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Abstract
Boosting energy efficiency and machining quality are prominent solutions to achieve sustainable production for burnishing
operations. In this work, an effective optimization has been performed to enhance the energy efficiency (EFb) and decrease the
machining noise (MN) as well as surface roughness (SR) of the internal burnishing operation. The burnishing factors are the spindle
speed (S), burnishing feed (f), burnishing depth (D), and the number of rollers (N). The burnishing trails of the hardened material
labeled SCr440 have been conducted on a CNC milling machine. The adaptive neuro-based-fuzzy inference system (ANFIS) was
used to construct the correlations between the process inputs and burnishing responses. The entropy approach is employed to
calculate the weight of each technical objective. The non-dominated sorting particle swarm optimization (NSPSO) is utilized to
determine the optimal parameters. A comprehensive model of the production cost is developed to check the effectiveness of the
proposed approach. The scientific outcomes revealed that the optimal values of the S, f, D, and N are 1645 RPM, 260mm/min, 0.08
mm, and 4, respectively. The improvements in the EFb, SR, and MN are 6.98%, 25.00%, and 2.23%, as compared to the initial
values. Themachining cost is saved by 6.2% at the optimal solution.Moreover, the scientific finding is a potent technical solution to
enhance machining performances for the burnishing process of various components having internal holes.
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1 Introduction

The burnishing process is a finishing machining approach,
which was widely applied to enhance the surface properties
of machined components through the application of the bur-
nishing force. The burnishing technology provides various
advantages, including the low roughness, high hardness, high
depth of the affected layer, and high compressive stress, as
compared to conventional approaches, such as hard turning,
grinding, and honing [1]. Furthermore, the component’s func-
tionality has been greatly improved, contributing significantly
to increasing strength behavior and abrasion as well as chem-
ical corrosion resistances. Consequently, improving the

technological performances of the burnishing process is an
urgent demand to enhance the applicability.

Parameter-based optimizations of different burnishing pro-
cesses have been executed, in which the surface properties,
including the roughness properties, hardness criteria, the depth
of the affected layers (AL), and the residual stress (RS) are
optimizing responses. Cobanoglu and Ozturk explored the ef-
fects of the burnishing speed (V), feed rate (f), and burnishing
force (F) on the average roughness (AR) and micro-hardness
(MH) of the burnished AISI 1040 steel [2]. The results indicat-
ed that the AR and MH were improved by 100.0% and 55.5%,
as compared to the initial values. A new ball burnishing tool
was developed to analyze the impact of the burnishing force on
the mechanical behavior and fatigue of the AISI 1010 steel [3].
The outcomes indicated that the ductility of the burnished steel
was enhanced by 49.0%, while the fatigue strength did not
increase. A novel load cell having a small burnishing tool was
developed to perform the burnishing process on the STAVAX
steel [4]. Process parameters were the V, F, lubricant (L), step-
over (SO), and the number of passes (NP), while the average
roughness (AR) and surface hardness (SH) were objectives.
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The authors stated that the ARwas decreased by 91.0% and the
SH was enhanced by 8.0% at the optimal point, respectively.
The empirical models the AR and MH were proposed in terms
of the V, f, and the burnishing depth (D) for the burnishing
process of TA2 alloy [5]. The outcomes indicated that the AR
was decreased by 63.0% and the MH was enhanced by 28.0%,
as compared to the pre-machined surface.

The response surface method (RSM) models of the AR,
SH, and profile irregularities (PI) for the burnished aluminum
alloy were developed in terms of the V, f, and the depth of
penetration (D) [6]. The results exhibited that the enhance-
ments of the AR, PI, and SH were 81.0%, 34.0%, and
17.0% at the optimal solution. The effects of the burnishing
strategies on surface integrity have been investigated for the
burnished aluminum alloy [7]. The authors concluded that the
burnishing crossed path could be effectively used to decrease
the roughness, while the successive one was an alternative
solution to increase the hardness. The RSM was used to de-
velop empirical models of AR and SH in terms of the F, f, NP,
and roller width (RW) for the burnishing process of EN-9
alloy [8]. The findings revealed that the AR was decreased
by 94.5% and the SH was increased by 41.7%, respectively.
Similarly, the impacts of the processing conditions, such as V,
f, and D on the SR, bore size (BS), and ovality (OV) for the
internal roller burnishing were presented by John et al. [9].
The results indicated that an accurate hole having low rough-
ness was obtained at the optimal solution. The regression
models of the AR and SH for the ultrasonic-assisted burnish-
ing process of the aluminum alloy were developed by
Teimouriet et al. [10]. The small deviations between the pre-
dictive and experimental results indicated that the proposed
models were adequate. A magnet-based ball burnishing tool
was developed to improve the tribological properties of the
burnished surface [11]. The author stated that the burnished
quality was better than the grinding approach. The regression
models of the AR, SH, and AL were developed regarding the
V, f, and D for the internal burnishing operation of carbon
steel [12]. The authors stated that a set of feasible solutions
could be employed to enhance surface properties. Moreover,
Nguyen and Le optimized the maximum height roughness
(Ry), AR, and SH for the burnishing of hardened steel using
the Kriging models [13]. The authors stated that the improve-
ments in the Ry, AR, and SH were 96.0%, 92.0%, and 45.0%,
respectively. The RSM models of the AR and SH were devel-
oped regarding the V, f, and F for the diamond burnishing
process of 17-4 PH stainless steel under minimum quantity
lubrication (MQL) environment [14]. The results indicated
that the optimal values of the AR and SH were 0.07 μm and
363 HV, respectively. The impacts of the V, f, F, and db on the
AR, SH, RS, and the surface morphology for the cryogenic
burnishing of stainless steel 17-4 H were explored by Sachin
et al. [15]. The authors stated that the proposed operation was
effectively improved surface properties.

To overcome the increase in the energy price, carbon emis-
sion, and resource exhaust, environmental metrics have be-
come primary considerations of manufacturers and re-
searchers. For this purpose, energetic criteria, including the
burnishing energy (BE), energy consumed (EC), and power
factor (PF) of different burnishing processes, were addressed.
An adaptive network-based fuzzy inference system was ap-
plied to decrease the burnishing energy as well as AR and
improve the SH for the ultrasonic-assisted burnishing process
of AA6061-T6 alloy [16]. The optimal values of the BE, AR,
and SH were 1.4 kJ, 0.72 μm, and 156 HV, respectively. The
impacts of the V, f, and D on the EC, SR, HA, and PF for the
flat burnishing operation of the die steel were explored by
Nguyen et al. [17]. The authors stated that the improvements
in the EC, AR, SH, and the PF were 49.5%, 13.8%, 21.8%,
and 56.0%, respectively. The Kriging models of the EC, SH,
and mean roughness square (Rz) for the burnishing process
were developed by Nguyen et al. [18]. The findings indicated
that the EC and Rz were decreased by 39.5% and 7.8%, re-
spectively, while the SH was increased by 29.6%. Similarly,
the improved Kriging models of the EC, AR, and Vicker
hardness (VH) of the burnished aluminum alloy 6061 were
proposed by Nguyen et al. [19]. The authors stated that the EC
and AR were decreased by 20.15% and 65.38%, respectively,
while the VH was improved by 30.05%.

As a result, different investigations have been performed to
analyze the burnishing process’s behaviors using experimen-
tal, numerical, and analytical techniques. The common inputs
are the spindle speed (burnishing speed), feed rate, burnishing
depth, burnishing force, pressure, step-over, the number of
passes, and lubricant conditions, while the regular objectives
are the roughness properties, hardness criteria, the depth of the
affected layer, compressive stress, energy consumed, energy
efficiency, and power factor. Besides, various optimization
approaches have been employed to render the correlations
and obtain optimal values. Unfortunately, the deficiencies of
published works for different burnishing processes can be
listed as follows:

Most of the previous investigations focus on optimizations
of technical performances for the flat and external cylindrical
burnishing operations. However, the influences of machining
parameters on the energy efficiency and the machining noise
for the internal burnishing operation have not been analyzed.
To decrease environmental impacts and obtain sustainable
manufacturing, the energy efficiency and machining noise of
the burnishing process should be minimized (Fig. 1).

The comprehensive model of the energy efficiency and
machining noise in terms of process parameters for the inter-
nal burnishing process has not been developed. It is necessary
to develop predictive models under a variety of machining
parameters, which can be used for prediction purposes.

The selection of optimal parameters to solve the trade-off
between the energy efficiency, machining noise, and the
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surface roughness for the internal roller burnishing operation
has not been presented.

To bridge these analyzed research gaps, a parameter-based
optimization of the burnishing operation has been addressed
to improve the energy efficiency (EFb) and decrease the ma-
chining noise (MN) as well as average roughness (AR). The
industrial steel labeled SCr440 is extensively employed to
produce military components having deep holes and high-
pressure bushings. The predictive models of the machining
responses are proposed using the adaptive neuro-based fuzzy
inference system and experimental data. The entropy ap-
proach was employed to determine the weight values of ma-
chining objectives. The optimal factors are determined with
the support of the non-dominated sorting particle swarm
optimization.

2 Optimization framework

2.1 Optimization issues

In the current investigation, the environmental impacts (i.e.,
energy efficiency and noise emissions) and the manufacturing
aspect (surface roughness) are simultaneously optimized to
obtain sustainable manufacturing.

The typical profile of the power consumption for the bur-
nishing process can be found in Fig. 2. The total power con-
sumed in the burnishing operation is divided into the start-up
energy (Est), standby energy (Esb), transition energy for the
spindle acceleration/deceleration state (Ets), air-burnishing en-
ergy (Eair), and energy consumed in the burnishing state (Eb).
The energy efficiency of the burnishing process is calculated

Fig. 1 The sustainable approach
for the burnishing operation

Fig. 2 The typical profile of the
power consumption for the
burnishing process
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as the ratio of the burnishing energy (Eb) and the total energy
consumed by the machine tool (EM), which is expressed as:

EFb ¼ Eb

EM
¼ Pb � tb

PM � tb
¼ Pb

Psb þ Poperationalþ Pb
ð1Þ

where Pb-the burnishing power; PM-the total power consumed
by the machine used; tb-the burnishing time.

The surface roughness (SR) is computed as:

SR ¼
∑
1

n
Rai

n
ð2Þ

whereRai, the arithmetic roughness after the burnishing operation
at the measured position; n, the number of measured points.

The machining noise (MN) is calculated as:

MN ¼
∑
n

i¼1
MNi

n
ð3Þ

whereMNi, the machining noise at the ith timemeasured; n,
the number of measured points.

For the burnishing process, affecting factors are process pa-
rameters (burnishing speed, feed rate, and burnishing depth), the
characteristics of lubrication (pressure, quantity, kinds of the flu-
id, number of nozzles), the configuration of the burnishing tool
(number of rollers, roller material, roller dimensions, roller ma-
terials). Machining factors considered are listed in Table 1. The
values of the varied inputs are selected based on the recommen-
dations of the manufacturers for the burnishing, workpiece prop-
erties, and characteristics of the machine tool. Consequently, the
optimizing issue is represented as:

Find X = [S, f, D, and N]
Maximize EFb; Minimize SR and MN.
Constraints: 1000 ≤ S ≤ 1800 (RPM); 250 ≤ f ≤ 550
(mm/min); 0.06 ≤ D≤ 0.12 (mm); 2 ≤ N ≤ 4.

2.2 Optimization approach

The optimization procedure for the internal burnishing pro-
cess includes the following steps (Fig. 3):

Step 1: A set of burnishing experiments is executed to obtain
the experimental data based on parameter combina-
tions [20, 21].

Table 1 Parameters for optimization process

Symbol Parameters Level 1 Level 2 Level 3

S Spindle speed (RPM) 1000 1400 1800

f Burnishing feed (mm/min) 250 400 550

D Burnishing depth (mm) 0.06 0.09 0.12

N Number of roller 2 3 4

Fig. 3 Optimization approach
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Step 2: The ANFIS models of the EFb, SR, and MN are
developed in terms of machining parameters
[22, 23].

In this research, the ANFIS approach is used instead of tradi-
tional approaches (RSM and regression method) to describe
the relationships between the input parameters and energy
efficiency, surface roughness, and machining noise.

ANFIS is a combination of the artificial neural network
(ANN) and fuzzy interface system (FIS), which takes the best
advantages and overcomes the disadvantages in both tech-
niques in terms of numerical and linguistic knowledge. The
ANFIS approach is more transparent and causes less memo-
rization errors in comparison with the ANN. This method
provides several advantages including adaptation capability,
nonlinear ability, and rapid learning capacity. Consequently,
ANFIS is widely employed for modeling, controlling, and
parameter estimation in complex systems and operations.

Mamdani and Sugeno are two common ANFIS systems.
The output membership functions of the Mandani system can
be triangular and Gaussian, while the output membership
functions of the Sugeno are either linear or constant. In this
investigation, the Sugeno based-ANFIS system is employed
due to its high computational efficiency and reliability, as
compared to the Mamdani system.

The operating parameters of the Sugeno based-ANFIS
model are the number and types of input membership func-
tions (triangular, trapezoidal, bell-shaped, Gaussian, and

sigmoid), type of output membership functions (constant or
linear), optimization methods (hybrid or back-propagation),
and the number of epochs. It is necessary to select the optimal
combination of the mentioned parameters for increasing the
reliability and accuracy of the network. The ANFIS structure
using five-layer feed-forward neural networks is depicted in
Fig. 3.

The two rules of the ANFIS are stated as:

Rule 1∶If x is A1 and y is B1; then f 1 ¼ p1xþ q1yþ r1 ð4Þ
Rule 2∶If x is A2 and y is B2; then f 1 ¼ p2xþ q2xþ r2 ð5Þ
where x and f are input and output. Ai and Bi denote the mem-
bership functions of each of the input x and y, respectively. pi,
qi and ri are constants.

The designed ANFIS model using five-layer feed forward
neural networks for the burnishing responses is expressed as
follows (Fig. 4):

Layer 1 (Fuzzification layer): The primary duty of the first
layer is to select the membership degrees for each input using
the given membership functions (MF). The outputs of this
layer are identified as:

Li1 ¼ Oi
1 ¼ μAi xð Þ ð6Þ

where x is the input of the ith node. Ai denotes the lin-
guistic label associated with this node function. μAi (x)
presents the membership function of Ai. μAi (x) normally
is chosen as:

Fig. 4 The typical structure of the
ANFIS model
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μAi xð Þ ¼ 1

1þ x−ci
2

� �2h ibi ð7Þ

or

μAi xð Þ ¼ exp −
x−ci
ai

� �2
( )

ð8Þ

where ai, bi, and ci are the premise parameters.
Layer 2 (Rule layer): Every node in this layer is the fixed

node labeled Π, which is employed to the firing strength ωi of
a rule. The output of each node is the product of all incoming
signals to it and expressed as:

Li2 ¼ ωi ¼ μi xð Þ � μBi
yð Þ; i ¼ 1; 2; 3…;N ð9Þ

Layer 3 (Normalized layer): Every node in this layer is the
fixed node labeled N. Each ith node calculates the ratio of the

ith rule’s firing strength to the sum of firing strengths of all the
rules. The output presenting the normalized firing strength is
represented as:

Li3 ¼ ωi ¼ ωi

∑
n

i¼1
ωi

; i ¼ 1; 2; 3…;N ð10Þ

Layer 4 (Defuzzification layer): Every node in this layer is
an adaptive node. The primary duty of the fourth layer is to
defuzzificate received inputs and assign the consequent pa-
rameters of the rules. The output of this layer is expressed as:

Table 2 Chemical compositions of the 40X

C (%) Si (%) Mn (%) Ni (%) Cr (%) Cu (%) P (%) S (%)

0.38 0.27 0.6 0.3 0.9 0.3 0.035 0.035

Fig. 5 Operating principle of the
NSPSO
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Li4 ¼ ωi f i ¼ ωi pixþ qixþ rið Þ; i ¼ 1; 2; 3;…;N ð11Þ
where pi, qi, and ri are the consequent parameters,
respectively.

Layer 5 (Output layer): This layer comprises of only one
fixed node. The primary duty of the fifth layer is to calculate
the overall output as the summation of all incoming signals.
The output of this layer is expressed as:

Li5 ¼ ∑
i
ωi f i ¼

∑
i
ωi f i

∑
i
ωi

ð12Þ

Step 3: The weight of each objective is determined using the
entropy method.

For higher the better approach, the measured response is
calculated as:

rij ¼ xij
max

j
xij
; i ¼ 1;…;m; j ¼ 1;…; nð Þ ð13Þ

For lower the better approach, the measured response is
calculated as:

rij ¼
min

j
xij

xij
; i ¼ 1;…;m; j ¼ 1;…; nð Þ ð14Þ

The values of the responses are normalized as:

pij ¼
rij

∑
m

i¼1
rij
; i ¼ 1;…;m; j ¼ 1;…; nð Þ ð15Þ

where: pij-the normalized response.
The entropy value Ej of the ith index is calculated as:

E j ¼ −
∑
m

j¼1
pij � lnpij

lnm
; i ¼ 1;…;m; j ¼ 1;…; nð Þ ð16Þ

The entropy weight wi is calculated as:

wi ¼ 1−E j

∑n
j¼1 1−E j

� � ð17Þ

Step 4: Determination of the optimal values of process
inputs and outputs using the ANFIS-NSPSO.

The developed ANFIS models are employed to obtain opti-
mal factors using the NOPSO. NSPSO is one of the meta-

Fig. 6 Experimental procedure. a
Heat treatment. b Drilling and
turning. c Setting the origin of the
workpiece
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heuristic optimization algorithms, which is employed to solve the
complex optimizing issue having contradictory objectives [24,
25]. The purpose of the multi-objective hybrid algorithm is to
combine the particle swarm optimization (PSO) and the non-
dominated sorting genetic algorithm (NSGA-II) to enhance the
working performance and generate the reliable Pareto-front. The
NOPSO takes the strengths of two optimizing algorithms, includ-
ing the fast non-dominated sorting approach, crowding distance
ranking, elitist strategy, mutation, selection operations, and the
particle swarm searching. Figure 5 depicts the operating steps of
the hybrid algorithm:

– Generate an initial population (P) and assign the individ-
ual velocity for each particle in the design space. Setting
the maximum speed (vi

max) for each variable.
– Sort the population based on the non-dominated opera-

tion and crowding distance ranking.
– Execute the rank-based selection operator.
– Assign the fitness of each individual to its non-

domination level.
– Randomly select one individual as gbest from the non-

dominated points. Modify each searching point using the
following formula and the gbest:

vkþ1
i ¼ k vki þ c1 � r1 � pbesti−x

k
i

�
þ c2 � r2 � gbest−xki

� �h i
ð18Þ

xkþ1
i ¼ xki þ vkþ1

i ð19Þ

where vi
k and xi

k present the velocity and position at the k
generation, respectively. vi

k+1 and xi
k+1 denote the velocity

and position at the k+1 generation, respectively. r1 and r2
present a random number between (0, 1). c1 and c2 are two
constant coefficients balancing the influence of the best per-
sonal position of the particle pbesti and the best global position
gbest.

– Execute mutation operation.
– Generate an extended population of size 2N based on a

combination of the offspring and parent population.
– Sort the generated population and fill the new population

of size N.
– If the current rank of the new individual Pi

k+1 is smaller
than or equal to the parent in R, replace the pbestiwith the
current individual; otherwise, keep the current pbesti.

– Perform the step (2) to (9) until the convergence is
obtained.

Step 4: The optimal factors are selected using the response
surface method (RSM) and desirability approach (DA).

The mathematical models of EDD responses are developed
using the RSM and experimental data. RSM is extensively
applied in design optimization because of its simplicity. The
quadratic model is the most effective approximation to present
the nonlinear data, which can be expressed as:

y ¼ β0 þ ∑
m

i¼1
β1xi þ ∑

m

i¼1
β2x

2
i þ ∑

m−1

i¼1
∑
m

j¼iþ1
β3xix j þ θ ð20Þ

where m and θ denote the number of parameters and approx-
imate error, respectively. β 1, β2, and β3 present regression
coefficients.

The optimal values of the machining parameters are select-
ed using the desirability approach, in which each burnishing
response is transformed into the function of the desirability
(di).

To maximize the objective, the di is computed as:

di ¼

0; Y xð Þi≤L xð Þi
Y xð Þi−L xð Þi
H xð Þi−L xð Þi

� �w

;

L xð Þi < Y xð Þi < −H xð Þi
1;Y xð Þi≥H xð Þi

8>>>><
>>>>:

ð21Þ

To minimize the objective, the di is computed as:

di ¼

0; Y xð Þi≤L xð Þi
H xð Þi−Y xð Þi
H xð Þi−L xð Þi

� �w

;

L xð Þi < Y xð Þi < −H xð Þi
1;Y xð Þi≥H xð Þi

8>>>><
>>>>:

ð22Þ

Fig. 7 Representative results at the trail No. 58. a Power consumed. b
Average roughness. c Machining noise
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Table 3 Experimental data for the internal roller burnishing operation

No. S (RPM) f (mm/min) D (mm) N EFb (%) SR (μm) MN (dB)

Experimental data for developing ANFIS model
1 1000 250 0.06 2 13.24 0.38 55.9
2 1300 350 0.06 2 16.80 0.39 61.3
3 1600 450 0.06 2 20.99 0.49 68.5
4 1300 250 0.08 2 16.13 0.31 61.7
5 1600 350 0.08 2 20.13 0.41 68.2
6 1000 450 0.08 2 19.46 0.42 63.8
7 1600 250 0.10 2 20.23 0.35 68.2
8 1000 350 0.10 2 18.51 0.35 63.0
9 1300 450 0.10 2 22.39 0.38 69.3
10 1800 550 0.08 3 28.16 0.53 81.9
11 1000 250 0.08 3 16.51 0.35 62.5
12 1800 550 0.08 3 28.16 0.53 81.9
13 1000 550 0.10 3 25.76 0.55 74.6
14 1800 250 0.10 3 24.56 0.38 73.9
15 1800 550 0.10 3 30.18 0.55 84.5
16 1800 550 0.06 3 26.58 0.54 78.7
17 1800 250 0.06 3 20.77 0.41 67.7
18 1000 550 0.06 3 22.56 0.54 69.6
19 1600 450 0.10 4 29.34 0.39 81.3
20 1300 350 0.10 4 25.21 0.35 74.5
21 1000 250 0.10 4 21.71 0.39 69.5
22 1300 450 0.06 4 23.50 0.37 72.2
23 1000 350 0.06 4 19.85 0.42 66.5
24 1600 250 0.06 4 22.16 0.27 67.8
25 1000 450 0.08 4 23.72 0.48 73.4
26 1600 350 0.08 4 25.34 0.31 74.6
27 1300 250 0.08 4 21.49 0.28 68.6
28 1800 250 0.12 4 30.92 0.37 79.4
29 1000 350 0.12 4 25.99 0.51 74.5
30 1800 450 0.12 4 33.74 0.49 86.3
31 1000 250 0.06 4 18.00 0.37 63.5
32 1800 350 0.06 4 25.37 0.34 73.4
33 1800 450 0.06 4 27.10 0.38 77.5
34 1800 250 0.12 4 30.92 0.37 79.4
35 1800 350 0.12 4 32.11 0.42 82.5
36 1000 450 0.12 4 28.20 0.57 78.0
37 1600 550 0.06 2 23.72 0.55 72.4
38 1300 250 0.06 2 14.75 0.36 58.8
39 1000 550 0.06 2 21.38 0.53 64.9
40 1300 550 0.12 2 27.45 0.48 74.5
41 1000 250 0.12 2 18.51 0.30 62.6
42 1600 550 0.12 2 29.15 0.53 79.1
43 1000 550 0.12 2 26.36 0.51 70.8
44 1600 250 0.12 2 22.58 0.35 70.1
45 1300 550 0.12 2 27.45 0.48 74.5
46 1000 450 0.12 3 25.16 0.51 72.5
47 1300 350 0.12 3 24.41 0.37 72.2
48 1600 250 0.12 3 25.13 0.35 73.3
49 1300 450 0.12 3 26.60 0.44 75.5
50 1600 350 0.12 3 26.67 0.39 76.0
51 1000 250 0.12 3 20.79 0.37 66.9
52 1600 450 0.06 3 22.64 0.42 71.6
53 1000 350 0.06 3 17.10 0.42 62.2
54 1300 250 0.06 3 16.68 0.32 61.8
55 1600 250 0.10 3 22.62 0.32 71.1
56 1300 350 0.10 3 22.00 0.34 70.2
57 1000 450 0.10 3 22.87 0.46 70.7
58 1300 250 0.08 3 18.23 0.29 64.9
59 1000 350 0.08 3 18.54 0.39 65.1
60 1600 450 0.08 3 24.20 0.41 74.7
61 1000 250 0.06 3 15.04 0.38 59.5
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To obtain the objective, the di is computed as:

di ¼

Y xð Þi−L xð Þi
T xð Þi−L xð Þi

� �w1

;

L xð Þi < Y xð Þi < T xð Þi
Y xð Þi−H xð Þi
T xð Þi−H xð Þi

� �w2

;

T xð Þi < Y xð Þi < H xð Þi
0; otherwise

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

ð23Þ

To satisfy the range, the di is computed as:

di ¼ 1; L xð Þi < Y xð Þi < H xð Þi
0; otherwise

�
ð24Þ

where Li (x), Hi (x), and Ti (x) are the low, high, and aimed
responses, respectively.

The desirability for multi-objective optimization is comput-
ed as:

D ¼ Πdrii
k

i¼1

� �1=∑ri

ð25Þ

where k presents the number of burnishing performances.

Step 5: The effectiveness of applied optimizing techniques is
compared.

The optimal outcomes of the process parameters and bur-
nishing performances are compared to evaluate the effective-
ness of applied optimizing techniques.

3 Experiments and measurements

Each machining specimen of a steel labeled SCr440 is
produced from the hardened round billet. The chemical
compositions of the SCr440 are listed in Table 2. A
high-frequency furnace is used to produce the hardened
steel (Fig. 6a). To produce the interior hole in each
workpiece, the drilling and rough turning operations
are employed (Fig. 6b). The length, internal, and exter-
nal dimensions of the pre-machined workpiece are 50
mm, 15 mm, and 30 mm, respectively.

A vertical milling machine namely OKK VM-5 II is
used to conduct a set of burnishing experiments. The
machine tool has the main power of 22.4 kW for the
drive motor and a maximum spindle speed of 10000

Table 3 (continued)

No. S (RPM) f (mm/min) D (mm) N EFb (%) SR (μm) MN (dB)

62 1600 350 0.06 3 20.56 0.38 67.9
63 1300 450 0.06 3 20.82 0.41 68.1
64 1000 550 0.08 4 26.44 0.56 77.7
65 1300 250 0.08 4 21.49 0.28 68.6
66 1600 550 0.08 4 29.47 0.43 83.0
67 1300 550 0.06 4 26.04 0.44 76.7
68 1600 250 0.06 4 22.16 0.27 67.8
69 1000 550 0.06 4 24.90 0.55 74.7
70 1600 550 0.10 4 31.60 0.47 85.8
71 1000 250 0.10 4 21.71 0.39 69.5
72 1300 550 0.10 4 29.71 0.50 82.5
73 1800 450 0.06 2 22.45 0.57 71.7
74 1000 350 0.06 2 15.50 0.41 58.3
75 1800 250 0.06 2 18.61 0.51 65.7
76 1000 450 0.1 2 21.15 0.41 65.9
77 1800 350 0.1 2 23.71 0.47 73.9
78 1800 250 0.1 2 22.08 0.44 71.4
79 1800 450 0.08 2 23.90 0.53 74.6
80 1800 350 0.08 2 21.78 0.49 71.4
81 1000 250 0.08 2 14.55 0.32 58.7
No. S (RPM) f (mm/min) D (mm) N EFb (%) SR (μm) MN (dB)
Experimental data for testing accuracy of the ANFIS model
82 1200 350 0.09 3 20.38 0.34 68.1
83 1300 450 0.09 4 26.13 0.39 76.9
84 1400 350 0.10 3 22.66 0.35 71.3
85 1350 300 0.12 4 27.33 0.36 75.7
86 1700 450 0.06 2 21.69 0.53 70.0
87 1450 500 0.08 3 24.42 0.42 74.7
88 1600 400 0.09 3 24.07 0.38 74.2
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Fig. 8 The 2-2-2-2 structure of
ANFIS model for the EFb

Fig. 9 The 3-3-3-3 structure of
ANFIS model for the SR
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RPM. The lubrication namely CPC 15A oil is flooded
into the burnishing region.

The rotational motion is transferred from the machine
spindle to the burnishing tool with the aid of the
straight shank (Fig. 6c). The linear motion of the bur-
nishing tool is conducted with the support of the Z-axis.
Four hardened rollers can easily be disassembled for
different machining purposes.

A power meter (Kyoritsu 6305) is employed to mea-
sure the power consumption in the burnishing time
based on the connection with the electrical source. The
variety of power used of 0.1 s is captured for all ex-
periments. The measured power is represented using
commercial software.

The roughness is measured in five different points of
the machined surface according to the ISO 4287using a
Mitutoyo surftest 301. The measured length of 4 mm is
employed for all machining specimens. The measured
range of 0.05–40 mm and the resolution of 0.01 mm
are employed to enhance accuracy.

A noise meter namely PCE 322A is employed to capture
the variety of the real-time noise during burnishing time. The
dynamic range of 50 dB and the resolution of 0.1 dB are
applied to enhance the accuracy of the measured value. The
obtained noise is stored in the memory card and visualized
using the commercial software.

The representative results at the experimental No. 58 are
shown in Fig. 7.

4 Results and discussions

4.1 Development of ANFIS models

The experimental outcomes of the burnishing operation are
shown in Table 3. The obtained data from 1 to 81 are
employed to construct the architecture of ANFIS models,
while the data from 82 to 88 are used in order to investigate
the accuracy of the proposed models.

The 2-2-2-2 structures of the ANFIS models are employed
to present the relation between burnishing parameters and the
energy efficiency and machining noise (Figs. 8 and 9). The 3-

Table 4 The global errors using different membership functions

ANFIS models Membership functions

gbellmf gaussmf gauss2mf

For the energy efficiency EFb 0.03284 0.03037 0.03173

For the surface roughness SR 0.00146 0.00095 0.00137

For the machining noise MN 0.02873 0.02484 0.02237

Fig. 10 The 2-2-2-2 structure of
ANFIS model for the MN
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3-3-3 structures of the ANFIS model are used to present the
relations between burnishing parameters and the surface
roughness (Fig. 10). The global errors of the ANFIS models
with different MFs are shown in Table 4. As a result, the
membership function labeled gaussmf can provide minimal
deviations. The operating parameters, including the type of
output membership functions, optimization methods, and the
number of epochs for three proposed ANFIS models, are
shown in Table 5. The rules of ANFIS models for the EFb,
SR, and MN are depicted in Fig. 11 a, b, and c, respectively.

The comparative values between the predicted and exper-
imental values of the EFb, SR, andMN are shown in Tables 6,
7, and 8, respectively. The small deviations indicated that the
ANFIS models can provide acceptable precision.

4.2 ANOVA results for burnishing performances

ANOVA analysis is executed to identify the significance of
the ANFIS models and process parameters.

ANOVA results having 95% confidence level for the ener-
gy efficiency model are shown in Table 9. The R2-values of
0.9768 presented that 97.68% of the experimental data are
described by the EFb model. The adjusted R2 value of
0.9632 showed that 96.32% of the experimental data are de-
scribed by significant factors. Additionally, the predicted R2

value of 0.9586 revealed that the EFb model can be expected
to explain 95.86% of the variability in any new data.

The factors having the p-value less than 0.05 are consid-
ered as significant terms. The meaningful terms are the single
factors (S, f,D, andN), interactive factors (Sf, SN, fN, andDN),
and quadratic factors (S2, f2, D2, and N2). The contributions of
the factors considered on the energy efficiency model are
depicted in Fig. 12 a. For the single factors, the contributions
of the S, f, D, and N are 17.40%, 23.14%, 19.01%, and
16.31%. The contributions of the S2, f2, D2, and N2 are
3.47%, 4.41%, 3.21%, and 3.72%, respectively. For the inter-
active factors, the contributions of the Sf, SN, fN, and DN are
3.19%, 1.14%, 2.31%, and 1.55%, respectively.

ANOVA results having 95% confidence level for the sur-
face roughness model are shown in Table 10. The R2-values
of 0.9787 presented that 97.87% of the experimental data are
described by the SR model. The adjusted R2 value of 0.9676
showed that 96.76% of the experimental data are described by
significant factors. Additionally, the predicted R2 value of

Table 5 The parameters for
different ANFIS models ANFIS models Number of MFs Types of output MFs Optimal method

For the energy efficiency EFb 2-2-2-2 Linear Hybrid

For the surface roughness SR 3-3-3-3 Linear Hybrid

For the machining noise MN 2-2-2-2 Linear Hybrid

Fig. 11 The rules of ANFIS model for burnishing responses. a The rules
of ANFISmodel for EFb. b The rules of ANFISmodel for SR. c The rules
of ANFIS model for MN
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0.9612 revealed that the SR model can be expected to explain
96.12% of the variability in any new data.

The factors having the p-value less than 0.05 are consid-
ered as significant terms. The meaningful terms are the single
factors (S, f, and N), interactive factors (SN and DN), and
quadratic factors (S2, f2, and D2). The contributions of the
factors considered on the energy efficiencymodel are depicted
in Fig. 12 b. For the single factors, the contributions of the S, f,
and N are 13.47%, 48.57%, and 4.53%. The contributions of
the S2, f2, andD2 are 18.90%, 1.15%, and 3.58%, respectively.
For the interactive factors, the contributions of the Sf, SN, fN,
and DN are 3.19%, 1.14%, 2.31%, and 1.55%, respectively.

ANOVA results having 95% confidence level for the ma-
chining noise model are shown in Table 11. The R2-values of
0.9734 presented that 97.34% of the experimental data are
described by the MN model. The adjusted R2 value of
0.9652 showed that 96.52% of the experimental data are de-
scribed by significant factors. Additionally, the predicted R2

value of 0.9576 revealed that the MN model can be expected
to explain 95.76% of the variability in any new data.

The factors having the p-value less than 0.05 are consid-
ered as significant terms. The meaningful terms are the single
factors (S, f, D, and N), interactive factors (Sf, SD, SN, fN, and
DN), and quadratic factors (S2, f2, and D2). The contributions
of the factors considered on the energy efficiency model are
depicted in Fig. 12 c. For the single factor, the contributions of

the S, f, D, and N are 19.75%, 24.43%, 16.60, and 16.51%.
The contributions of the S2, f2, and D2 are 3.51%, 4.49%, and
4.49%, respectively. For the interactive factors, the contribu-
tions of the Sf, SD, SN, fN, and DN are 1.21%, 1.23%, 3.45%,
2.74%, and 1.70%, respectively.

4.3 The impacts of process parameters on the
burnishing performances

The impacts of burnishing parameters on energy efficiency are
illustrated in Fig. 13.

Figure 13 a presents the influences of the spindle speed and
feed rate on energy efficiency. It can be stated that higher
energy efficiency is found with an increased spindle speed
and/or feed rate. The phenomena can be explained as follows.
An increased feed rate causes a higher power consumed of the
drive system to satisfy the setting value. The active burnishing
power is then increased; hence, energy efficiency is enhanced.
When the spindle speed increases, higher burnishing momen-
tum is produced, which requires higher power consumed of
the spindle motor. Consequently, higher burnishing power is
obtained, which leads to enhanced energy efficiency.
Practically, a higher feed rate and/or spindle speed causes
faster-burnishing operation due to the reduction in the bur-
nishing time; hence, higher energy efficiency is achieved.
Moreover, higher spindle speed causes an increased

Table 6 Comparative errors for
the energy efficiency model No. S (RPM) f (mm/min) D (mm) N EFb (%)

Experiment ANFIS Errors (%)

82 1200 350 0.09 3 20.38 20.86 − 2.30

83 1300 450 0.09 4 26.13 26.42 − 1.10

84 1400 350 0.1 3 22.66 22.38 1.25

85 1350 300 0.12 4 27.33 27.59 − 0.94

86 1700 450 0.06 2 21.69 21.36 1.52

87 1450 500 0.08 3 24.42 24.81 − 1.57

88 1600 400 0.09 3 24.07 24.49 − 1.71

Table 7 Comparative errors for
the surface roughness model No. S (RPM) f (mm/min) D (mm) N SR (μm)

Experiment ANFIS Errors (%)

82 1200 350 0.09 3 0.34 0.35 − 2.86

83 1300 450 0.09 4 0.39 0.38 2.63

84 1400 350 0.1 3 0.35 0.34 2.86

85 1350 300 0.12 4 0.36 0.37 − 2.70

86 1700 450 0.06 2 0.53 0.52 1.92

87 1450 500 0.08 3 0.42 0.43 − 2.33

88 1600 400 0.09 3 0.38 0.39 − 2.56
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machining temperature in the burnishing region, which results
in reductions in the strength and hardness of the workpiece.
Lower energy consumed is required to process the material;
hence, energy efficiency is enhanced. The similar impacts of
the spindle speed and feed rate on the energy efficiency for the
milling and turning processes can be found in the works of
[26, 27].

Figure 13 b presents the influences of the burnishing depth
and number of rollers on energy efficiency. It can be stated
that the higher energy efficiency is found with an increased
burnishing depth and/or the number of rollers. The phenome-
na can be explained as follows. Higher burnishing depth
causes increased machining pressure, leading to greater resis-
tance on the burnished surface. As a result, a higher burnish-
ing power consumed is required to overcome resistance and

compress material; hence, energy efficiency is increased.
When the number of rollers increases, the distance between
the burnishing traces decreases, leading to an increased bur-
nishing pressure. Consequently, higher burnishing power is
required to overcome greater resistance and compress the ma-
terial; hence, energy efficiency is enhanced.

The impacts of burnishing parameters on the surface
roughness are illustrated in Fig. 14.

Figure 14 a presents the impacts of the spindle speed and
feed rate on the surface roughness. As a result, the roughness
is firstly decreased when the spindle speed changes from 1000
to 1400 RPM, while further spindle speed causes an increased
roughness. Additionally, a higher feed rate leads to increased
roughness. The phenomena can be explained as follows.
When the spindle speed increases, the temperature in the

Table 8 Comparative errors for
the machining noise model No. S (RPM) f (mm/min) D (mm) N MN (dB)

Experiment ANFIS Errors (%)

82 1200 350 0.09 3 68.1 68.1 − 0.44

83 1300 450 0.09 4 76.9 76.9 0.52

84 1400 350 0.1 3 71.3 71.3 − 0.42

85 1350 300 0.12 4 75.7 75.7 0.53

86 1700 450 0.06 2 70.1 70.0 − 0.43

87 1450 500 0.08 3 74.7 74.9 0.56

88 1600 400 0.09 3 74.2 74.2 − 0.54

Table 9 ANOVA results for the
energy efficiency model Source Sum of squares Mean square F value p-value Remark Contributions

(%)

Model 595.61104 42.54365 33.12647 < 0.0001 Significant

S 104.43147 104.43147 81.31519 < 0.0001 Significant 17.04

f 141.76431 141.76431 110.38427 < 0.0001 Significant 23.14

D 116.48361 116.48361 90.69955 < 0.0001 Significant 19.01

N 99.93413 99.93413 77.81335 < 0.0001 Significant 16.31

Sf 19.54567 19.54567 15.21917 0.0030 Significant 3.19

SD 5.89336 5.89336 4.58884 0.0984 Insignificant 0.96

SN 6.99355 6.99355 5.44550 0.0090 Significant 1.14

fD 3.30867 3.30867 2.57629 0.1062 Insignificant 0.54

fN 14.15376 14.15376 11.02077 0.0040 Significant 2.31

DN 9.50324 9.50324 7.39966 0.0060 Significant 1.55

S2 21.23677 21.23677 16.53593 0.0020 Significant 3.47

f2 27.02265 27.02265 21.04109 0.0009 Significant 4.41

D2 19.68721 19.68721 15.32937 0.0029 Significant 3.21

N2 22.77101 22.77101 17.73057 0.0024 Significant 3.72

Residual 14.12708 1.28428

Total 609.73811

R2 = 0.9768; Adjusted R2 = 0.9632; Predicted R2 = 0.9586
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burnishing region increases; hence, the workpiece hardness
and strength are decreased. The material is easily compressed
and the roughness is significantly reduced. Further spindle
speed may lead the excessive machining temperature, the
work-hardening behavior may occur on the burnished surface.
The machined surface is hardly burnished; hence, a higher
roughness is produced. A low feed rate results in a short dis-
tance between the successively burnishing traces, which
causes a reduction in the burnished peaks; hence, lower rough-
ness is produced. A higher feed results in a larger distance
between the burnishing traces increases, which causes a
higher roughness. Moreover, further feed rate may lead to
excessive machining temperature, which causes the work-
hardening behavior on the machined surface. The material is
hardly compressed; hence, a higher roughness is produced.
The influences of the feed rate and spindle speed on the sur-
face roughness were similarly described in the works of [2, 3,
12, 13, 17, 18].

Figure 14 b presents the impacts of the burnishing depth
and number of rollers on the surface roughness. As a result, a
lower roughness is obtained with an increased burnishing
depth and/or the number of rollers. The phenomena can be
explained as follows. A low burnishing depth causes a reduc-
tion in the machining pressure and a small amount of material
is compressed. A small degree of plastic deformation is pro-
duced, which causes a higher roughness. An increased bur-
nishing depth leads to a higher machining pressure, which
causes a larger degree of plastic deformation. A higher amount
of the material is compressed and low surface roughness is
produced. Additionally, an increment in the number of rollers
causes higher burnishing pressure due to a reduction in the
distance between the burnishing traces. The degree of plastic
deformation increases and more material is burnished; hence,
the surface roughness is decreased. A reduction in the surface
roughness with an increased burnishing depth and/or the num-
ber of rollers can be found in the works of [8, 9, 14, 20].

The surface morphology produced at various process pa-
rameters is presented in Fig. 14. In this work, a scanning
electron microscope labeled Nano Nova 450 is used to detect
the surface morphology at different machining conditions. An
increased feed rate causes higher roughness. The small
grooves, cracks, and waviness are obtained at a low feed rate
(Fig. 15a). Larger cracks, holes, and grooves are produced
with an increased feed rate (Fig. 15b).

The influences of burnishing parameters on the machining
noise are shown in Fig. 16.

Figure 16 a presents the impacts of the spindle speed and
feed rate on the machining noise. As a result, a higher machin-
ing noise is found with an increment in the spindle speed and/
or feed rate. An increased spindle speed causes higher mo-
mentum in the main spindle, which leads to an increased pow-
er consumed by the motor. A higher working load is then

Fig. 12 Parametric contributions for burnishing performances. a For
energy efficiency model. b For surface roughness model. c For
machining noise model
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produced; hence, bigger machining noise is generated. An
increased feed rate requires higher power consumption in the
drive system to satisfy the setting value, which causes an
increased noise emission. Moreover, a higher feed rate may
cause excessive temperature in the burnishing region, which

results in the work-hardening behavior on the burnished sur-
face. The strength and hardness of the burnishing specimen
are then increased, which causes greater resistance on the
burnished surface. The workpiece hardly is processed, as
compared to the initial state. As a result, a higher power

Table 10 ANOVA results for the
surface roughness model Source Sum of squares Mean square F value p-value Remark Contributions

(%)

Model 0.30191 0.02156 36.16966 < 0.0001 Significant

S 0.03968 0.03968 66.54511 < 0.0001 Significant 13.47

f 0.14301 0.14301 239.86150 < 0.0001 Significant 48.57

D 0.00163 0.00163 2.73952 0.1261 Insignificant 0.55

N 0.01333 0.01333 22.36341 0.0006 Significant 4.53

Sf 0.00123 0.00123 2.05464 0.1795 Insignificant 0.42

SD 0.00023 0.00023 0.37738 0.5515 Insignificant 0.08

SN 0.01103 0.01103 18.49174 0.0013 Significant 3.74

fD 0.00250 0.00250 4.19314 0.0652 Insignificant 0.85

fN 0.00090 0.00090 1.50953 0.2448 Insignificant 0.31

DN 0.01103 0.01103 18.49174 0.0013 Significant 3.74

S2 0.05564 0.05564 93.31766 < 0.0001 Significant 18.90

f2 0.00340 0.00340 5.70394 0.0360 Significant 1.15

D2 0.01055 0.01055 17.69250 0.0015 Significant 3.58

N2 0.00030 0.00030 0.50826 0.4907 Insignificant 0.10

Residual 0.00656 0.00060

Total 0.30847

R2 = 0.9787; Adjusted R2 = 0.9676; Predicted R2 = 0.9612

Table 11 ANOVA results for the
machining noise model Source Sum of squares Mean square F value p-value Remark Contributions

(%)

Model 1790.77904 127.91279 28.74591 < 0.0001 Significant

S 352.76655 352.76655 79.27748 < 0.0001 Significant 19.75

f 436.22535 436.22535 98.03324 < 0.0001 Significant 24.43

D 296.49036 296.49036 66.63049 < 0.0001 Significant 16.60

N 294.84726 294.84726 66.26124 < 0.0001 Significant 16.51

Sf 21.58891 21.58891 4.85169 0.0400 Significant 1.21

SD 21.97468 21.97468 4.93839 0.0400 Significant 1.23

SN 61.61627 61.61627 13.84707 0.0012 Significant 3.45

fD 16.43101 16.43101 3.69255 0.0700 Insignificant 0.92

fN 48.91439 48.91439 10.99257 0.0010 Significant 2.74

DN 30.35986 30.35986 6.82279 0.0300 Significant 1.70

S2 62.71286 62.71286 14.09351 0.0011 Significant 3.51

f2 80.18867 80.18867 18.02086 0.0009 Significant 4.49

D2 80.18867 80.18867 18.02086 0.0009 Significant 4.49

N2 16.06345 16.06345 3.60995 0.0700 Insignificant 0.90

Residual 48.94750 4.44977

Total 1839.726538

R2 = 0.9734; Adjusted R2 = 0.9652; Predicted R2 = 0.9576
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consumed of the feed drive system is required to overcome
resistance and burnish material; hence, the intensity of the
machining noise is increased.

Figure 16 b presents the impacts of the burnishing depth
and number of rollers on the machining noise. It can be stated
that higher machining noise is produced with an increased
burnishing depth and/or the number of rollers. An increased
burnishing depth causes a higher degree of plastic deformation
and more material is processed. Greater resistance is produced
and a higher burnishing load is required; hence, the intensity
of the machining noise increases. An increment in the rollers
causes a reduction in the peripheral distance between the rol-
lers. In other words, higher rollers lead to an increased fre-
quency of engagement; hence, a higher degree of plastic de-
formation is obtained. More material is compressed and
burnished, which requires a higher burnishing load.
Consequently, the noise emission increases with higher
rollers.

4.4 Optimization results using ANFIS-NOPSO

Table 12 lists the entropy value, dispersion value, and weight
for each criterion. As a result, the weight values of the energy
efficiency, surface roughness, and machining noise are 0.27,
0.39, and 0.34, respectively.

The ANFIS models of energy efficiency, surface rough-
ness, and machining noise are employed to select the optimal
factors. The Pareto fronts generated by NSPSO are shown in
Fig. 17.

Based on the optimization requirement, solution no. 322 is
selected as the optimal point. As a result, the optimum values
of the spindle speed, feed rate, burnishing depth, and the num-
ber of rollers are 1645 RPM, 260 mm/min, 0.08 mm, and 4,
respectively. The reductions in the surface roughness and ma-
chining noise are 25.0% and 2.23%, respectively, while the
energy efficiency is enhanced by 6.25%, as compared to the
initial values (Table 13).

Fig. 13 The influences of the
burnishing parameters on the EFb.
a Energy efficiency versus the
spindle speed and feed rate. b
Energy efficiency versus the
burnishing depth and number of
rollers

Fig. 14 The influences of the
burnishing parameters on the SR.
a Surface roughness versus the
spindle speed and feed rate. b
Surface roughness versus the
burnishing depth and number of
rollers
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4.5 Optimization results using RSM-DA

To evaluate the effectiveness of the ANFIS-NOPSO, the RSM
and DA are applied to develop the predictive models of the
burnishing responses and select the optimal factors. The R2-
values of the RSM models of the EFb, SR, and MN are 0.9532,
0.9546, and 0.9528, respectively. The visualizations of the RSM
graphs for energy efficiency, surface roughness, and machining
noise are depicted in Figs. 18, 19, and 20, respectively.

The mathematical models of the EFb, SR, and MN are
expressed as:

EFb ¼ 7:09667−0:00261S þ 0:02134 f −37:10417D
−1:50917N−0:000007Sf þ 0:00045SN−0:00206fN þ 8:0625DN
þ0:0000034S2 þ 0:000022 f 2 þ 556:77083D2 þ 0:57958N2

ð26Þ

SR ¼ 1:21083−0:00079S−0:00024 f −10:5Dþ 0:06N−0:00013SN
þ1:125DN þ 0:00000044S2 þ 0:00000079 f 2 þ 33:85417D2

ð27Þ

MN ¼ 33:95417−0:00043S−0:00596 f þ 189:375Dþ 2:83333N
þ0:000004Sf þ 0:02375SD−0:002SN þ 0:00363fN þ 13:125DN
þ0:0000051S2 þ 0:000034 f 2−658:85417D2

ð28Þ

The DA is employed to select the optimal outcomes of
process parameters and responses with the aid of the devel-
oped formulas. The ramp graphs showing optimal values are
shown in Fig. 21. As a result, the optimum values generated
by the RSM-DA of the spindle speed, feed rate, burnishing
depth, and the number of rollers are 1400 RPM, 250 mm/min,
0.09 mm, and 4, respectively (Table 14). The reduction in the
surface roughness is 22.22%, while the energy efficiency is
enhanced by 4.424%. Unfortunately, the machining noise is
decreased by 0.14%, as compared to the initial value.

Fig. 15 Surface morphology at various burnishing trails: a At process
parameters: S = 1600 RPM, f = 250 mm/rev., D = 0.06 mm, N = 4. b At
process parameters: S = 1600 RPM, f = 550 mm/rev., D = 0.08 mm., N = 4

Fig. 16 The influences of the
burnishing parameters on the
MN. a Machining noise versus
the spindle speed and feed rate. b
Machining noise versus the
burnishing depth and number of
rollers

Int J Adv Manuf Technol



4.6 Comparisons of optimization results

As shown in ANOVA results, the R2 values of the ANFIS
models for the energy efficiency, surface roughness, and

machining noise are 0.9768, 0.9787, and 0.9734, respectively.
The R2 values of the RSM models for the energy efficiency,
surface roughness, and machining noise are 00.9532, 0.9546,
and 0.9528, respectively. It can be stated that the R2 values
produced by RSM models are lower than the ANFIS models.
In other words, the ANFIS models are more adequate than the
RSM approach. As depicted in Figs. 13, 14, and 16, the
ANFIS models are effectively applied to render the highly
nonlinear relationships between the process parameters and
burnishing responses.

As given in Table 13, the improvements in the energy
efficiency, surface roughness, and machining noise are

Table 12 Entropy value, dispersion value, and weight for each criterion

Criteria EFb SR MN

Entropy value 0.963451 0.947827 0.95507

Dispersion value 0.036549 0.052173 0.04493

Weight 0.27 0.39 0.34

Fig. 17 Pareto graphs. a Energy
efficiency versus surface
roughness. b Energy efficiency
versus machining noise
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6.98%, 25.00%, and 2.23%, respectively at the optimal solu-
tion produced by the ANFIS-NOPSO. As shown in Table 14,
the improvements in the surface roughness and energy effi-
ciency are 22.22% and 4.42%, respectively, while the machin-
ing noise is decreased by 0.14% at the optimal solution pro-
duced by the RSM-DA. Consequently, it can be stated that the
ANFIS-NOPSO provides better optimization results than the
RSM-DA while dealing with multi-objective optimization in
the internal burnishing process.

4.7 Evaluation of the production costs

The cost of energy consumed in the burnishing operation
(Cenergy) is calculated as:

Cenergy ¼ ceEtotal ð29Þ

where ce, the energy cost per unit energy (VND/kWh); Etotal,
the total energy consumed (kJ).

The cost of the burnishing tool (Ctool) is computed as:

Ctool ¼ cc
tb
T

ð30Þ

where cc, the cost to fabricate the burnishing tool (VND/
piece); TT, the tool life of the roller (s).

The labor cost (Clabor) is computed as:

Clabor ¼ clabor to þ tst þ tair þ tch þ tbð Þ ð31Þ

where to, tst, tair, and tch denotes the start-up, setup, air-bur-
nishing, tool change, and burnishing time, respectively. clabor
presents the labor cost (VND/s).

The cost of the tool change (Ctool change) is computed as:

Ctoolchange ¼ clabortch
tb
TT

ð32Þ

The cost of the lubricant used (Cfluid) is calculated as:

Cfluid ¼
cfp þ cfd
� �

to þ tst þ tair þ tch þ tbð ÞVa

Tuse
ð33Þ

where Va, the volume consumed of the lubricant; tuse, the time
of the lubricant replacement (month); cfp, the cost for the lu-
bricant preparation (VND/l); cfd, the cost for the lubricant
disposal (VND/l).

The cost of the machine degradation and remanufacturing
(Cmachine) is computed as:

Cmachine ¼ cmd þ cmrð Þ to þ tst þ tair þ tch þ tbð Þ
Tm

ð34Þ

where: cmd, the cost of the machine degradation (VND); cmr,
the cost of the machine remanufacturing (VND). Tm, the ser-
vice life of the machine used (years).

The cost of the machining noise (Cnoise) is computed as:

Cmachine ¼ cn to þ tst þ tair þ tch þ tbð Þ
8� 3600� 30

ð35Þ

Table 13 Optimization results
using the ANFIS-PSO Method Optimization parameters Responses

S (RPM) f (mm/min) D (mm) N EFb (%) SR

(μm)

MN

(dB)

Used values 1400 400 0.09 3 22.65 0.36 71.7

Optimal results 1645 260 0.08 4 24.23 0.27 70.1

Improvement (%) 6.98 25.00 2.23

Fig. 18 The RSM graphs for the
EFb. a EFb versus S and f. b EFb
versus D and N
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Fig. 19 The RSM graphs for the
SR. a SR versus S and f. b SR
versus D and N

Fig. 20 The RSM graphs for the
MN. aMN versus S and f. bMN
versus D and N

Fig. 21 Optimal parameters in the Ramps generated by DA
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where cn, the noise tax per month (VND).
The comprehensive model for the cost of the burnishing

operation (Ctotal) is expressed as:

Ctotal ¼ Cenergy þ Clabor þ Ctoolchange þ Cfluid þ Cmachine þ Cnoise ð36Þ

Table 15 presents the coefficients of the cost model. As a
result, the total cost of the burnishing process is decreased by
6.2% at the optimal solution (Table 16).

5 Conclusions

In the current investigation, a machining-based optimization
of the internal roller burnishing operation has been executed to
boost energy efficiency and decrease the surface roughness
and machining noise. Burnishing parameters are the spindle
speed, feed rate, burnishing depth, and the number of rollers.
The ANFIS approach was applied to develop comprehensive
models of the technical performances regarding process pa-
rameters. The entropy method was employed to calculate the
weights of the burnishing objectives. The dominated sorting
particle swarm optimization was utilized to find optimal out-
comes. The obtained findings can be listed as bellows:

1. The highest values of burnishing parameters can be ap-
plied to enhance the energy efficiency, while the lowest
levels of the inputs are commended to decrease the ma-
chining noise. Higher burnishing depth and/or the number

of rollers can be employed to decrease the surface rough-
ness, while a low feed rate leads to a reduction in the
roughness. The middle value of the spindle speed is ap-
plied to obtain a smooth surface.

2. ANOVA results indicated that the ANFIS models of en-
ergy efficiency, surface roughness, and machining noise
are significant. These models can be applied to forecast
the burnishing responses in industrial applications with
acceptable precision. Moreover, the proposed models
can be directly employed for the internal roller burnishing
operation of the hardened SCr440 steel without expensive
experimental costs and efforts.

3. As shown in the optimal setting generated by NSPSO,
the optimal values of the spindle speed, feed rate, bur-
nishing depth, and the number of rollers are 1645
RPM, 260 mm/min, 0.08 mm, and 4, respectively.
The energy efficiency is improved by 6.98%, while
the surface roughness and machining noise are de-
creased by 25.00% and 2.23%, respectively. The total
cost of the burnishing process is decreased by 6.2% at
the optimal point.

4. The proposed approach using the ANFIS, entropy weight,
and NSPSO can be used to model the comprehensive
responses and to effectively select the optimal solution,
as compared to the trial method and operator experience.
This optimizing technique is powerful and can be applied
to different burnishing operations. Moreover, the ANFIS-

Table 14 Optimization results
using the RSM-DA Method Optimization parameters Responses

S (RPM) f (mm/min) D (mm) N EFb (%) SR

(μm)

MN

(dB)

Used values 1400 400 0.09 3 22.65 0.36 71.7

Optimal results 1400 250 0.09 4 23.65 0.28 71.6

Improvement (%) − 4.42 22.22 0.14

Table 15 Experimental coefficients for the cost models

ce cc TT clabor Po Pst Pair

VND/kWh VND/piece s VND/s kW kW kW

1736 460762 2100 1397.90 0.42 0.58 0.76

to tst tair tch Va

s s s s l

5 5 8 15 200

Tuse cfp cfd cmd cmr Tm cn
Month VND/l VND/l VND VND year VND/h

6 3535.26 10605.79 989874175.64 395949670.26 14 64341.82
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NOPSO can provide better optimization results than the
RSM-DA.

5. Practically, the energy consumption for the burnishing
tool and fluid has negative impacts on the environment
and machining costs. Therefore, a comprehensive ap-
proach considering more sustainable performances can
be addressed in the next investigation.

Nomenclature AL (μm), Depth of the affected layers; ANFIS, Adaptive
neuro-fuzzy inference system; SR (μm), Surface roughness; BE (kJ),
Burnishing energy; BS (mm), Bore size; D (mm), Burnishing depth; EC
(kJ), Energy consumed; EFb (%), Energy efficiency; f (mm/min), Feed
rate; F (N), Burnishing force; L, Lubricant; MH (VH), Micro-hardness;
MN (dB), Machining noise; MQL, Minimum quantity lubrication; N,
Number of rollers; NOPSO, Non-dominated sorting particle swarm opti-
mization;NP,Number of passes;OV,Ovality;PF, Power factor; PI (μm),
Profile irregularities; RS (MPa), Residual stress; RSM, Response surface
method; RW (mm), Roller width; Ry (μm),Maximum height roughness; S
(RPM), Spindle speed; SH (HRC), Surface hardness; SO (mm), Step-over;
V (m/min), Burnishing speed; VH (VH), Vicker hardness
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