the easy tool accessibility. Alongwith somany advantages of this system, there are
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Fig. 1 Interpretation of
five-axis machine with a
universal head [1]

Fig. 2 Comparison three-axis machining versus five-axis machining [2]

certain disadvantages as well. If the tool path is not generated properly, the chances
of the collision with the other surfaces could be there. Also, to set the axis needs
more care.

There are three linear axes and two rotary axes in five-axis machining centers.
Apart from this, there aremany configurations ofmachining centers that are available
in the market but three of them are very commonly used in the industry. The first
category of the machine head is of the universal head type in which two rotary
axes are there. This is also known as table spindle type configuration. In the second
configuration, the table is tilted with two of the rotary axis. Whereas the third type
is combination of the first two types in which the head rotates and table also rotates
[3].

A study has been done with regard to tool path planning, tool path generation,
and simulation of the tool path for five-axis machining.
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2 Tool Path Planning and Tool Path Generation

Liang et al. [4] proposed a Standard for Exchange of Product Model Data (STEP)
model to produce the tool path for the sculptured surface. In his research work, he
proposed four components. First of all, the data is extracted, then the slicing of the
module is done then the Cutter Location (CL) file is generated and from this, NC
code is generated. The tool path is generated from the CAD model directly from
his proposed research work. From their proposed work to prepare the tool path, the
intermediate data exchange is not required.

Rao et al. [5] implemented the Principal Axis Method (PAM) to machine the
surface. In their approach, the curvatures of both design surface and machined
surface are compared which are used to find the cutter orientation. The toroidal
cutter was aligned to the design surface and so oriented to minimize the scallops. The
approach was applied to the five-axis machine configuration and found the scallop
height between the movements has considerably reduced. The tool path generated
was simulated and verified experimentally and found that the scallop heights were
reduced.

Chiou andLee [6] proposed aMachiningPotential Field (MRF)method to produce
the tool path for the sculptured surfaces. For the planning of the tool path, the geom-
etry of the surface and cutter is considered along with the orientation of cutter. This
method generates the tool path with which the surface finish is improved. They
proposed an algorithm which generated the optimal tool path. This tool path gener-
ated adjacent tool path and minimizes the overlapping and the scallops. The adjacent
tool paths are generated from the initial tool paths. The surface to be machined is
divided into two portions that is unfinished and finished area. The tool moves along
the cutting direction and produces the sculptured surface. The experimental and
simulated results were verified and found that smooth surface finish was produced
and with shorter tool length. This approach leads to decrease in the machining time
without compromising the quality of the product.

Lin and Ye [7] proposed the Stereolithography or Standard Triangle Language
(STL) model to generate the tool path. In the five-axis machining, the cutter contact
points make a nonlinear trajectory which leads to undercut or overcut of the part.
This error is known as the contour error. In their research work, they worked on the
contour error. They controlled the orientation of the tool and step size according to
the pre-determined trajectory error.

Duvedi et al. [8] proposed a multi-point method for the planning of tool path.
They proposed a drop and tilt method onto the triangulated surfaces to produce the
tool path. They proposed the algorithm to generate the tool path in which the tool
is dropped on the surface and is allowed to rotate about the pseudo axis till the tool
touches the next triangulated surface. This algorithm proposed by the authors will
generate the gouge-free tool path in which the tool is assumed to be rotated about
the pseudo axis. In this, the author tested the algorithm experimentally and further
proposed to optimize the tool path.
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Duvedi et al. [9] extended their drop and tilt method to a tensor product Bezier
surfaces. In this approach, they dropped the tool so that it touches the first point of
contact and then the tool is tilted about tensor product Bezier surfaces. The tool path
for Bezier surface was generated and testing was done using toroidal milling cutter.
The tool path generated was tested experimentally. This approach can be extended
for the generation of tool path at commercial level. The optimization of the tool path
and the errors generated like undercut are still to be minimized.

Ezair and Elber [10] presented a technique to generate a smooth and obstacle-free
tool path for five-axis machining system. The proposed method can be categorized
as C-space method. They proposed an algorithm to generate the tool path and is
verified by the simulation. The entire cutter contact curve can be generated for the
whole surface and need not generate the cutter contact points. The proposed method
in which the cutter contact curve will specify the tool path along with the orientation
of the tool. The proposed approach by the authors is verified using the simulation of
the machining.

Sharma et al. [11] proposed a new method for the location of tool for five-axis
machining. In their research work, they have used the drop and spin method to
find the contact points. From the algorithm proposed by them, tool drop locations
are generated for the reference line. The toroidal-shaped geometry is formed by
the sweep approach in which the dropped tool is rotated about spin axis creating
a gouge free surface which was a limitation of the proposed methodology of drop
and tilt approach by Duvedi et al. [9]. They tested their approach for convex and
concave-shaped surfaces and found that the clean region is formed at the common
edge zone.

Zubair and Mansor [12] proposed algorithm which automatically generates tool
path for grooved surfaces by using sub-delta volume approach which is extracted
from three-dimensional model. This approach fetches the different vertices from the
geometry and generates the tool path.

3 Validation of Tool Path Using Machining Simulation

The tool path generated needs to be verified. To validate these tool paths generated,
there are different methods. The most common method is dry run method, in which
the machine runs without raw material. The limitation of this method is that the
worker should be experienced to check the tool path. The other method is to load the
soft material like sponge or thermocol to check the tool path. The other method is to
measure the coordinates of the machine but it is expensive. The best method to check
the tool path is simulation. The tool path and workpiece are generated and the tool
is allowed to simulate. Simulation verifies and analyzes the tool path without any
physical machining requirement of the workpiece. The idea is to use the simulation
results as basis for making decision for the real-life machining process. The input
parameters can be varied to study the behavior of the real time process.
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Complex sculptured surfaces are widely used in many engineering objects such as
automobile components, aerospace parts, turbines blades, and medical implants. The
manufacturing of such custom intricate designs is a costly and time-consuming task.
Computer-aided design and Computer-Aided Manufacturing technology have been
around for decades to assist with design and manufacturing of such components.
With CAD/ CAM software, Computer Numeric Controlled machines can machine
intricate components with the highest dimensional accuracy. CAD/CAM software
simplifies the programming of CNC machines and helps improve their utilization.

Bedi et al. [13] proposed a technique to machine complex parts. In their proposed
work, the material removal is increased by aligning the principle axis of machining
surface and machined surface. This method will also reduce the height of the scallop.
This technique will also reduce the machining time.

Roth et al. [14] in their research work has found the cutting forces using the
transformation matrices. To find the cutting force, they found the amount of material
removed and the chip generated during the machining process. To find the chip
geometry, they used local depth buffer and adaptive depth buffer. The tool was sized
in local depth buffer, whereas in adaptive depth buffer, the buffer orientation was
matched with the axis of orientation.

Tutunea-Fatan and Feng [1] proposed a kinematic model for the machine tool.
This model is used to determine the movement of tool for a particular location and
orientation. This model is also helpful for post-processing, design, and analysis of
machine error. In their proposed work, coordinate matrix are formed to find the tool
length for Spindle Rotating machine and location of workpiece for Rotary Table
machine.

Mann et al. [15] in their proposedwork have calculated the points on themachined
surface. These points are calculated using tool position and the motion of tool. This
method is known as imprint point method. They proposed a hierarchical model
approach for finding the direction of motion of tool. This model is formed using
transformation matrices and can be used on any CNCmachine with single tool head.

Sullivan et al. [16] proposed a new technique for the simulation of the tool path
for three- and five-axes machines. In composite adaptively sampled distance field
(composite ADF), the swept volume of the tool is calculated and the Boolean oper-
ation is done on the swept volume by tool and workpiece. The remaining part is the
end result which is simulated. This approach increases the simulation speed as very
low memory is used in this methodology.

Singh et al. [17] in their research work proposed a simulation of three-axis and
five-axis CNC tool path. They used the CAD package to produce the workpiece
and tool in the CAD package. The Boolean operation is used to subtract the tool
from the workpiece. The verification of the simulation result has been done by ray
tracing algorithm. The scallop height was calculated by comparing the actual part
and simulated part; it was found that the results are valid with minimum errors.

Shneor et al. [18] proposed a software for the prediction of accuracy of five-axis
machined part. Itworks on the form shaping system theory. The input for this software
is geometry of workpiece, tool parameters, and tool path. The results generated from
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this software are compared with coordinate measuring machine. This simulation
result shows the effectiveness of the results.

Tunc [19] in his research work proposed the smart tool path generation for five-
axis machining of curved surfaces. The tool path planning, tool path generation, and
simulation of generated tool path are discussed. The simulation of the tool path also
gives the cutting forces and scallop height for the given tool path. The main aim is
to reduce the process time by using simulation in tool path planning.

4 Case Study

In this work, Singh et al. [17] proposed a simulation of five-axis machining tool path
for sculptured surfaces. In his study, the macro was created for the machine simula-
tion in which the workpiece can be inserted of defined dimensions in the SolidWorks
(student version), and desired tool for the machining purpose is inserted in the soft-
ware for the defined axis which is generated from the toolpath. This approach used
by the author is similar like drop and tilt method of tool location as proposed by
Duvedi et al. [9]. The authors have further performed the Boolean subtraction for the
particular tool inserted at a particular location. This approach of subtracting the tool
from the workpiece leads to perform the infinite calculation to subtract the dropped
tool to represent the simulation which is clearly mentioned in their research work.
To overcome such issue, the modified macro can be created in which first the tool
must be allowed to fall on the workpiece without performing the Boolean operation.
Once the tool is dropped at all locations for the desired tool path then the Boolean
subtraction operation can be performed. This simulation by drop tool approach for
all the cutter contact points has been used by Duvedi et al. [9] which is shown in
Fig. 3. Figure 3 shows the dropped location of all the points on the machine surface
for the tool path in simulation. This approach will help to give the simulation result
in a better way without affecting the performance of the computation of the system
during the simulation process.

Figure 4 shows the tool inserted for the various locations along the axis. The tool
is allowed to drop on the particular location of the workpiece. The tool dropped on

Fig. 3 Simulation of tool
path for machining a
sculptured surface by drop
tilt method [9]
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Fig. 4 Movement of tool
over the workpiece

the workpiece is generated with the help of axis. The input of the axis is generated
from the two points which are generated from the cutter location of the tool and other
points for the axis is the point on the tool along the tilted axis. After inserting the tool
for all the points, theBoolean subtraction operation can be performed. The simulation
results for the given tool path are shown in Fig. 5 which shows the isometric view and
orthographic views. The sculptured surface is produced with the tool path provided.

The similar approach is used to analyze the simulator for the sculptured surface.
Figure 6 shows the sculptured surface for generating tool path from STL file. The
STL file is generated from the ProE software (student version). The dimensions of

Fig. 5 Simulation results for the sculptured surface
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Fig. 6 Sculptured surface
for generating tool path

Fig. 7 Simulation result for
the sculptured surface

the workpiece are 25 × 50 × 40 mm. Figure 7 shows the simulation result from the
same approach by inserting the tool path for various locations of the tool path and
subtracting the tool from the workpiece using Boolean subtraction operation. The
simulation result of the workpiece clearly shows the similar result from which the
tool path has been generated.

5 Summary

A review on the development in the planning, generation of tool path, and simulation
of the generated tool path has been discussed in this paper. The authors have discussed
various methods and proposed different techniques to generate the tool path which
are accurate and manufacture the sculptured surfaces with fine surface finish. The
main aim of the researchers is to develop the tool path with minimum scallop height
and with minimum errors. The researchers proposed different techniques to simulate
these tool paths. A lot of scope is there in this field because most of the researchers
have worked to generate the tool path by considering one type of tool and based upon
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that data the simulation of the tool path has been done. There is no such work was
found which can be considered as generalized for all the different tools. To make
some general system or algorithm is to be developed, for which the tool path thus
generated can be directly be used by the CNC machines. The tool drop method used
by Duvedi et al. [9] and Boolean subtraction approach is similar and gives the best
results.

References

1. Tutunea-Fatan OR, Feng HY (2004) Configuration analysis of five-axis machine tools using a
generic kinematic model. Int J Mach Tools Manuf 44:1235–1243

2. ChoHD, JunYT,YangMY (1993) Five-axis CNCmilling for effectivemachining of sculptured
surfaces. 31:2559–2573

3. Tsutsumi M, Saito A (2004) Identification of angular and positional deviations inherent to 5-
axismachining centers with a tilting-rotary table by simultaneous four-axis controlmovements.
Int J Mach Tools Manuf 44:1333–1342

4. Liang M, Ahamed SS, Van Den Berg B (1996) A STEP based tool path generation system for
rough machining of planar surfaces. Comput Ind 32:219–231

5. Rao N, Bedi S, Buchal R (1996) Implementation of the principal-axis method for machining
of complex surfaces. Int J Adv Manuf Technol 11:249–257

6. Chiou CJ, Lee YS (2002) A machining potential field approach to tool path generation for
multi-axis sculptured surface machining. CAD Comput Aided Des 34:357–371

7. Lin RS, Ye CB (2012) Accurate trajectory control for five-axis tool-path planning. Lect Notes
Eng Comput Sci 2196:932–937

8. Duvedi RK, Bedi S, Batish A, Mann S (2015) Numeric implementation of drop and tilt method
of 5-axis tool positioning for machining of triangulated surfaces. Int J Adv Manuf Technol
78:1677–1690

9. Duvedi RK, Bedi S,Mann S (2017) Drop and tilt method of five-axis tool positioning for tensor
product surfaces. Int J Adv Manuf Technol 93:617–622

10. Ezair B, Elber G (2018) Automatic generation of globally assured collision free orientations
for 5-axis ball-end tool-paths. CAD Comput Aided Des 102:171–181

11. Sharma SK, Duvedi RK, Bedi S, Mann S (2019) Five-axis tool positioning of a toroidal end
mill tool near common edge between two intersecting surfaces. In: CAD conference, pp 75–79

12. Zubair AF, Abu Mansor MS (2020) Tool-path generation for groove machining feature. IOP
Conf Ser Mater Sci Eng 834

13. Bedi S, Gravelle S, Chen YH (1997) Principal curvature alignment technique for machining
complex surfaces. J Manuf Sci Eng Trans ASME 119:756–765

14. Roth D, Ismail F, Bedi S (2003)Mechanistic modelling of the milling process using an adaptive
depth buffer. CAD Comput Aided Des 35:1287–1303

15. Mann S, Bedi S, Israeli G, Zhou X (2010) (Linda): Machine models and tool motions for
simulating five-axis machining. CAD Comput Aided Des 42:231–237

16. Sullivan A, Erdim H, Perry RN, Frisken SF (2012) High accuracy NCmilling simulation using
composite adaptively sampled distance fields. CAD Comput Aided Des 44:522–536

17. Singh V, Arora H, Pandey PK,Wandra R (2018) Amethodology for simulation and verification
of tool path data for 3-AXIS and 5-AXIS CNCmachining. Int J Mech Eng Technol 9:450–461

18. Shneor Y, Chapsky VS, Shapiro A (2018) Virtual verification of 5-axis machine tools based
on workpiece accuracy analysis: software tool instead of expensive machining tests. Procedia
Manuf 21:228–235

19. Tunc LT (2019) Smart tool path generation for 5-axis ball-end milling of sculptured surfaces
using process models. Robot Comput Integr Manuf 56:212–221



An Investigation of Crack Structural
Analysis and Its Propagation of a Taper
Roller Bearing Under Different
Misalignment Conditions

Rajeev Kumar, Manpreet Singh, and Jujhar Singh

1 Introduction

Bearings are the broadly used elements in rotating machineries and even minor fault
in bearing results in abrupt failure that lead to major economic losses. Therefore,
the fault diagnosis of bearing has been widely studied in the past few years [1–3].
Any defect in the bearings generates vibration in the system and that can be used
as a source for diagnosing fault. Misaligned machinery is more prone to failure due
to increased loads on bearings and couplings, alongside misalignments also causes
decrease in the overall efficiencyof the system.The typical faults of roller bearings are
localized defects in the outer-race, inner-race, and on the roller, that defects generate
complicated vibration signal, which appears with different complex frequencies. It is
important to develop some effectivemaintenance and diagnosis procedure for feature
extraction and computing techniques during dynamic stage to avoid abrupt shutdown
of the rotor-bearing system.

Misalignment is basically divided into two subparts, i.e., Angular Misalignment
(SAM) in which shaft centerlines intersect and Parallel misalignment in which shaft
centerlines are parallel (Fig. 1). In fact, in the most cases, the misalignment is caused
by a combination of both.

There are various causes for vibration, but nearly 90% are produced due to
misalignment and unbalance of rotating and reciprocating parts. The abrupt failure
in the machines can be due to damage in any components like stator, rotor, and
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Fig. 1 Graphical explanation of a Angular and b Parallel misalignment

bearing. These faults further result in excessive vibration, decreases efficiency,
extreme heating, decreased torque, etc. To diagnose the root cause, a number of
structural conditional monitoring techniques are developed such as Vibration moni-
toring, Current monitoring, Acoustic Emission Technique, Thermal imaging moni-
toring, Torque monitoring, Chemical Analysis, Angular Speed, and Power Testing
[1]. Earlier the signal processing techniques consist of basically calculating the statis-
tical parameters like RMS, Kurtosis, Standard Deviation, Crest Factor, etc., but that
were not too successful and effective for analysis because the signals are highly
affected by noise and other related interference like varying speed, load, and other
operating conditions. A new feature, i.e., statistical moments that can be able to
make the signals insensitive of varying load and speed was proposed. After this,
for detecting the faults before the severe stage, the use of normalized skewness
and normalized kurtosis is introduced for detecting the fault at early stage. Apart
from statistical parameters-based technique, parametric time-domain techniques are
also being used for fault diagnosis. Mechefske and Mathew [4] uses Autoregressive
models that are used to generate the frequency spectra and interprets the mean (arith-
metic and geometric), RMS of spectral difference and found that this technique is
more superior in terms of classifying the healthy and faulty bearing than the tradi-
tional FFT. Further few more research are done by Mechefske and Mathew [5] in
context of autoregressive models that concludes that it works more efficiently for
short signals and low-speed bearings.

For analyzing vibration signals, different signal processing techniques are
used like Time domain, Frequency domain, and Time–Frequency domain. Time–
Frequency domain is the mostly used technique for fault diagnosis in the bearing
specifically for non-stationary signals. As time-domain signals do not disclose
anything about the frequency components of signals consequently frequency domain
and time–frequency domain techniques such as FFT, STFT, Wigner Vile, etc., are
been broadly applied for determining the hidden frequency information about the
signal. FFT is generally used for converting the time domain into frequency domain,
however, the defect frequencies are still not clearly distinguishable due to excessive
noise and hindrance, whereas for high SNR, FFT works efficiently. To overcome this
problem researchers, work on developing the bi-spectrum, power spectral density,
etc.

Meng and Qu [6] explains that the most parameters that possess good diagnosing
ability have a close relationship with respect to time. Consequently, techniques
like FFT do not provide enough information when used alone because the time
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domain information is unnoticed. Mori et al. [7] used discrete wavelet transform for
prediction of fault and found it more enhanced technique than FFT. For analyzing
vibration signals, different signal processing techniques are used like Time domain,
Frequency domain, and Time–Frequency domain. Time–Frequency domain is the
mostly used technique for fault diagnosis in the bearing specifically for non-stationary
signals.Nandi andAhmed [8] discusses various signal processing techniques used for
machine fault diagnosis. Chandra and Sekhar [9] have described the fault detection in
rotor-bearing system using time–frequency techniques. Mori et al. [7] uses Discrete
Wavelet Transform (DWT) technique to capture information from both time and
frequency characteristics and much more helpful for detecting refined time localized
changes. Saxena et al. [10] havepresented anonline fault diagnosis systemsprocedure
for fault diagnosis of ball bearing through Continuous Wavelet Transform (CWT).
Castejón et al. [11] have proposed a method for automated diagnosis of rolling
bearing using Multiresolution Analysis (MRA) and neural networks a real system
technique for the detection of faults at very incipient stage under any conditions.
The effectiveness of Artificial Neural Network (ANN) and Support Vector Machine
(SVM) for fault diagnosis of ball bearing using machine learning methods has been
revealed by Jamadar and Vakharia [12]. Kankar et al. [13] have presented integrating
DimensionalAnalysis (DA) andBackpropagationNeuralNetwork (BPNN)approach
for the detection of localized faults in roller bearings by developed algorithm using
experimental data as obtained from developed test rig using defective bearing. Kumar
and Singh [14] have described the Motor Current Signature Analysis (MCSA) for
bearing fault detection inmechanical systems. Fast Fourier transformation is initially
used for the comparison of healthy and faulty bearings. Jalan andMohanty [15] have
investigated the model-based fault diagnosis technique for fault diagnosis of a rotor-
based system subject to misalignment and unbalance and it effectively found out the
fault condition and fault location using this technique and the concepts of charac-
terization of parallel misalignment in rotating machines was explained by Meroño
Pérez [16] usingmodulated signal of incremental encoders which set the relationship
between frequency spectrum of the angular vibration and the modulated signal from
the encoders. Simm [17] proposed online monitoring of shaft misalignment using
non-contact laser-based measurement technique and it can be used for the moni-
toring of both offset and angular shaft misalignment in the shaft and can be used
where it is difficult to measure misalignment and conventional vibration techniques
[18]. Shaft Angular Misalignment (SAM) detection through acoustic emission was
analyzed and operated under different operational conditions of load and speed in
order to evaluate and impact on the acoustic emission for the detection of SAMunder
varying operational conditions. This study demonstrated the potential performance
of acoustic emission method to analyze the SAM detection and vibration analysis
[19]. Wavelets are the short-duration signals that comprises average zero value. It is
popular for its capability to present both time and frequency information, but selec-
tion of mother wavelet is a challenging task as different wavelets applied on a single
signal may produce different results. Wavelet transforms are further sub-divided into
DWT, WPT, CWT. Wavelets are characterized by various factors like orthogonality,
symmetry, compact support, and vanishing moment. Selection of mother wavelets
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depends on various factors. Ngui et al. [20] presents and classifies the suitablemother
wavelet related to different faults. Flanders [21] states that according to symmetric
properties, it is also possible to select the mother wavelet by visual inspection [22].

2 Shannon Entropy

2.1 Shannon Entropy

Entropy is the measure of energy, change in physical performance of rotor-bearing
system results to change various parameters and subsequently can be used as a factor
for diagnosing faults. Shannon entropy quantifies the randomness of signal, and
randomness in vibration spectrum is the result of any sudden change or defect in the
bearing. It is generally employed for quality assessment of spackles patterns, spackles
pattern with large Shannon entropy called as good quality spackles pattern, which
means greater degree of spackles uniqueness themain function of Shannon entropy is
suppressing the unwanted noise and capturing the periodic impulse. Shannon entropy
represents the behavior of the signal acquired if in any case the randomness is higher
it represents the higher negative values. Mathematical representation of Shannon
entropy is represented by Eq. (2.1).

H(X) = −
n∑

i=1

pi log2 pi (1)

where X represents the random signal, n represents the number of outcomes with
probability function pi . These statistical features are used for the analysis of fault
propagation.

2.2 Orbit Plots

Orbit plots also known as Lissajous pattern is very simple and convenient method to
deal with rotating machinery motion. This plot helps us to identify various types of
faults associated with rotating components, like misalignment, unbalance, rubbing,
lubrication, etc. It basically plots according to the locus of center of rotating shaft.

Orbits plots can be created with the help of connecting proximity probes, eddy
current probes, or proximity sensors around the shaft with equal angle from other
sensors.Orbit PlotAnalysis is one of the basic tools for detecting the fault inmachines
like misalignment, unbalance, oil whirl, rubbing, and other related faults. The orbit
plots are unable to compute the location and severity of fault efficiently. Normally, the
orbit plots are used along with another technique tomake the results more descriptive
and efficient. da Silva Tuckmantel et al. [23] uses the forces and moments developed
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due to misalignments as it gives rise to vibration, so can be used for analyzing
the system signature follows for detection and diagnosis of misalignment and fault,
here orbit shapes and displacements spectrum are analyzed by measuring steady-
state responses in order to observe harmonic components which leads in detecting
misalignment. Patel andDarpe [24] analysesmisalignment and its different types like
angular, offset, and parallel misalignment. Lot of existing literatures presents work
on detecting misalignment but detecting its type is a necessary for better and reliable
results. Different types of faults can generate similar frequency spectra, but this tool
can be able to separate faults, as well full spectra and orbit plots are used parallelly
to analyze the hidden information of signals. Different fault results in different orbit
pattern, as [25, 26] shows that banana-shaped, petal-shaped, ellipse-shaped patterns
results in misalignment, oil whirl, unbalance, respectively. Qu et al. [27] shows that
orbit plots can detect the severity of misalignment as increase inmisalignment results
in flatness of the resultant orbit plot.

3 Experimentation

For this study, some experimental tests are designed for the capability to detect
misalignment from the proposed techniques when applied on different misalignment
levels, for this purpose two-coupled shafts are used with taper roller bearing on
which angular misalignment is calibrated by shaft alignment kit and measured the
angle of misalignment with the help of laser-guided angle measuring tool. A proper
experiment setup consists of accelerometer, proximity probe, coupling, and bearing
used is shown in Fig. 2.

Angular deviation Shaft is coupled with three-phase motor having voltage 415 V,
2250 rpm and power of 0.75 KWwith proper housing, which is fixed, on the bed over

Fig. 2 Experimental test rig
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Fig. 3 Research
methodology

the main body (Modulus of Elasticity 188.4401 GPa and Hardness 11.02647 GPa)
(Fig. 3).

An accelerometer having sensitivity of 100 mV/(m/s2) and frequency range
(±3 dB) 0.35 to 12,000 Hz is fixed on the top portion of the housing which is
further attached with the data acquisition hardware that converts vibration signal
into time domain signal. These generated signals are used to analyze FFT graph
using MATLAB. For controlling the speed of the motor, Variable Frequency Drive
(VFD) used by this can regulate the rpm for different conditions. The bearing is
tested at 35 Hz frequency to check the maximum amplitude and approximate natural
frequency of the bearing. The proximity probe was used to check the wobbling of the
shaft, connected to spectra quest DAQ 501-A demodulator further connected to NI-
cDAQ9174 (Card-9234) that converts physical signals to waveforms. Each time the
number of samples recorded were 25,600 with sampling rate of 5120. The recorded
data is visualized and analyzed using LabVIEW and MATLAB software.

The angular deviation (0.00–1.5 mm) of shaft can be adjusted by adjustable
screws from one side. The distance between housings and total shaft length is 380
and 500 mm. It accommodates ½ to 1¼ in. diameter shafts. Table 1 represents the
specifications of taper roller bearing (30,205) used in the experiment.

The fundamental principle behind the Fourier Transform is that it decomposes
the time domain signal into varying amplitude of sine waves. The resultant spectrum
displays the peaks of individual sine waves present in the signals.

The below figures interpret that peak values present at subsequent 1× and 5×
frequency are 0.01082 and 0.01175 for Healthy system (Fig. 4), whereas for Faulty
system (Fig. 5) the same corresponds to the value of 0.01738 and 0.02235. It is found
that the same system under misalignment results in 60% increase in amplitude value
at 5× frequency component. For 1× peak, the increase of 90% are seen for faulty
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Table 1 Specification of the
test bearings

Parameters Bearing number (30,205)

Inner race diameter (mm) 25

Outer race diameter (mm) 52

Width (mm) 15

Number of rollers 17

Pitch diameter (mm) 38

Roller diameter (mm) 6.39

Fig. 4 FFT signatures of healthy bearing at 35 Hz

Fig. 5 FFT signatures for faulty bearing at 35 Hz

system. Therefore, it can successfully be able to detect the changes in the system.
Different frequency component plays an important role in detection of misalignment
using FFT, the analysis at 1×, 2×, 3×, 4×, and 5× are discussed (Table 2).

The peak value at 1× frequency for faulty system is 0.001175 and the peak value
at 2× frequency component is 0.00024, or in other words the decrease in the peak
value at 2× is seen. It is seen in other related literatures that decrease in 2× peak
level signifies the angular misalignment, whereas increase in 2× compared to 1×
frequency component results in parallel misalignment For the compilation of result,
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Table 2 FFT values for healthy and faulty system

Healthy system
(amplitude of FFT)

Faulty system
(amplitude of FFT)

Frequency component Percentage change
(%)

0.01175 0.02235 1× 90.2

0.00024 0.000481 2× 100

0.001031 0.001282 3× 24.3

0.000747 0.000848 4× 13.5

0.01082 0.01738 5× 60.6

Shannon entropy has been calculated at frequency rate of 35 Hz with misalign-
ment level as shown in Tables 3, 4, and 5 considering Shannon value for different
wavelets, Mayer and Morlet wavelets significantly responds to misalignment under
high-frequency zone and continuously increasing with the increase in misalignment
level which is not apparently represented in dB2 wavelet as shown in (Fig. 6).

Table 3 Calculated Shannon Value at 35 Hz for range (0.00 mm-1.50 mm) deviation at High-
frequency zone

Statistical test Zone Level of
misalignment (mm)

Wavelet type

DB2 Morlet Meyer

Shannon entropy High 0.00 1.578 × 104 1.396 × 103 5.032 × 103

0.50 3.093 × 104 1.963 × 104 2.387 × 104

1.00 2.427 × 104 2.434 × 104 2.744 × 104

1.50 3.6337 × 104 3.6793 × 104 3.6983 × 104

Table 4 DB2 wavelet under misalignment

Misalignment level 0 mm 0.5 mm 1.0 mm 1.5 mm

Daubechies 1.578 × 104 3.0938 × 104 2.4279 × 104 3.6337 × 104

Percentage change +96% −78.4% +49.6%

Table 5 Morlet wavelet under misalignment

Misalignment level (mm) 0 0.5 1.0 1.5

Morlet 1.396 × 103 1.9630 × 104 2.4340 × 104 3.6793 × 104

Percentage change (%) +1300 +23.9 +51.1
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Fig. 6 Shannon entropy
with DB2 versus Morlet
versus meyer wavelets

3.1 Daubechies Wavelet

For db2 wavelet, the value observed at 0 mm is too high when the system is properly
aligned, with increase in misalignment that is 0.5 mm a sudden increase of 96% is
seen that shows a good response but later at 1.0 mm a abrupt decrease of 78.4% is
observed and again increase of 49.6% is observed at 1.5 mm.

Therefore, the abrupt decrease and increase in the magnitude with increase in
misalignment level is stated. Hence, db2 wavelet cannot be used as suitable wavelet
for the case.

3.2 Morlet Wavelet

For Morlet Wavelet, the Shannon entropy under align condition obtained is 1.396×
103, with increase in misalignment at 0.5 mm or when the system changes its state
from aligned condition to unstable condition it shows the increase of 1300%. Till
this instance, this wavelet can be used for misalignment detection abrupt increment
in Shannon entropy. Further when the misalignment is increased to 1.0 mm the
increase of 23.9% is reported and at 1.5 mm the increase of 51.1% is seen, so
finally this wavelet is responded successfully and can able to determine the severity
of misalignment because with increment in misalignment only the rise in Shannon
entropy is seen.

3.3 Meyer Wavelet

Now for Meyer Wavelet, when the system changes its state from stable to unstable
condition, i.e., misalignment of 0.5 mm increase of 374% is observed and with the
increase in misalignment level from 0.5 to 1.0 mm rise of 14.9% and from 1.0 to
1.5 mm rise of 37.4% is seen, therefore this wavelet can also be able to detect the
misalignment and its severity (Table 6).
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Table 6 Meyer wavelet under misalignment

Misalignment level (mm) 0 0.5 1.0 1.5

Meyer 5.0323 × 103 2.387 × 104 2.7448 × 104 3.6983 × 104

Percentage change (%) +374 +14.9 +34.7

Finally, from the above analysis on Shannon entropy, after applying different
wavelets it is observed that Daubechies wavelet can detect the state change from
aligned condition tomisaligned condition but further cannot be used for detecting the
misalignment severity. The Meyer and Morlet both responded well while changing
system state from stable to unstable aswell both thewavelets can detect the severity of
misalignment. It is concluded that Morlet wavelet shows more deviation than Meyer
wavelet but both the Meyer and Morlet can be used for misalignment detection and
also detect the severity of misalignment.

3.4 Orbit Plots

Orbit plots trace the center of shaft to plot the orbits and result in identifying the
faults; it is seen that the different faults result in plotting different orbit plots. In the
experiment performed the testing are performed under various frequency 35 Hz with
differentmagnitude ofmisalignments that are 0, 0.5, 1, 1.5mm. It is observed in Fig. 7
that plot with aligned condition (0 mm) is different from all other misaligned cases,
i.e., 0.5, 1.0, and 1.5 mm. The experiment conducted is under angular misalignment
and the plotted orbit plots result in depicting the banana-shaped pattern [26] and it

Fig. 7 Orbits plots under different misalignment level
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can be also inferred from (Fig. 7) that higher misalignment level results in flatness
of the orbit plot [27].

The experiment conducted is under angular misalignment, and the plotted orbit
plots result in depicting the banana-shaped pattern. The same type of pattern has been
observed in experiment conducted by [28]. It concludes that misalignment results
in the formation of banana type pattern are due to misalignment. Orbit plots can
successfully be able to detect the faults but in this experiment orbit plot detect the
misalignment but unable to detect the type of misalignment.

In Fig. 7, the orbit plots are plotted for different misalignment levels, that is at
0, 1.0, and 1.5 mm. It is clearly seen from the above figure that with the rise in the
misalignment value the orbit plot gets more flattened. The same results are seen for
the experiment conducted by [27], and concludes the same. So, from the plotted orbit
plots against different misalignment levels and available literatures, it can be inferred
that highermisalignment level results in flatness of the orbit plots and efficiently leads
to determine the severity of faults.

3.5 Crack Analysis Using SEM

Scanning Electron Microscope is basically the technique used to capture topography
of the material. In this experiment, the intended V-notch is made in the bearing using
wire EDM at inner race. Now, this rotor-bearing system starts generating vibrations
due to faulty bearing. The SEM images are captured after 124 h of running at 35 Hz
under faulty condition. Crack analysis is an important part to study as after minor
defect in system, themachines continue to run that further prevents loss in productive
time. Crack analysis is an important for analyzing the crack growth rate that further
estimates bearing life [29] (Fig. 8).

Finally, after SEM analysis, it is observed that crack propagation firstly starts
from outer surface near edges due to sudden and continuous impact of load. Crack

Fig. 8 SEM image of V-notch at a 40× and b 450×
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analysis can be analyzed in more depth for estimating crack propagation rate and
bearing life and that will prevent abrupt failure and sudden breakdown of machines.

4 Conclusions

This research work presents an investigation on detection of misalignment through
advanced signal processing techniques. Misalignment is one of the most reported
problems in case of rotational machineries that causes sudden breakdown of
machineries. Fault detection and conditionmonitoring ismore focused subject nowa-
days as it led to alarm as even minor change in spectra or characteristics is observed
that further result in preventing abrupt failure.

For analyzing the feasibility of this technique, several tests have been performed
and change in misalignment level have been significantly identified.

i. From the above analysis on Shannon entropy, using different wavelets, it is
observed that Daubechies wavelet fails to detect the misalignment because db2
wavelet shows negative deviation with increase in misalignment. It is observed
that with increase in misalignment level from 0.5 mm to 1.0 mm Meyer and
Morlet show deviation of +23.9% and +14.9%, respectively, whereas from
1.0 mm to 1.5 mm deviation of +51.1% and +34.7% is observed.

ii. Fast Fourier Transforms are analyzed and found increase of 60% in the ampli-
tude at 5× frequency and increase of 90% in the amplitude at 1× frequency
under misalignment compared to healthy system. The peak value at 2×
frequency is comparably lower than 1× that depicts the presence of angular
misalignment in the system.

iii. Orbit plots are the trajectory traced by the shaft center, using orbit plot it
is analyzed and found that it generates the banana pattern that depicts the
misalignment and can also predict the severity with increment in flatness of
orbit plots.

iv. Trends of statistical parameter are also analyzed by increasing themisalignment
level and observed that crest factor is most influenced parameter.

v. It is observed that crack propagation firstly starts from outer surface due to
sudden impact load on outer surface.

Finally, it is concluded that Meyer and Morlet wavelets both respond effectively
to the case, whereas Daubechies fails to detect the misalignment. Orbit plots can
successfully be able to detect the fault and misalignment severity. Crest factor is
highly influenced statistical parameter and can be used for detection ofmisalignment.

Thismethod has an advantage over existingmethod and is best suited for analyzing
misalignment and its severity. Future work could be performed on crack propagation
for estimating bearing life and rate of crack growth and for the selection of wavelets
which is still a challenging task.
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Development Method, Manufacturing
Process of Fibre Reinforced Polymer
Composite Type Helical Springs:
A Review

Naik Aniket Ashok, Rajeev Kumar, Manpreet Singh, Jaiinderpreet Singh,
Piyush Gulati, and Jujhar Singh

1 Introduction

Coil springs or helical springs are the most important and commonly used machine
components which aid in vibration reductions, protection against impacts and to
certain limits even acts as dampers. Nowadays, vehicular gas emission and fuel
efficiency are ofmajor concern [1]. To achieve this,weight reduction of an automobile
is being carried out which improves its performance thus saving energy. Also, the
current generation is heading towards electric and hybrid vehicles hence reduced
weight would be effective in increasing the overall range of vehicles with such
powertrains [1]. Combination of two or multiple materials such as a composite can
yield improved mechanical behaviour and properties. Essentially a composite made
of FRP possesses higher strength to weight ratio and improved elastic strain storage
capacity on contrary to alloys.

Initially, FRPC-based technology emerged in the early 1900s. In the mid-1930s,
FRPC saw its first application in boat hull components which was basically polyester
resin reinforced with fiberglass [2]. The recent research in the field of FRPC has
created components which can resist even high speed impacts the example includes
bulletproof vestmade of aramid fibrewhich can stop bullets. Even the aircraft carriers
make use of FRPC components in the design. A good example is a passenger aircraft
carrier Airbus A380 which is one largest of its kind makes use of nearly 20% FRPC
parts of which the prime parts are made of carbon fibre reinforced composites [1].
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FRPCs are not just restricted to aircraft but also finds their applications in spacecraft,
marine vehicles such as boats, ships and submarines, alongwith on land automobiles,
sports-related equipment and also in bridges and buildings.

The above-mentioned reasons are justified in the switch of spring materials from
conventional stainless steel to FRPC. Compared to different types of mechanical
springs, coil springs/helical springs are merged as a part of various mechanical
systems, thus incorporating a FRPC coil spring reduces the weight of the suspension
system and also does not affect the load-carrying capacity of the system [1]. The leaf
spring emerged as a first practical design, the material of which was FRPC in early
1981. Such FRPC leaf springs which were developed by Daugherty then found their
application in heavy-duty trucks [3]. Currently, the research work on FRPC-based
coil/helical spring is very limited in number yet attracts the interest of scientists in
this particular area.

The aim of this paper is on reviewing the gathered open source research articles
and analyses the viability of FRPC coil/helical spring. Various methods used by the
current research work are studied and accordingly their competency is analysed.

2 Literature Survey

The practical approach with FRPC-based helical spring is not much popular in the
technical field. Research paper that is available based on such application is much
minimal. Short review on available research papers has been presented below.

T. S. Manjunatha and D. Abdul Budan fabricated FRPC-based spring and
performed experiments for the spring’s strength. For the study, three different types
of springs are fabricated using glass fibre, carbon fibre and glass/carbon fibre in +
45° orientation and tests are conducted to check the mechanical behaviour of the
springs. The helical spring is fabricated using Filament Winding Technique (FTW),
for which a mandrel made of cast iron having the profile of the spring is fixated
between the centres of the lathe. Silicone gel is applied throughout the mandrel body
which acts as a mould releasing agent. Due to shear load acting on the spring, the
fibres are cut at 45° angle. These fibre tapes are wound on the mandrel by dipping
them in the bath of epoxy resin. This is done till the desired thickness is achieved.
Tests are performed on the spring after curing process which took 24 h. Mechan-
ical properties such as stiffness, shear stress and failure load maximum compression
are determined by the researchers. The findings of the experiments showed that the
spring rate of carbon fibre is 24% more compared to the glass fibre and 10% more
than that of glass/carbon fibre (Table 1).

To conclude with the results of the experiment, the weight of spring in test is lesser
than that of steel spring and comparatively provides good stiffness [4] (Fig. 1).

Mehdi Bakhshesh and Majid Bakhshesh performed the experiment for the steel
spring with that of composite helical spring of three types namely, E-glass/Epoxy,
Carbon/Epoxy andKevlar/Epoxy.The researchers have beenmodelled usingSOLID-
WORKS software followed by analysis on ANSYS software. The results achieved,



Development Method, Manufacturing Process of Fibre Reinforced … 281

Table 1 Mechanical
properties of the FRPC spring

Properties Glass fibre Carbon fibre Glass/carbon
fibre

Spring
constant
(N/mm)

4.83 6.36 5.75

Shear stress
(N/mm2)

83.00 79.67 95.49

Failure load
(N)

1000 1500 1200

Maximum
compression
(mm)

83 80 77

Stainless Steel Mandrel Springs after curing

Fig. 1 Manufacturing of FRPC helical spring [4]

i.e., the numerical ones and the theoretical ones were found to be on par with each
other. The stresses acting on the composite helical spring are lesser compared to
the steel spring also the value is more when the fibre strands are aligned to the
direction of the applied load. Though the spring weight has been reduced, changing
the percentage composition of fibres in carbon/epoxy composite does not affect the
overall weight of the spring. The safety factor in consideration for fibre alignment
must be perpendicular to the loading as mentioned by the researchers and the choice
of material would be Carbon/Epoxy for the spring. The manufacturing of the spring
has been carried out by Resin Transfer Moulding (RTM) process.

In this study, steel spring has been replaced by FRPC-based composite spring
including g E-glass/Epoxy, Carbon/Epoxy andKevlar/Epoxy. On these springs, FEM
analysiswere performed to obtain the shear stress. The loading conditions are taken to
be static. SOLID45 was the element selected for the analysis which has three degrees
of freedom at each node allowing up to 250multiple typesmaterial layers. The results
from analysis showed that the shear stresses acting within the spring is more, with
the fibres in the direction of loading. If fibre directions are perpendicular to the
load acting, shear stresses acting would be zero [5]. Ekanthappa et al. manufactured
composite cylindrical helical spring in order to replace conventional steel spring used
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in vehicles by means of Spring winding technique. For the manufacturing purpose,
a steel-based reusable mandrel which is of the required spring shape is used. This
mandrel is fixated between the lathe and a mould releasing agent such as the silicone
gel is applied on the mandrel. As the mandrel is rotated, E-glass fibres are passed
through the polymer bath and are laid down on the mandrel till the required spring
dimension is attained. The spring after curing for 48 h is carefully removed from the
mandrel.

The various spring parameters are noted by testing it on UTM by following all
the test procedure according to ASTM standards. The test parameters are as follows
(Table 2).

In this study, the average values of the test results indicate a linear curve for load
versus deflection analysis. And the spring stiffness is found to be 9.95 N/mm. The
study states that the fabrication of reusable mandrel which is made of mild steel is
rather easy and therefore makes the fabrication of FRPC spring simpler. The Spring
winding technique is cost effective and simple to perform [6] (Fig. 2).

Chang-Hsuan Chiu et al. fabricated and studied four different types of composite
helical springs, namely unidirectional laminates (AU), rubber core unidirectional
laminates (UR), unidirectional laminates with braided outer layer (BU) and rubber
core unidirectional laminates with braided outer layer (BUR). The study tries to
understand the significance of the rubber core and braided outer layer on the spring’s

Table 2 Test parameters of
FRPC spring

Properties Values

Spring constant 9.95 N/mm

Max compression 56 mm

Load at Max. compression 550.00 N

Shear stress 81.76 N/mm2

Fibre volume fraction (%) 60

Weight of the spring 424 g

Reusable Mandrel End products: Fibre 
Reinforced Plastic Springs 

Fig. 2 Fabrication of FRPC helical spring using a reusable mandrel [6]



Development Method, Manufacturing Process of Fibre Reinforced … 283

Table 3 Cross sections of four different types of FRPC Springs indicating different structures [7]

Structure
name

AU UR BU BUR

Structure
materials

All unidirection Unidirection +
Rubber core

Outer braided +
Unidirection

Outer braid +
Unidirection +
Rubber core

Cross-sections

Dimen-sions 76.53 × 41.5 cm2 76.53 × 37.5 cm2

3 mm rub-ber core
76.53 × 37.5 cm2

3 K carbon fibre
outer braid (one
layer)

76.53 × 37.5 cm2

3 K carbon fibre
outer braid (one
layer)

mechanical properties. Overall conclusion drawn after the studies indicates that all
four types of springs are lighter as well as stiffer compared to the conventional steel
springs. And amongst all the four springs, BUR spring structure shows failure load
due to compression, i.e., 3297 N with spring constant almost equates to 160 N/mm.
The study also shows that with rubber core, the failure load in compression is
increased to about 12%, whereas the spring with braided outer layer improves the
spring constant by 16% and increases the failure load in compression by 18%. The
following Table 3 gives the illustration of spring structure:

Suresh G. et al. performed analysis on FRPC coil spring which had reinforcement
ofwoven rovingfibre (WRF) and polymer usedwas thermoset (epoxy resin)with four
different level additions of nanoclay (Garamite). The varying amount of nanoclay
composite was of order 0, 1, 2, 3%. The aim of the study was to identify the load
sustaining capability, the spring stiffness and the amount of weight savings compared
to that of a steel spring. The researchers used similar dimensions of an existing light
commercial vehicle’s suspension spring and fabricated a composite spring.

According to the study, the developed composite springs were lighter than the
steel counterparts but the stiffness achieved was lesser than the steel. In order to
increase the stiffness, the dimension of the FRPC springs needs to be increased but
this leads to increase in the weight of the spring. This fact limits the application of
composite springs to mostly lightweight vehicles or EV’s for which higher spring
stiffness isn’t a requirement. Also, the study states that manufacturing such helical
spring is challenging and consumes time compared to the steel springs. But for mass
production, use of CNC winding machines and automated processes might aid in
cost reduction [8]. Anil Antony Sequeira et al. performed a comparative analysis
on helical steel springs and composite springs by finite element method. Stiffness
to weight ratio of the two springs is of prime importance in this current research.
The behaviour of carbon and Kevlar composite springs and helical steel spring is
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investigated under static analysis. The objective of the research is to collate the
various mechanical parameters of the composite springs to that of steel spring such
as stiffness,maximum load-bearing capacity, weight reduction in FRPC spring.Here,
all the necessary design parameters were kept same for all three springs. ANSYS
software was used to study the mechanical behaviour of the springs. The study
showed that specific modulus which is basically a ratio of Young’s modulus to mass
density of thematerial of Carbon FRPC spring is highest and the Kevlar FRPC spring
is lowest. Mass of Kevlar FRPC spring is lower compared to Carbon FRPC spring
yet the load & deflection characteristics of steel helical spring is better than that
of composite helical springs. Use of Carbon FRPC spring would be beneficial over
helical steel spring because of the lower weight advantage which in turn reduces the
overall weight of the mechanical suspension system of the vehicle [9].

Sancaktar E. and Gowrishankar S. studied the natural frequency of composite-
based helical springs. The fabricationmethod utilised is filamentwinding process and
they were able to compare the effect of number of turns, ratio of cylinder diameter to
wire diameter and material being used on the natural frequency of the helical spring.
This experiment was performed on three different types of composite springs which
had varying number of turns from 7 to 6 along with coil/wire diameters to understand
the effect of these variables on the spring’s natural frequency. For the springs, three
different types of PVC tubbing are selected which decide on different wire diameters,
followed by passing of fibre strands through these tubes which were dipped into the
resin bath previously. The researchers have broken down the fabrication process into
three stages. In the first stage, amount of glass/carbon fibres which can accommodate
the PVC tube space is realised. The second stage helps in understanding the resin
bath to fibre stand requirement and finally the third stage, mounting of the fiber-filled
PVC pipe on the winder. The last stage determines the required cylinder diameter
and fixes the desired shape for the spring to be fabricated. The natural frequency of
the spring is recorded with the help of a digital camera. Results show that the natural
frequency of these springs can be decreased by increasing the diameter of the coil
and also providing for more number of turns. This novel approach of fabricating
composite helical spring is more versatile and cost saving [10].

B. S. Azzam performed optimisation study for the design of composite helical
spring inwhich, the aim is aboutminimisation of springweight and alsomaximisation
of spring stiffness.Mathematical formulations are used to state the objective functions
and constraints andmade intomultiple-criterion optimisation problem in a non-linear
and non-equality constraint forms. In the research, parameters affecting the above
design aims are divided into three groups. Manipulation of functional properties
of the spring consisting of the induced axial deflection and maximum stress in the
spring belonging to the first group. The second group including the materials shear
strength and shear modulus, here the properties depend on the reinforcement fibre
materials, the fibre volume, angles to which fibres are braided in the spring wire. The
third group is about the geometrical shape group of the spring. This optimisation
study shows that spring index is directly affected by the helix angle also including
mechanical properties of the compositematerial and theminimum helix angle should
be restricted to 20°. The optimisation technique used in this particular research has
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the ability to give general optimum values for the spring parameters for multiple
types of composite material for varying load [11].

Renugadevi K et al. made an attempt to fabricate a composite helical spring using
natural fibres extracted out of Calatropis Gigantea (CG). A sub-tropical plant CG has
high seasonality with high yield. The fibres are extracted from the stem of the plant.
In the current study, the fibres are twisted and treated with different concentrations
Level of sodium hydroxide aqueous solution comprising concentration of 1, 2, 5
and 6 wt% for approximately 1 h. After the process of cleaning with water of pH7
and drying at 70° in an oven, the fibres are then sealed in a polythene bag. Due to
alkali treatment, the diameter of the fibre decreases from1 to 0.7mm.Araldite LY556
(Epoxy) is selected as a matrix material due to excellent adhesion to cleaner surfaces,
greater dimensional stability, high resistance to chemical atmospheric corrosion and
to this a 10%hardener (HY951) is addedwhich improves the physical andmechanical
properties and also aids in providing sufficient gel duration, viscous nature and also
adds up to re-mould time.

The fabrication of spring involves the use of two-wheeler spring as a die element.
A mild steel shaft is held on a lathe with either of its end fixated to the lathe. The
spring die which has its surface covered with petroleum jelly is then inserted on the
shaft with a 1mm clearance. The petroleum jelly ensures easy removal of the product
in the end. The alkali-treated fibres are then dipped in the resin and fed over the spring
die. The chuck is rotated in clockwise direction until the fibres are fed completely
over the die. After the curing process of the product, tests were performed according
to the ASTM standards A125-96 of compression. The results for varying levels of
NaOH have been listed in the following Table 4.

FEA analysis was performed, and it was found that 4 wt% NaOH-treated FRC
spring does produce stiffness to amount of 1 N/mm with 1.3 GPa of shear modulus.
Energy-dispersive X-ray analysis shows that the external surface has an O/C ratio of
0.07 thus indicating that the epoxy matrix behaves as a protective layer for the spring
[12] (Fig. 3).

Choi B. L. and Choi B. H. introduced the carbon fibre as reinforcement for a
composite coil spring taking into considerations the static spring rate. Resin Transfer
Moulding (RTM) process was used to manufacture the spring. In this process, the
fibres are filled with the epoxy resin and cross-linking hardening takes place; this
happens in vacuum conditions. Displacement tests are performed, and the static
spring rate of the spring is determined once the curing process is completed. The
research paper also puts forward a deterministic approach in developing the helical
spring with the use of computational and experimental methodologies. In this partic-
ular, study all the necessary design parameters in case of a steel springs that have been
taken into consideration and based on these the composite spring has been designed.
The fibre volume and void volume for the manufactured CFRPCoil spring are 64.4%
and 3.5%, respectively. In the study, the shear modulus in case of composite of 45°
ply angle is determined to be 16.8% of steel. The estimated shear modulus is found to
be on par with the experimental results for the current research. A weight reduction
of 55% compared to conventional steel springs has been achieved by the researchers
[13] (Fig. 4).
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Table 4 Compression tests over different levels of NaOH concentration [12]

Displacement (mm) Load

1% NaOH 2% NaOH 4% NaOH 5% NaOH 6% NaOH

2 1.75 2 2 0 2

4 3 4 4 2 4

6 3.75 5 6 2 5

8 5 6 8 2 6

10 6 8 10 4 8

12 8.25 9 12 4 8

14 8.25 10 14 4 10

16 8.3 12 15 6 10

18 9.5 13 16 6 11.5

20 12 14 20 8 13

22 12 12 24 8 14

24 14.25 14 26 10 15

26 15 14 28 10 15.5

28 14.5 14 – 12 16

30 15 16 – 14 17.5

32 16 18 – 14 18

34 18 18 – 16 22

36 19.25 – – 28 24

38 24 – – 20 30

40 – – – 22 44

42 – – – 24 –

44 – – – 26 –

46 – – – 34 –

48 – – – 52 –

3 Conclusion

Currently, ever-changing innovation in technology demands formore energy savings,
cost effectiveness, improvedmachine performance. Tomake this possible, composite
materialwhich is in fact lightweighted, high quality is being used.Hence, a composite
helical spring certainly is an option to look for in place of conventional steel springs.
Researchers have shown interest in this particular area, thereby giving various value-
added benefits with the use of FRPC Helical springs.

FRPCHelical/coil springs are basically lighter than their steel counterparts. Their
use can be categorised for light-duty vehicle which includes EVs or vehicles with
smaller engine capacities. The issue with lower stiffness in composite springs can be
overcome by increasing the size to reasonable amount.
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Plant fibres, before and after NaOH treatment 

Moulded fibres on spring die after
applying the epoxy resin 

Fabricated spring of varying 
NaOH treatment level

Fig. 3 Calatropis gigantea fibre reinforced composite helical spring [12]

Fig. 4 RTM process being
utilised for manufacturing of
CFRP spring [13]

Manufacturing of FRPC helical spring is challenging as compared to the conven-
tional steel springs. Manufacturing time required to make composite spring is more.
Also, proper resin impregnation through the fibre strands is still a difficult process
to achieve.

Most of the above researches use Filament Winding Technique (FWT) to manu-
facture FRPC springs with different mandrel setups. Improvement in such FWT
systems have been carried out by some researches.

Majority cases show that FRPC helical springs have better mechanical properties
against the steel springs. The challenge is with manufacturing of FRPC springs
as these need special design process considering the dimensional optimisation and
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preciseness which is critical for the proper functioning of such springs. Various
researches have used ANSYS software for proper analysis of FRPC springs.
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Condition Monitoring of Worm Gearbox
Through Oil Analysis

J. S. Bhat and B. U. Sonawane

Abbreviations

AGMA American Gear Manufacturers Association
TAN Total Acid Number

1 Introduction

Tribology is the craft of utilizing operational assessment of issues related to
uncommon financial consequences especially maintenance, reliability, and wear of
equipment parts starting from the rocket to family apparatus [1]. Lubricating oil
ability will be reducing surface wear and tear, by avoiding direct metal contact
between the rubbing surfaces. Lubricants play a crucial role in almost every type of
machinery, and their presence is frequently basic to the speed, reliability, and life of
the machines [2].

As part of the product development technique, oil manufacturers are required to
monitor and evaluate the condition of lubricating oil for various applications [3].
Moreover, the equipment manufacturer needs to check the performance of lubri-
cating oil to decide the strategy that will empower their equipment to convey the
best execution and life which consumes much of the time [4–6]. Lubricating oil
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plays a key role in providing conditional knowledge of the machine through tribo-
logical and distinctive aging rules point of view [7, 8]. Worm gears are normally
utilized in numerous applications, for example, escalators, packaging equipment,
small machinery, conveyors, etc., and are expected to work in all shifts every day on
the shop floor [9, 10].

2 Literature Survey

The following are some research papers published related to Condition monitoring
of lubricating oil:

Kumar et al. [1] presented that any deterioration of lubricating oil will lead to
the wear and further decreased performance of mechanical components. The dete-
rioration of lubricating oil is decided based on physical, chemical, and tribological
properties. Such changes are directly dependent on the state of themechanical system
of all tribo elements, and based on its properties. The understanding of the study of
used oils is very complicated, because the individual evaluations are interconnected.
Trend analysis is important to reach a certain conclusion.

Narwariya et al. [2] explained that transmission lubricant tests are conducted on
an axle performance test system. Oil viscosity, type of additive, and quality strongly
affect typical gear failures. Concentration of wear metals obtained from the oil used
provides valuable data about the cause and degree of the degradation that occurred
and progressed in the service of the mechanical part.

Rathore et al. [3] explained a policy of diagnosis and prognosis procedures
for the advancement of effective preventivemaintenance that can support in decision-
making by understanding the process of deterioration of any equipment elements by
picking up and investigating information to comprehend its situation. The condition
monitoring of the oil gives information about the working of a worm gearbox. The
data picked up from this information can be utilized to decide the status of equipment
fitness and oil degradation. The approach toward deciding the health of equipment
is called a diagnostics of equipment. It plays a crucial role in predictive maintenance
for checking the equipment’s health. It will help to recognize faults from equipment
and is useful to take corrective action.

Ghodake et al. [4] reported that Oil Analysis, Temperature analysis, Vibration
analysis, and Acoustic Emission Analysis are used to investigate the fault in worm
gear. The operating condition of the gearbox is leading to a deterioration of the
gearbox lubricant used in industry applications. Investigation facility of oil analyzes
the diverse condition parameters to screen the degree of deterioration and estimating
life expectancy.

Bhat et al. [5] described that lubricating oil is necessary to perform specific func-
tions to keep up the gearbox operation in the industrial application. Lubricating
oil breakdown is the most influencing aspect which causes the breakdown of any
industrial equipment. Lubricating oil breakdown at the sliding pair encourages rapid
heating and rubbing at contact surfaces and ultimately loss of the components. This
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paper provides the wear particle ferrographic analysis used for extreme pressure gear
oil use for worm gearboxes.

Jain et al. [6] detailed that machine lubrication is an extremely critical part of
engine operations. Lubricating oil has the ability to minimize friction, transfer heat,
transmit energy, secure from wear, avoid corrosion, and gas sealing. So tracking the
quality of the lubricating oil at regular intervals is becoming very relevant. The used
oil can be checked and analyzed for its wear debris to predict the failure of the engine
parts in advance.

Wakiru et al. [7] outlined that a prognostic manages to anticipate the advancement
of imperfections of any machine elements and engaged with an early diagnostics of
imperfection with an adequate lead time for empowering monitoring and actions.
Condition-based preventive maintenance of any mechanical equipment preserves
the worth of such a equipment and the correct operation of the equipment for a
longer period of time can be reflected, security of the plant and its administrators.

Bandyopadhyay et al. [8] stated that small wear particles are normally produced
during machine operation. Strange wear conditions, bigger particles begin to be
produced, these conditions, in the long run, cause worm gearbox breakdown.Wear of
sliding parts brings about diminished mechanical productivity and an unrecoverable
loss of material as wear debris.

Karanovi et al. [9] proposed that any deterioration of lubricating oil will lead to
the wear and further decreased performance of mechanical components. The dete-
rioration of lubricating oil is decided based on physical, chemical, and tribological
properties. These properties are based on viscosity, Total Acid Number (TAN), water
content, wear particles, Total Base Number (TBN), insolubles, etc. The various oil
analysis techniques like Viscometers, DR Ferrography, andMicroscopic analysis are
used to determine these properties.

Bhat et al. [10] explained that condition monitoring of lubricating oil quality
has become a significant issue in the present manufacturing and automobile
company. Assessment of the gear oil, given a precisely depicted application, demon-
strates an extremely amazing method for monitoring the condition of the worm
gearbox, introducing early warning of likely issues that may bring about the break-
down of the worm gearbox. Lubricating oil change interval can be adjusted based
on manufacturer guidelines and besides that a condition monitoring technique
that recognizes changes in the lubricating oil based on parameters like viscosity,
oxidation, water concentration, contamination, percentage of sludge, and change in
lubricant chemistry.

Zhu et al. [11] demonstrated that condition monitoring of the lubricant is an effec-
tive technique behind the breakdown to figure out the root cause analysis. The factor
dependable for lubricating oil breakdown is viscosity, contamination, temperature,
moisture content, foreign material. Maintenance professional can predict, prevent,
and eliminate breakdown of worm gearbox through oil analysis.

Solving worm gear failure is challenging and needs more attention based on
the concerned study and reported discrepancies. The key function of lubricant is to
curtail the adverse effects of friction-related tribological strategies and also maintain
properties due to change in temperature for sustainability and secure-mechanical
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structures; hence all maintenance types consist of lubrication as a crucial role of the
entire maintenance process. Consequently, gear oil assessment is based entirely on
an accurately defined procedure. The assessment presents symptoms of early caution
of possible complications that may lead to the breakdown of power equipment. Like
the mechanical components, the lubricant itself could therefore be affected resulting
in changes in lubricating oil properties along with increased or decreased viscosity,
corrosion, degradation, load-bearing power, and many more. There is opportunity
for research in the area of lubricating oil conditioning and monitoring for lubricant
quality evaluation and remaining life forecast of deteriorated lubricating oil. Oil
analysis is used to evaluate physical, chemical, wear debris analysis, and tribological
properties of lubricating oil. Previously research activities have been focused on
either physical or chemical properties as well as wear debris analysis assessment of
oil. Now, there is scope to explore the physical, chemical properties, and wear debris
analysis along with tribological properties. This new method can give better insight
on performance evaluation of gear oil used in worm gearbox.

In the following section, lubricating oil’s physical and chemical properties
affecting the performance of worm gearbox are addressed.

3 Methodology

The purpose of the experimental setup is to gather quantitative data for condition
monitoring of EP lubricants (Servo gear HP 140) used for worm gearbox and to
receive a better knowledge and understanding of the equipment’s lifetime and perfor-
mance.Oil analysis dealswith an evaluation of physical–chemical properties inworm
gearbox needed for condition monitoring and fault assessment [11]. Lubricating oil
has to be changed after 500 h or one month when it is new and 2500 h or six months
regularly according to AGMA standard [12]. Viscosity, Total Acid Number (TAN),
water content, wear particles, Total Base Number (TBN), insolubles, etc., are critical
properties of lubricating oils. Viscosities, Total Acid Number (TAN), wear particles,
and water content are required to check for performance evaluation of EP 140 Gear
oil.

Figure 1 illustrates the steps involved in the methodology. The goal of the above

COLLECTION OF OIL SAMPLE FROM WORM GEARBOX EXPERIMENTAL 
SETUP 

SELECT AND TEST LUBRICATING OIL PROPERTIES 

DATA ANALYSIS FOR PERFORMANCE EVALUATION OF LUBRICANT 

PREPARE EFFECTIVE MAINTENANCE POLICIES 

Fig. 1 Steps involved in the methodology
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Table 1 Gearbox working
condition

Parameter Value

Load 10 kg

Input speed 1440 rpm

Output speed 72 rpm

Oil capacity 650 ml

Table 2 Standard used for
oil testing

Parameter Standard

Kinematic viscosity ASTM D 445

Total acid number ASTM D 664

procedure is to gather quantitative information for condition monitoring of lubri-
cating oil and acquire a better insight and understanding of the status and working of
the worm gearbox. Oil viscosity and Total Acid Number (TAN) have been checked
according to worm gearbox industrial application.

The oil samples were collected at predefined running durations of 100 h while the
system is in operation, and from the same place. The known working conditions are
given in Table 1.

Speed reduction worm gearbox is aimed for constant ratio (1:20) with the right
angle between output shaft and input shaft. The selection of critical properties and
the testing facility was decided according to oil manufacture guidelines and followed
the international standards. Standards set out in Table 2 were used for the parameters
being examined and evaluated.

This data analysis will be useful to get information about lubricating oil condition
and will be beneficial for maintenance decision as well as industry for effective
maintenance policies which will reduce lead time and cost of breakdown.

4 Result and Discussion

Table 3 indicates the result of oil properties which is discussed in this section
Viscosity and Total Acid Number (TAN) were selected for condition monitoring

of worm gearbox lubricant. The measurement of the lubricating oil viscosity is an
important test, because it shows the basic physical property.Viscosity is the critical oil
parameter, for example, viscosity influences oil film thickness, friction between gear

Table 3 Result of oil properties

Time (h) 0 100 200 300 400 500 600 700

Kinematic viscosity @ 40 °C (cSt) 333.6 308.5 305.1 305.6 309.4 304.8 308.6 305.7

Total acid number TAN (mg KOH/g) 0.2 0.3 0.5 0.7 0.7 0.8 0.9 1
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Fig. 2 Tendency of
viscosity value variation

pair, internal or external leakage, and generation of heat. The tendency of viscosity
over time is shown in Fig. 2.

The highest deviation of the oil viscosity value was found to be – 8.5 % between
used and unused oil sample. The viscosity decreased due to considerable rise in
temperature leading to oil degradation. This further leads to friction andwear between
gear pair. If viscosity crosses cautionary limit, then one needs to investigate the root
cause and make a preventive action. As a result of these consequences, the process
becomes expensive. Oil viscosity usually decreases with aging process.

Total Acid Number (TAN) is a significant parameter for the condition monitoring
of lubricating oils. The sum of acidic compounds inside the gear oil is called TAN
that is indicated as the number of milligrams of potassium hydroxide like the acidic
mixture. A change in oil’s acid concentration may arise from numerous sources
like acid contaminants, wrong oil, depletion of the alkaline reserve, by-products of
oxidation, etc., which can lead to an increase in acid concentration. The tendency of
total acid number over time is shown in Fig. 3.

Fig. 3 Tendency of TAN
value variation
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Total Acid Number (TAN) value is increased continuously during the time of
operation; compounds are generated which increases the acidity. If a sudden increase
in the TAN value is observed, the oil must be thoroughly checked. According to
previous experience, oil becomes acidic because of the oxidation process due to
aging. When TAN value increases to 0.7 mg KOH/g from the initial value because of
oil oxidation then the oil passes the critical limit. Because of this oil becomes more
acidic as well as corrosive to lubricate the parts.

5 Conclusion

Following conclusions can be drawn based on the Condition Monitoring of Worm
Gearbox through Oil Analysis:

• Based on the literature review, it can be concluded that the parameters like
viscosity, Total Acid Number (TAN), wear particles, water content, Total Base
Number (TBN), insolubles, etc., become very critical.

• The experimental results reveal that there is 8.0% decrease in viscosity due to
degradation oil.

• There is increase in Total Acid Number (TAN) due to oil oxidation which leads
to corrosion of lubricated parts.

• It becomes evident from the results that the need for condition monitoring of
lubricating oil of worm gearbox is necessary as preventive measure.

• Based on condition monitoring of lubricating oil as a preventive measure, one can
take decision regarding replacement of oil.

• Condition monitoring of oil helps to diagnose the quality of lubricant without
having to dismantle the complete worm gearbox.

• Lubricating oil analysis presents the earliest information about the worm gearbox
failure which can save cost and time on reactive maintenance.

• Maintenance managers are progressively autonomous in arriving at the suitable
decision based on acquired qualitative data about the machine’s condition and
state.
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Nomenclature

CES Capacitive energy storage
TCPS Thyristor controlled phase shifter
ISO Independent system operators
TRANSCO Transmission companies
GENCO Generation companies
DISCO Distribution companies
GRC Generation rate constant
Cpf Contract participation factor
DPM Disco participation matrix
ACE Area control error
B1, B2 Frequency bias constant of area-1 and 2
δ01, δ

0
2 Power angles of equivalent machines of the two areas

�φ Angle of the phase shifter
kφ Stabilization gain
Tgh Electric governor gain
δ01, δ

0
2 Power angles of equivalent machines of the two areas

Ki , Kp Integral and proportional gains of the system
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�pD2,�pD1 Local area-2 and area-1 loads
�pl4,�pl3,�pl2,�pl1 Per unit (pu) loads of DISCOs
�pGci Produced steady-state set-out limit power
kr Gain constant
Tr Turbine time constant
Tsg Governor time constant
Trs Hydro turbine speed governor reset time
Trh Hydro turbine speed governor transient droop time

constant
Tcd Compressor discharge system time
Xg,Yg Governor servo time and droop time constants
Bg, Cg Valve positioner time constants
Tf Fuel dynamics of turbine
Tcr Turbine compressor discharge
�Fi (s) ith area frequency fluctuation
Tw Time constant for water
TTCPS Time constant of TCPS device
Kces CES gain constant
T ces CES time constant
T 12 Tie line synchronizing coefficient
�pGi ith GENCO generated power change
�pucLi Unagreed DISCO of the ith area power demand
�pl j Demand load of jth DISCO
λ, Y, X, Z Uncontracted, state, control, and disturbance load vectors

1 Introduction

Load frequency regulation (LFR) in a multi-area realistic electric power system
(multi source) has been the hot theme in the modern era and in the last few decades,
several researchers have introduced many innovations to achieve requisition and
supply loads. After deregulation, the dynamic electricity sector has engaged with
new industry players such as ISO, GENCO, DISCO, and TRANSCO. The individual
contribution of these organizations increases the complexity in the power system.
Such newly formedorganizations, under verymodest and distributed control systems,
have their own responsibility to maintain unity, protection, and reliability. In this new
electricity market environment, frequency regulation is becoming more important to
provide greater reliability and protection for power. Furthermore, the number of
DISCO rises regularly for reaching domestic and commercial applications consider-
ably. The current power systems facing challenges in terms of frequency regulation,
which raises concerns for power system operators and regulatory agencies [1, 2].

Here, the size of the electric power system raises regularly due to huge require-
ments in all sectors (for example, commercial, agricultural, and industrial). Due to
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Table 1 Configuration parameters for the proposed model

Area GENCO DISCO CES TCPS

1 Hydro, thermal, gas 2 1 1

2 Hydro, thermal, gas 2 1

these kinds of issues, there may be a possibility to the failure of each individual
generating unit which leads to complete or practical collapse of the electric power
supply that is common to be encountered. Therefore in the modern era, individual
power system frequency regulation is difficult to maintain. It leads to a multi-area
electric power system with tie line error control methodologies in the open market.
This research paper presents the complete mathematical modeling of the two areas
systemwhich includes Thermal, Hydro and gas generating sourceswith PI controller.

Recently, several traditional control methods have been employed to resolve
current load frequency regulation issues throughout the electric power system. Table
1 displays the configuration of the proposed model. Table 2 provides a literature
survey and history of recent approaching methodologies focused on various multi-
area realistic multi-source FACTS devices and specific types of controllers intro-
duced by different researchers in order to preserve the LFR of the electric power
system. Figure 1 displays the representation of the proposedmathematical modeling.
Figure 2 illustrates the block diagram representation of the proposed mathematical
model with EV/BEV charging/discharging, alongwith renewable energy sources and
energy storage devices (ESD).

2 Mathematical Modeling

Here, two areas with three GENCO (thermal, gas, and hydro) sources and power
exchanged CES in each area are taken into consideration. A TCPS is integrated with
a tie line, to control the sudden changes in the tie-line power. To control the entire
power system, an optimization PI controller is used. The most commonly used PI
controller is for load frequency control strategies. The benefit of this regulator is that
the steady-state error is reduced to zero.

From Fig. 1, area-1 net power is the amount of the energy provided with a thermal
(PFthermal1), hydro (PFhydro1), and gas (PFgas1) generating sources.

The total outcome generation of area-1 is

POWER1 = PFthermal1 + PFhydro1 + PFgas1 ± PFces1 (1a)

Here, Pthermal1 is the thermal energy generation, Phydro1 is the hydro energy gener-
ation, Pdiesel1 is the diesel energy generation, and Pces is the exchanged capacitive
energy storage bank. The net amount of area-2 generating power is
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THERMAL

HYDRO

GAS

THERMAL

HYDRO

GAS

PI

PI

+ -

+ -

ESD

ESD

POWER
SYSTEM1

POWER
SYSTEM2

TIE LINE
ERROR

TCPS

+ +

F1

+ +

F2

Fig. 1 Block diagram representation of the proposed mathematical model

Fig. 2 Basic model with including EV/BEV and renewable sources

POWER2 = PFthermal2 + PFhydro2 + PFgas2 ± PFces2 (1b)

The total generating net amount of power is as in Eq. (1c):

Total POWER = POWER1 + POWER2 (1c)

A thermal generator consists majorly of two parameters, namely governor and
reheat turbine including GRC.
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thermal governor = 1

sTsg + s
, reheat turbine = sTr Kr + 1

sTr + 1
(2a)

A hydro generator has majorly three parameters namely, hydro governor, hydro
turbine, and transient droop compensator.

Transfer functions for the major elements are

hydro governor = 1

sTgh + s
, hydro turbine = −sTw + 1

0.5sTw + 1
,

transient droop compensator = sTrs + 1

sTrh + 1
(2b)

The gas turbine control design consists of four control circuits: governor delay,
valve positioner, fuel dynamics, and compressor discharge system.

Compressor discharge system = 1

sTcd + 1
, Gas governor = 1 + Xgs

sYg + 1
,

Valve positioner = 1

sBg + Cg
, Fuel dynamics = 1 − Tcr s

sT f + 1
(3)

2.1 CES Model

A capacitive energy storage (CES) performs with a greater efficacy than the existing
energy storage devices (ESD). Similar major features, such as quick discharge and
charge rate, prevent the loss of efficacy. CES presented in equation (4) having quick
response time for high cycle numbers, high power density, long serviceable lifespan
and sufficient capability to distribute more and daily power requisition to grid makes
it suitable for ESD [13].

�pces =
[

kces
1 + sTces

]
+

[
1 + sTc1
1 + sTc2

]
+

[
1 + sTc3
1 + sTc4

]
�Fi (s) (4)

2.2 TCPS Model

Among the FACTs controller devices, thyristor controlled phase shifter (TCPS) has
widespread range of uses for the power transmission line in series with the applica-
tions by a degree of compensation in realistic novel power systems. TCPS maintains
the power grid’s efficiency and stability limit by offering flexible power scheduling
under many (having to change) operating environments. It can be used to increase
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a transmission line’s power-transfer capability by damping the swings in power
through regional and cross-area oscillations [16]. Under challenging conditions, the
TCPS supports the real flow of power through transmission lines (tie lines), slows
down high frequency, and regulates the electric power system voltage by adjusting
the difference between the phase angles.

As shown below, the exponential voltage regulation between area-1 and area-2 of
the tie-line connection is indicated by Eq. (5).

�potieline(s) = 2πT o
12

S
(�F1(s) − �F2(s)) (5)

The actual power flow exchange between area-1 and area-2 can be defined as
shown below after integrating a TCPS device into the proposed model:

�prealtieline,12 = |V1||V2|
X12

sin(δ1 + δ2 − φ) (6)

Here, δ1, δ2, andφ are from their original values, δ01, δ
0
2, andφ0, respectively.

The voltage control oscillation between the two area tie line power as shown by Eq.
(7) follows a limited signal approximation approach.

�prealtieline,12 = T12(�δ1 + �δ2) + T12�φ) (7)

Here,

T12 = |V1||V2|
X12

cos
(
δ01 + δ02 − φ

)
(8)

In addition, the angular deviation can be written as

�δ1 = 2π�F1dt and �δ2 = 2π�F2dt (9)

Here, applying the Laplace transform of Eq. (7),

�prealtieline,12(s) = 2πT o
12

S
(�F1(s) − �F2(s)) + T12�φ(s) (10)

Equation (10) demonstrates that the angle of the phase shifter (�φ) controls the
exchange of power flow in the tie line. The mathematical expression represents that
the angle(s) of the phase shifter is represented as

φ(s) = �F1(s)
kφ

1 + sTTCPS
�Error (11)

�F1(s) is the frequency fluctuation in area-1, which is taken as the error signal
depicted in (22). And hence Eq. (10) can be written as
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�prealtieline,12(s) = 2πT o
12

S
(�F1(s) − �F2(s)) + �F1(s)

kφ

1 + sTTCPS
T12 (12)

2.3 PI Controller Design

Despite their simple control structure, PI controllers are now the type of controller
most commonly used in technological innovation. A PI controller is a device that
regulates the pressure, temperature, flow, speed, and many industrial management
flow variables. PI controller as an application of temperature control is virtu-
ally universal and occurs in various chemical and scientific processes along with
automation.

G(s) = kp + ki
s

The sources of power generation listed above from the different GENCOs of the
novel hybrid power system are discussed here. For power demand, DISCO is free to
contract any GENCO. DPM helps envision contracts under GENCO-DISCO.

In general, the representation for the DISCO participation matrix, for two areas,
three sources, and two DISCOS in each area is

DPM =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

cp fv11 cp fv12 cp fv13 cp fv14
cp fv21 cp fv22 cp fv23 cp fv24
cp fv31 cp fv32 cp fv33 cp fv34
cp fv41 cp fv42 cp fv43 cp fv44
cp fv51 cp fv52 cp fv53 cp fv54
cp fv61 cp fv62 cp fv63 cp fv64

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(13)

Each dimension of the cpf-matrix measures the fraction of the overall amount
load power contracted by DISCOs, and the corresponding GENCO involved in the
deal satisfies this demand. Here, cpf vij replicates the contract participation matrix
factor,

∑n
i=1 cp fvi j = 1, here j = 1, 2, …, k, n replicates the sum of GENCOs, and

k replicates the sum of DISCOs [17].
The mathematical expression for the local load in a realistic deregulated open

market is illustrated as

�pl2 + �pl1 = �pD1 (14)

�pl4 + �pl3 = �pD2 (15)

Every GENCO supply produced or contracted by the power system as proposed
under the study can be illustrated as follows:
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�pGci =
GEṄCOtoṫal∑

j=1

cp fvi j ∗ �pl j (16)

Likewise, when any DISCO violates the agreement by requiring more than prede-
fined power or contractual limitations, then the unidentified contractual demand is
expressed as unagreed more load, and this demand is only met by the GENCO
which belongs to the very same region as the DISCO [16]. GENCOs are assigned
the unagreed power load demands premised on area participation factors (apfs).
Besides, area-1 apfs were taken into account as PFgas13 , PFther11 , and PFhydr12 . For
area-2, apfs were taken into account as PFther21 , PFhydr22 , and PFgas23 . According to
their apfs and predefined contract, each GENCO except for the output power change
can be formulated as

�pGi = cp fi1 + �pl1 + cp fi2 + �pl2 + cp fi3 + �pl3 + cp fi4 + �pl4 + ap fi�pucLi
(17)

And hence, the local unagreed power demand is

�pucL1 + �pl2 + �pl1 = �pD1 (18)

�pucL2 + �pl4 + �pl3 = �pD2 (19)

Here,�pucL2 and�pucL1 are the unagreed load requisition of the respective area-2 and
area-1. The unexpected demand or change in the allocated power causes variations
in the tie-line power flow and is the area control error (ACE) [8]. You can measure
the set-out tie-line power exchange among the areas rates as

�pallocatedtieline,12 =
3∑

n=1

4∑
m=3

cp fnm�plm −
6∑

n=4

2∑
m=1

cp fnm�plm (20)

The real value that passes through the tie line may be represented as given by
Eq. (21)

�prealtieline,12 = 2πT12
s

(�F1 − �F2) (21)

The error which occurs in the tie-line power due to the set-out limit in power flow
can be described as in Eq. (22),

�perrortieline,12 = �prealtie,12 − �pallocatedtieline,12 (22)

If the real tie-line power flow exceeds the error limits in power flow, according to
the current flow, set value (�perrortieline,12) is zero, and called the condition of constant
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state. An area defined by Eq. (23) represents a linear combination of the power flow
error in tie line, and the weighted frequency fluctuation, ACE, can be written as

ACE1 = �F1 ∗ B1 + �perrortieline,12 and aswell as, ACE2 = �F2 ∗ B2 + �perrortieline,21

(23)

The linear dynamics nature of current mathematical model contemplated in a
competitive electricity market for frequency control may be indicated using the static
variable differential mathematical equation as defined illustrates in (24)

A = PX + QY + RZ + Sλ (24)

S, P, Q, and R are constant Compatible Matrix measurements tied up with them
[16].

Equations (25)–(28) will display the matrices for the proposed scheme under
study in summary form:

X = [�F1�F2�prealtie,12�pGc1�pGc2�pGc3�pGc4�pGc5�pGc6�pces1�pces2�pTCPS]T
(25)

US = [US1US2]T (26)

p = [
�pl1 + �pl2 + �pl3 + �pl4]T or p =[

�pD1�pD2]T (27)

and p′ = [�pucl1 �pucl2 ]T (28)

In any of the several electrical powermarkets—aconcept known as vehicle-to-grid
power or V2 G power—the BEVs could sell both power and storage capacity back
to the grid. Given that EVs are operating on electricity, the high market penetration
of EVs is likely to boost electricity demand. Power organizations are confronted that
such an excess supply could result in an increase in the peak load which will also
allow them to bring extra power back to the grid. Moreover, certain EVs are stationed
over 90 percent of the time; when not powered, such EVs could be used as large-scale
distributed batteries and can supply the energy grid with power storage and ancillary
services. This idea is also known as the Vehicle-To-Grid (V2G) control system.

3 Conclusion

A full mathematical model formulti-area hydrothermal gas sources based on a dereg-
ulated practical power systemmodel in conjunctionwith traditional controller, energy
storage device, and TCPS design is modeled in the paper. Such framework will be
used in the future for multi-area multi-source realistic deregulated electric power
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systems including different energy storage devices and renewable energy sources
with an EV/BEV grid power system, where load frequency regulations with various
optimization methodologies and traditional controllers are applicable.
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Optimization of Process Parameters
for a Better Surface Finish of ABS Parts
Prepared by Fused Deposition Modelling
(FDM): A Comprehensive Review

Harpinder Singh Sandhu, T. Rohit Raj, L. Venkatasubramaniam,
and Prateek Tiwari

1 Introduction

Due to the aid of rapid prototyping techniques, today, it feasible to construct relatively
complex parts depending upon the computer 3D geometries. A majority of the rapid
prototyping processes are able to create parts from a diverse family of common
and special materials. Material selection is done depending on the type of rapid
prototyping technology used [1].

Over the last few years, FDM technology has attained a huge general public
interest due to its use and ease of machinery. Today, several FDM machines are
designed and manufactured by hobbyists as a do-it-yourself (DIY) machine for
personal use [2]. Although 3D printing technology has been around since the late
1980s, it is now recognized as one of the most important technological developments
of the twenty-first century. A plethora of different 3D printing techniques has been
invented over the years. Fused Deposition Modelling (FDM) was first invented and
is still reckoned as well-liked and favourable today [3].

Fused Deposition Modelling (FDM) is a 3D printing technology (Fig. 1) that
works on an “additive manufacturing” principle that lays down material layer by
layer. A heating chamber is installed in which the filament is inserted where it is
melted down and pushed out of the nozzle at a specific maintained rate based on
the relative rate of movement of the three axes [4]. Scott Crump developed this
technology first in the late 1980s. FDM technology is processed by software known
as the STL file (stereolithography file format). Thereafter, we have to slice the model
with another program for the build process. Support structures may be generated if
necessary [5]. The thermoplastic material is extruded to form layers as the material
hardens after extrusion from the nozzle and hence the final model is formed [6]. An
extrusion nozzle turns the flow on and off and a plastic filament is unwound from
a coil. A worm-drive is used to push the filament into the nozzle at a controlled
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Fig. 1 Schematic
illustration of FDM
technology

rate [7]. The glass transition temperature, the point at which it melts, and its variety
of filaments determine the liquefier block temperature. Then, the high-temperature
nozzle is used to extrude themolten filament and after that, it hardens on the base film
on the build plate [8]. After this stage, the material is melted by heating the nozzle. A
numerically controlled mechanism is used to move it in both vertical and horizontal
directions. A computer-aided manufacturing (CAM) software package controls the
nozzle, and the bottom-to-top approach is applied to build the part layer-wise. The
extrusion head is moved by stepper motors. The mechanism uses a three-axis X–Y–Z
rectilinear movement [9].

1.1 Empirical Contemplations in FDM Printing

The mechanical, as well as the physical, attributes of the 3D printed designs are
impressive [10]. Heat transfer traits and physics of materials used in the filament are
one of the primary criteria in the selection ofmaterials [11]. In the 3Dprinter software,
layer thickness, angle of raster, and inter-layer road gap width are pliant variables [8,
12]. Some other variables are also included such as the speed of extrusion, the layer
height, infill density, the nozzle temperature, and the height of the build platform
[13–15]. Fill density introduces the level to which the empty space can be filled
within the printer with resin, from 0, 100 to empty, solid [16]. The standard of these
features results in the staging outcomes in required perforation, interrelation, and
object framework [8]. The raster (matrix with printed rows) interval and raster angle
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can be controlled during the FDM printing process, resulting in a porous membrane
and porous distribution in thematrix [12]. Build plate features also significantly affect
the affluent printing of prototypes. For example, the support material is necessary
so that the base does not move so as to follow the extruded material in the build
plate. According to the build, the platform should be large enough such that during
printing, it has a proper hold on the print part, however, it should not be too large
as it may control the detachment of the material from the build plate as soon as the
printing process is complete [17].

The strength of the column is an important property of a filament. The strength of
the lower column prevents the melting of the filament over liquefaction by bending
or buckling. The strength of the filament column is due to the diameter, tensility,
and ductility of the filament [18]. Moreover, to the strength of the column, the drop
of pressure in the nozzle is responsible for the force that is necessary for melting
through the nozzle, which is dependent on the viscosity and geometry of the print
head of the melt. The melting index and pressure drop are inversely proportional
to each other in relation that the lower the melting point of the filament, the higher
the pressure. Conversely, as the melting point gets higher, it smoothens the filament
consumption but induces a steady flow [18].

1.2 Material Properties of ABS Material

ABS material is one of the most abundantly used polymers in the world and touches
all parts of our lives [19]. Acrylonitrile butadiene styrene (ABS) is a thermoplastic
that resists heat and impact. It is a copolymer attained by the polymerization of
acrylonitrile and styrene in the presence of polybutadiene, each based on a ratio of
three, combining three monomers to form plastics of different grades. ABS polymers
for FDMmachines today offer more impact, flexural and tensile strengths [19]. Table
1 shows the various physical, thermal, and mechanical properties of ABS material
when it is subject to different loads and limits under subjective environments.

2 Results and Discussion

The parameters in focus here are layer thickness, speed of deposition, air gap, raster
angle, raster width, and fill density. Each parameter at some value influences the
surface finish of the part, which opens the door for multiple combinations of param-
eter values used together. It forms a scale for the product ranging from a bad surface
finish to a good one. We are interested in the combination which will provide us with
the best surface finish (Fig. 2) [23].
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Fig. 2 Process parameters

2.1 Layer Thickness

It is the layer height (in mm) of the material deposited when added in succession
[24]. A higher value of layer thickness is optimum for good dimensional accuracy
but lowers surface finish as the layers take a long time to solidify and during this
course, the next layer is added. So, a lower value (refer Table 2) is chosen to enhance
the product quality. In addition to that, it improves the tensile strength of the part
[25–32].

2.2 Build Orientation

It defines the optimal direction/orientation of how the part should be positioned so
that it does not topple during the process and require less support material [24].
Build orientation plays an important role as it helps to keep the part from toppling
during the FDM process and uses less support material so that there are less scrap
and filling of the surface. Ali et al. [33] experimented with various angles in X, Y, Z
directions by manually changing them and concluded that the FDM process for parts
with orientations X = 0°, Y = 45°, Z = 0°, and X = 45°, Y = 0°, Z = 0° cannot be
performed. The layer thickness is to be kept low in the range of less than 0.300 mm.
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Table 2 The process parameters have proven to beminimizing the surface roughness in the previous
researches

S.
No.

Layer
thickness
(mm)

Raster
width
(mm)

Speed of
deposition
(mm/s)

Fill
density
(%)

Raster
angle
(°)

Air gap
(mm)

Remarks References

1. 0.254 0.2832 – – 10° 0.02 Flat
surface

[25]

0.254 0.6213 – – 8° 0.02 Inclined
surface

0.254 0.5102 – – 37° 0.05 Curved
surface

2. 0.1152 – 36.3324 26.9730 – – – [26]

3. 0.254 0.508 – – 45°/90° – 0.01 ABS
M–30i

[27]

4. 0.178 0.305 – – – – – [28]

5. 0.1778 (Fine
rasters)

– – – – ABS–400 [29]

6. 0.254 – – – 90° 0.02 Stratasys
P–400
ABS

[30]

7. 0.007 – – – – – – [31]

8. 0.127 0.407 – – – 0.0000004 ABS P400 [32]

9. 0.254 0.4564 – – 0° 0 Ra = 2.10 [37]

10. 0.1788 – – – – – Flat
surface

[33]

11. 0.1778 – 100 – – – Ra = 3.82 [35]

0.254 150 Ra = 2.79

0.3556 200 Ra = 2.88

12. 0.3556 0.537 200 50 45° – ABS400 [38]

13. 0.25 – – 100 45° 0.02 Flat
surface

[39]

14. 0.3556 0.537 150 90 45°,
90°

0.01 CNT–ABS
and
CFR–ABS

[40]

15. 0.2 – 200 80 90° 0.02 ABS [41]

16. 0.35 – 100 – 30°,
60°

0.02 ABS
cylindrical
parts

[42]

17. 0.2 – 80–100 40 – – 50% ABS
and 50%
PETG

[43]

(continued)
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Table 2 (continued)

S.
No.

Layer
thickness
(mm)

Raster
width
(mm)

Speed of
deposition
(mm/s)

Fill
density
(%)

Raster
angle
(°)

Air gap
(mm)

Remarks References

18. 0.1 100 (60% ABS
+ 40%
PETG)

[44]

19. 0.174 – – 100 – – ABS plus
P430

[45]

20. 0.2 – 45 15 – – – [46]

21. 0.1778 – – – – – Investment
casting
ABS
pattern
(Solid part
fill pattern)

[47]

22. 0.1778 0.7258 45° – 0.001 – [36]

23. 0.127 0.2032 – – 45° 0.5588 Ra = 4.01 [24]

2.3 Air Gap

It is the space in between the consecutive beads of deposited FDM material (here
ABS) [24]. Air gap values can be positive, negative, or zero. A zero or positive air
gap has less build time compared to the negative one. The reason is that the toolpaths
in the negative gaps are closed and require more time to fill while in a positive air
gap, the spacing is filled by air thus reducing the time to fill the material. There is a
decrease in the volume of the part when it is toggled from negative to positive [34].

2.4 Raster Angle

It refers to the angle made by the path of the nozzle with the X-axis of the bed. [24]
It is seen that the surface roughness value is lowered when the raster angle nears
90°. The reason is at higher values, servo motors of both X- and Y-axes are required
for deposition and this causes fluctuation resulting in voids and bad surface finish.
Hence, values lower than 90° are to be used; refer to Table 2 for values [34].

2.5 Raster Width

Raster or road width is defined as the width at which beads are deposited. Extrusion
nozzle diameter plays an important role in determining it [24].Ahigher value of raster
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width will increase the perimeter of the bead, which will require a stylus to travel
longer distances giving a poor surface finish. Nozzle extrusion diameter determines
the width so a low raster width combined with a low speed of deposition will help
improve the surface finish of the part [34].

2.6 Speed of Deposition

Speed of deposition refers to the rate (mm/s) at which the nozzle deposits thematerial
[24]. A high rate will reduce the time taken to complete the FDM process but the
surface finish will deter. It is generally used for prototypes where surface finish is
not that much of a concern. In our study, a lower speed deposition value (refer to
Table 2) is optimum for obtaining the quality we intend the 3D printed part to process
[26, 35, 36].

3 Conclusion

This study provides a detailed understanding of the FDM process, parameters, and
streamlining of process parameters to ameliorate the surface finish of ABS polymer
models. FusedDepositionModelling is proven to be a highly flexible process to fabri-
cate High–Fidelity prototypes. A review of the various process parameters demon-
strated to lessen the surface roughness of ABS models in past researches has been
focused. Values of six process parameters recognized to be exacerbating the finish
namely, layer thickness, raster width, deposition speed, fill density, raster angle, and
air gap from existing researches have been compared. Various optimum surface finish
parameters have been discussed for symmetric aswell as non-symmetric parts such as
cylinders, flat surfaces, curved and also complex 3D parts.We suggest that the steady
parameters like layer thickness (0.350mm, 0.254mm), raster width [0.2832mm (flat
surface), 0.5102mm (curved surface), and 0.6213mm (inclined surface)], and nozzle
diameter (T14 for partmaterial and T16 for basematerial) should be lower for a better
surface finish in symmetric parts and variable parameters such as the speed of depo-
sition must be elevated in complex unsymmetric 3D printed parts for finer surface
finish.
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