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Abstract
Optimum process parameters play an important role in improving manufacturing process which have a vital influence on the
energy consumption and production cost. Considering the fact that hobbing process is sensitive to process parameters, an
integrated multi-objective process parameters optimization method for gear hobbing is proposed to reduce energy consumption
and production cost. Thus, this paper firstly analyzes the hobbing process parameters and establishes a description of hobbing
process parameters problem. Then a multi-objective optimization model of hobbing process parameters is introduced, with
energy consumption and production cost to be optimized. An improved multi-objective ant lion optimizer (IMOALO) is
designed to solve multi-objective optimization problem. Finally, a case study is presented in detail to verify the optimization
model. The results show that energy consumption and production cost can be optimized simultaneously by determining appro-
priate process parameters based on proposed method. It has potential in providing favorable support and assistance for technical
operators in the practical parametric decision.
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1 Introduction

Nowadays, manufacturing industry pays more attention to en-
ergy consumption reduction and energy efficiency promotion
due to the increasingly prominent environmental problems.
Enterprises attach importance to the negative impact of ma-
chining process on the environment and take actions towards
it. The machine tools are the most widely used in manufactur-
ing industry, which has become the major energy consumers
while lower energy efficiency can be achieved [1, 2].
Actually, with a rapid development in machine tools and
manufacturing technologies, the computer numeric control
machines play a dominant role in manufacturing sector which
takes charge of a vital portion of energy consumption. As
reported in Hu et al. [3], about 60% of total energy was con-
sumed by computer numerical control (CNC) machine tools

in machinery tool sectors. Here the total energy includes the
energy consumption for CNC machine tools and energy con-
sumption for non CNC machine tools. While among CNC
machine tools, hobbing machine tools serve as main gear pro-
duction machines [4]. The complex hobbing process involves
the simultaneous cooperation of multiple parts brings about
more energy consumption which demands an urgent effective
strategy in improving energy efficiency. And relative policy
has been reported for optimizing energy in machine tools [5],
which undoubtedly place enterprises under pressure. While
for enterprises, reducing production cost and pursuing high
profit are the most concerned goals. It is a critical challenge
for manufacturers to achieve low energy consumption without
occupying high production cost.

For one thing, it is worth noting that energy consumption
can be decreased by determining optimum cutting parameters,
such as a maximum energy consumption reduction of 40%
could be acquired by optimizing cutting parameters at higher
loads [6]. For another, production cost covers diverse cost
items such as energy consumption cost, cutting tools cost,
machine tools cost, and other cost elements, which are closely
related to the process parameters. Among them, especially the
cost of hob is quite high; the appropriate parameter selection is
positively conducive to prolong the life of hob. Therefore, the
energy consumption optimization is oriented to environment-
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friendly processing when cost optimization is for the high
profit of enterprises; both are beneficial to the long-term de-
velopment of enterprises. Concurrently, optimizing energy
consumption and production cost by making a decision on
process parameters is a good idea to assist practical gear hob-
bing and enriches process knowledge.

To that end, this paper proposes an integrated optimization
of cutting parameters and hob parameters for multi-objective
hobbing process, aiming at reducing energy consumption and
production cost. First, the process parameters analysis and
problem description are discussed. Then, a multi-objective
optimization model including energy consumption model
and production cost model is developed. The steps of
IMOALO for parameter optimization are introduced in detail,
which serve the multi-objective optimization problem.
Finally, case study is performed to validate the presented op-
timization model and optimization method.

With above inspirations, the remaining part of this paper is
structured as follows. The state of the art is elaborated in
Section 2. The detailed analysis of process parameters and hob-
bing process parameters problem description are given in
Section 3. The comprehensive construction of multi-objective
optimization model covering hobbing energy consumption
model and production cost model is introduced in Section 4.
A novel optimization strategy via IMOALO is presented in
Section 5. The case study and results analysis are discussed in
Section 6; conclusions and prospects are given in Section 7. The
research overview of integrated multi-objective process param-
eter optimization method is summarized as shown in Fig. 1.

2 State of the art

In this section, a range of studies on the energy efficiency
optimization and optimization strategies are summed up,
which provide motivation for the integration optimization of
cutting parameters and hob parameters in this paper.

Referring to the previous work by Nguyen [7], low SEC,
smooth surface, and higherMRR could be obtained in SKD61
milling, which was solved by the integration of Kriging model
and AMGA. The optimal machining factors were determined,
in which cutting depth was the most significant factor on cut-
ting energy. Similarly, in milling process, Li et al. [8] investi-
gated the tool path optimization, and an adaptive dynamic GA
was utilized to maximize machining efficiency and minimize
energy consumption and carbon emission. Wang et al. [9]
devoted to the optimization of energy-aware milling process,
and presented an improved ABC algorithm for minimum en-
ergy consumption and processing time. The optimization re-
sults showed good performance comparing to the results of
NSGA-II. And in turning process, Zhang and Ge [10] concen-
trated on machining features of the process planning, and a
machine tool-oriented energy assessment approach is

developed to excavate more manufacturing information. The
best process scheme with lowest energy consumption was
acquired via gear workpiece experiment. To map the relation-
ship between cutting parameters and consumed energy,
Camposeco-Negrete et al. [11] designed cutting operation ex-
periments. Adding robust design made it convenient and no-
ticeable to find that feed rate with 0.2 mm/rev, cutting depth
with 1.14mm, and cutting velocity with 350m/min play a part
in minimizing energy consumption and machining vibration.
Hu et al. [12] discussed the non-cutting energy consumption
and spindle rotation change energy consumption comprehen-
sively, based on which SA algorithm is adopted to find opti-
mal cutting parameters for decreasing energy consumption.
The verification results obtained a 19.28% energy consump-
tion reduction of machining. In multi-machining scenes, Rao
et al. [13] proposed a novel optimization method named
NSTLBO; process optimization problems in five scenarios
have been discussed, and optimal Pareto solutions have been
obtained. Mellal & Williams [14] applied COA and HH for
seeking suitable machining control parameters; the simulation
covered two conventional and four advanced machining pro-
cesses, and optimal parameters had been acquired. To sum-
marize, the optimization of energy consumption as well as
energy efficiency is based on energy efficiency modeling and
case verification which indicate that relevant parameters setting
affects the machining process. For hobbing process, it is affect-
ed by a variety of process parameters, while the traditional
optimization only focuses on cutting parameters. In fact, hob
parameters also affect the energy consumption and production
cost, such that Cao et al. [15] took tip diameter and threads of
hob as input attributes to be decided. Besides, in our previous
research [16], the hob parameters covering hob diameter and
threads of hob have also been included for correlating with
energy consumption to acquire carbon footprint. And machin-
ing parameters and hob parameters have been linked to ma-
chining time, production cost, and tool life in tri-objective op-
timization problems [17]. It is vital to analyze the energy con-
sumption as well as production cost in hobbing process and
establish the relevance with process parameters. Hence, a good
process optimization method is requisite for improving the en-
ergy efficiency and decreasing production cost.

Obviously, process parameter decision has been treated as
a fundamental support in machining which contributes to pro-
cess control. Scholars have carried out a lot of researches on
parameter optimization. A great deal of work focused on the
conventional machining conditions, such as milling process
[18], turning process [19], grinding process [20], and drilling
process [21]. While in gear hobbing, most scholars concen-
trate on technical improvement of process and optimum de-
sign of hob. Yang et al. [22] established a dry hobbing opti-
mization model of thermal energy balance, devoting to the
minimum average temperature in the cutting space, which
was verified by particle swarm optimization algorithm. Also
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aiming at controlling the thermal energy balance, Li et al. [23]
developed an analysis model and conducted the experiment
on the spindle system of high-speed dry hobbing machine for
optimizing the thermal energy accumulation by parameter op-
timization. For hob optimization, Claudin et al. [24] innova-
tively proposed a rapid detection method called “hobbing
method” under the dry hobbing process; the influence of cut-
ting edge treatment on the wear resistance of hob is well op-
timized and relevant parameters were studied. Sari et al. [25]
attached importance to hob wear analysis and constructed a
tool life equation for practical application, which provides a
new direction for the selection of hob and corresponding pro-
cess parameters. While in machining accuracy, Klocke et al.
[26] investigated two kinds of cutting processes, rough ma-
chining and finish machining in gear hobbing, based on which
different process designs can achieve the same hobbing

accuracy. Despite the above hobbing optimizations, few liter-
atures focus on simultaneously optimizing hobbing energy
consumption and production cost as to select optimum cutting
parameters and hob parameters. Minimum energy consump-
tion and minimum production cost-oriented multi-objective
process parameter optimization are conducive to improve
hobbing process.

As for optimization problems, traditional solutions such as
experimental design and heuristic optimization algorithms
have been given a wide attention. In the current state, the
meta-heuristics algorithms outperform with its powerful opti-
mization ability and iterative speed. When it comes to param-
eter optimization, an optimization model needs to be initially
established with corresponding constraints, then the results
can be obtained by enough iterations of meta-heuristic algo-
rithms. Ant lion optimizer (ALO) is a new heuristic
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optimization algorithm stemmed from the predation process
between ant lions and ants [27]. ALO is superior to other
popular algorithms in convergence speed and optimization
results, which offers a strong support for the multi-objective
parameters optimization of hobbing process.

Enlightened by a series of relative remarks, this paper de-
votes to the research gap and draws the following
contributions:

(i) Rare gear hobbing process optimization with energy
consumption and production cost are explored, we tend to
establish a connection between the process parameters (i.e.,
cutting parameters and hob parameters) and energy consump-
tion as well as production cost.

(ii) Since the process parameters include both continuous
variables and discrete variables, the multi-objective hobbing
process optimization is a complex non-linear problem, thus an
improved multi-objective ant lion optimizer (IMOALO) is
designed for striking a balance between multiple objectives
when obtaining optimum parameters.

(iii) An interrelationship between hobbing energy con-
sumption and production cost with regard to different process
parameters are investigated, which provides a process param-
eter knowledge for gear enterprises and technologists.

3 Analysis of process parameters

Process parameter set is one of essential components in the
mechanical production. Generally, the process parameters com-
prise machine parameters, cutter parameters, workpiece param-
eters, and cutting parameters while operation parameters and
time parameters are included in practical processes. According
to previous studies, the effect of process parameters on machin-
ing accuracy, energy consumption, processing time, production
coat, and so on is intricate. The effect may lie in several key
cutting parameters such as the cutting speed, feed rate, and
cutting depth. And the effect on energy efficiency and machin-
ing time can be linear or non-linear for the various uncertainty
conditions and unexpected situations in the actual machining
environment. Changes in parameters have a tendency to posi-
tively affect the final products or in opposite directions, and the
impact tends to be variable in pace with time lapse.

For gear hobbing, it is the most commonly used method of
gear production with complex gear meshing motion between
hob and gear workpiece as displayed in Fig. 2. The mathemat-
ical models that relates to Fig. 2 have been presented in the
following section. The gear workpiece parameters, hob pa-
rameters, and cutting parameters collectively determine the
hobbing process, and there is also some interdependence
among these three kinds of parameters. The selection of rea-
sonable parameters is quite essential hobbing process, which
relates to the consumed energy, cost, and quality. According
to the actual hobbing process, the process parameters can be

described as X = {X1, X2, …, Xi, …}, Xi is the ith parameter
set in hobbing process, Xi = {wpi, hpi, cpi} comprises gear
workpiece parameters wp, hob parameters hp, and cutting
parameters cp. Each parameter category contains more than
one process parameter attribute. The composition of Xi param-
eters is usually selected according to processing tasks and
processing conditions and wp is usually pre-defined. The se-
lection of cp and hp is worth considering carefully for the final
hobbing energy consumption and production cost.

Currently, traditional economic indicators such as machin-
ing quality, production cost, machining time, tool wear, and
benefit are widely concerned and regarded as processing objec-
tives. With the increasingly serious problems of environment
and energy, considerable attention has been paid to environ-
mental indicators such as energy consumption and carbon emis-
sion; enterprises have also formulated important measures for
energy conservation and emission reduction. Appropriate pro-
cess parameter decision canwell balance the environmental and
economic impact of hobbing process. Considering all economic
and environmental indicators will not only affect the actual gear
processing operation, but also bring unnecessary target ac-
counting and resource waste, gear manufacturers mainly focus
on several key influence indicators in practical application. And
this paper selects hobbing energy consumption Etotal and pro-
duction costCtotal as optimization objectives, dedicated to find a
trade-off between the two with reasonable process parameter
configuration. Hence, the aim of the study is right to select
optimum process parameters for obtaining the minimum hob-
bing energy consumption and production cost. Figure 3 illus-
trates the relationship flow between process parameters and
hobbing performance. Therefore, the description of hobbing
process parameter problem can be expressed as Fig. 4. And
the next section develops a comprehensive multi-objective op-
timization model for process parameter problem.

4 Multi-objective optimization model

In order to realize energy saving and cost reduction, the de-
termination of optimization variables is first given in Sub-
section 4.1. The objective model consists of Etotal and Ctotal

is then in detailed introduction in Sub-section 4.2; the optimi-
zationmodel and constraints are elaborated in Sub-section 4.3.

4.1 Determination of optimization variables

The optimization problem in this paper is to select optimum
process parameters of hobbing process so as to reduce envi-
ronmental impact and cost. Three main kinds of process pa-
rameters involved in hobbing process are shown in Fig. 3. The
selected process parameter variables are emphatically consid-
ered to establish a connection between process parameter var-
iables and objectives.
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On the one hand, compared with the cutting parameters Fa

and n0, the cutting depth ap has a relatively little impact on
cutting force Fc, machine tool deformation, and spindle speed
[28]; thus, ap is usually set as a maximum cutting depth for
higher production efficiency. On the other hand, the hob di-
ameter d0 and hob head number z0 are selected for their obvi-
ous effect on gear hobbing, for example, larger hob diameter
can improve the processing efficiency and reduce the produc-
tion cost. The hob with multiple heads can shorten the cutting
time, but it will reduce the surface quality of gear. The proper
selection of hob diameter and hob head number is relatively
more crucial to the cutting process comparing to other hob

parameters. Base on the above analysis, the cutting parameters
Fa, n0, and hob parameters d0, z0 are considered by integration
as optimization variables, that is, {Fa, n0, d0, z0} are taken as
controllable decision parameters.

4.2 Optimization objectives model

Taking into account both environmental and economic fac-
tors, this study devotes to searching for appropriate process
parameters which could reduce the hobbing energy consump-
tion and production cost simultaneously. The two optimiza-
tion objectives are modeled in the following part: energy
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consumption model is introduced in Sub-section 4.2.1, and
production cost model is established in Sub-section 4.2.2.

4.2.1 Hobbing energy consumption model

In fact, the various machine tools have complex motor driving
systems, mechanical transmission systems, and other auxiliary
systems. Each part relates to different influencing factors so
that the energy consumption differentiates in many aspects.
The two common ways to express the energy consumption of
mechanical system is power consumption and specific energy
consumption [29, 30], which was expanded from thermal dy-
namics. Some scholars have carried out researches on energy
efficiency and energy consumption [31–33].

For gear hobbing machines, the calculation of energy con-
sumption can be converted into the utilization of main power
consumption and time consumption of different manufactur-
ing stages [34]. More concretely, the standby state, the air-
cutting state, and cutting state of hobbing machines are ex-
tremely considered for the total energy consumption Etotal.
The calculation of energy consumption is formulated as
follows.

The hobbing energy consumption in standby state Es Since
the starting process of gear hobbing machine is a relatively
rapid process, the energy consumption at this time is usually
negligible. The standby state is the time when basic parts of
the hobbing machine are in normal operation, and the power
consumption at this time is basically a constant value. It can be
easily obtained from smart meters. Equation (1) shows the
expression of energy consumption.

Es
i ¼ ∫ts0Psdt ð1Þ

where i denotes the ith gear workpiece to be processed; Es
and Ps denote energy consumption and power consumption in
the standby state of hobbing machine, respectively; ts denotes
the time consumption in standby state.

The hobbing energy consumption in air-cutting state Ea Then
the main working parts such as the tool spindle starts to run.
But at this time, no cutting force is applied to the gear work-
piece so the machine is actually in an air-cutting state.
Equations (2)~(4) give the acquisition method of energy con-
sumption at this state.

Ea
i ¼ ∫ta0 Padt ð2Þ

Pa ¼ Ps þ Psc þ Pn ð3Þ
Pn ¼ κ1n0 þ κ2n02 ð4Þ

where Ea, Pa, and ta denote the energy consumption, power
consumption, and time consumption in air-cutting stage, re-
spectively. In this state, the transmission parts and relevant
accessories of the hobbing machine start to work, but opera-
tions on gear workpiece have not been carried out yet. Psc

denotes the power consumption of the activated auxiliary sys-
tems such as cooling lubrication system and fan system. Pn

denotes the power consumption under non-loaded machine
running, and it has a great relationship with n0 according to
the previous research [35]. κi is the power coefficient related
to n0.

The air-cutting time ta can be acquired by Eq. (5). The j
denotes times of hob cutting; the total air-cutting time is the
sum of the accumulated time of axial air-cutting and radial air-
cutting. As is depicted in Fig. 2, La and Lr denote the axial and
radial air-cutting stroke, respectively. The empty cutting
stroke can be easily expressed. Fr defies radial feed speed
which is usually a fixed value.

ta ¼ ∑
j

La
Fa

þ ∑
j

Lr
Fr

ð5Þ

The hobbing energy consumption in cutting state Ec During
this state, the gear workpiece is cut and surplus materials are
removed. In addition, there is actually additional power loss
caused by machining. The calculation details are as follows.

Ec
i ¼ ∫tc0Pcdt ð6Þ

Pc ¼ Ps þ Psc þ Pn þ Pr þ Pap ð7Þ

where Ec, Pc, and tc denote the energy consumption, power
consumption, and time consumption in the cutting stage; the
calculations are shown in Eqs. (6) and (7).

Pr ¼ Fcv ¼ C f K1K2K3mn
x f f a

y f apz f v−u f z2v f

d0
v ð8Þ

v ¼ πd0n0
1000

ð9Þ

Gear workpiece 

parameters wp

Minimum objectivesOptimum parametersGear to be machined 

Cutting parameters cp

Hob parameters hp

Energy consumption Etotal

Production cost Ctotal

Fig. 4 Description of hobbing
process parameter problem
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where Pr denotes its power consumption in removing
process, and it can be obtained by hobbing force Fc and
cutting velocity v; the specific expression is shown in
Eq. (8) [36]. v can be obtained by Eq. (9); it relates the
spindle speed n0 and hob diameter d0 at the same time
as shown in Fig. 2.

Cf, K1, K2, K3, xf, yf, zf, uf, vf are correlation coefficients of
cutting force; specifically, Cf, xf, yf, zf, uf, and vf denote hob-
bing force coefficients, K1 denotes correction factor of work-
piece material, K2 denotes correction factor of workpiece
hardness, and K3 denotes correction factor of gear helix angle.
mn denotes gear module, fa denotes axial feed, and z2 denotes
number of gear teeth.

Pap ¼ ε1Pr þ ε2Pr
2 ð10Þ

Pap denotes the additional power consumption which is
closely related to the power consumption generated by mate-
rial removal state; Equation (10) gives the correlation formula
between the two [37]. εi represents additional power
coefficient.

As for tc, it can be acquired by Eqs. (11) and (12). As
shown in the cutting route in Fig. 2, the whole cutting stroke
can be expressed by Eq. (11). In total, Eqs. (5), (9), (11), and
(12) together describe the cutting process shown in Fig. 2.

tc ¼ ∑
j

1

z2⋅ E þ Bþ Aþ Uð Þ
z0n0 f a

ð11Þ

where B indicates tooth width. E denotes the hob approach
stroke and A denotes hob surpass stroke; both are to ensure the
safe distance of processing. The additional U represents the
safety allowance which is usually set according to the operat-
ing experience of skilled workers.

The fa could be gained by Eq. (12).

f a ¼
z2Fa

n0z0
ð12Þ

To sum up, the total energy consumption Etotal of the ith
gear workpiece is expressed in Eq. (13).

Etotal ¼ Psts þ Ps þ Psc þ κ1n0 þ κ2n02
� �

⋅ ∑
j

La
Fa

þ ∑
j

Lr
Fr

 !

þ Ps þ Psc þ κ1n0 þ κ2n02
� �

⋅
z2⋅ E þ Bþ Aþ Uð Þ

z0n0 f a

� �

þ 1þ ε1ð Þ C f K1K2K3mn
x f f a

y f apz f z2v f

d0
⋅

πd0n0
1000

� �1−u f

⋅
z2⋅ E þ Bþ Aþ Uð Þ

z0n0 f a

� �

þ ε2
C f K1K2K3mn

x f f a
y f apz f z2v f

d0
⋅

πd0n0
1000

� �1−u f
 !2

⋅
z2⋅ E þ Bþ Aþ Uð Þ

z0n0 f a

� �

ð13Þ
4.2.2 Production cost model

Modern manufacturing enterprises are mainly driven by
the minimum cost of production so as to improve eco-
nomic benefit. Hence, the production cost is considered

here from the perspective of parameters optimization.
Generally speaking, the total production cost Ctotal in
gear hobbing consists of gear blank cost Cgear, tool cost
Ctool, labor cost Clabor, machine tool wear cost Cmachine,
and energy consumption cost Cenergy. Therefore, the
Ctotal can be represented as Eq. (14).

Ctotal ¼ Cgear þ Ctool þ Clabor þ Cmachine þ Cenergy ð14Þ

Gear blank cost Cgear The cost of gear blankCgear can be easily
obtained from the purchase list.

Tool cost CtoolThe tool cost is modeled as Eq. (15), which
involves with the actual cutting time tc and the mini-

mum tool life Tmin
hob. Particularly, tool life here is defined

as the total processing time of each grinding of hob
provided by tool manufacturer, and the wearing capacity
of hob has been considered. st indicates the unit cost of
tool.

Ctool ¼ st
tc

Tmin
hob

ð15Þ

Labor cost Clabor Labor cost refers to the cost of management
and manipulation in production per unit time; it is related to
the unit cost sl and the total processing time ttotal, as shown in
Eq. (16).

Clabor ¼ slttotal ð16Þ

Machine tool wear cost Cmachine It has an association with
processing time ttotal and the maximum service life of machine
tool Tm; sm is the unit cost of machine wear. The formula is
expressed as Eq. (17).

Cmachine ¼ sm
ttotal
Tm

ð17Þ

Energy consumption cost Cenergy The Cenergy is generated
from the total hobbing energy consumption Etotal; se denotes
the unit cost of electricity energy. Its calculation is shown in
Eq. (18).

Cenergy ¼ seEtotal ð18Þ

Stated thus, the production cost Ctotal can be expressed as
follows.

Ctotal ¼ Cgear þ st
tc

Tmin
hob

þ slttotal þ sm
ttotal
Tm

þ seEtotal ð19Þ
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4.3 Optimization model and constraints

Covering the above analysis, an optimization model of multi-
ple objectives devoting to minimize hobbing energy con-
sumption and production cost is then established as shown
in Eq. (20).

min f Fa; n0; d0; z0ð Þ ¼ minEtotal;minCtotalð Þ ð20Þ

As is expressed by constraints in Eqs. (21)–(28), it is quite
clear that hobbing energy consumption and production cost
are dependent on the different values of process parameters
while process parameters are highly restricted by tool manu-
facturers, machining requirements, and valid range of param-
eters. The constraints are presented as follows:

nmin≤n0≤nmax ð21Þ
Famin≤ Fa≤ Famax ð22Þ
Fc≤ Fcmax ð23Þ
Fcv≤ηPe ð24Þ

f a
cosβ0

� �2

⋅
sinαn

4d0
≤ f cx ð25Þ

π2z02mnsinαn

4z2s2
≤ f cy ð26Þ

0:0312 f a
2

r
≤ Ra½ � ð27Þ

Tmin
hob ≤

CT

vω f a
r ð28Þ

Equations (21) and (22) denote the upper and lower limits
of n0 and Fa, respectively. nmin(nmax) represents the minimum
(maximum) value of spindle speed, Famin(Famax) represents
the minimum (maximum) value of axial feed speed.
Equation (23) means that Fc should not be greater than the
maximum cutting force Fcmax. And Eq. (24) gives the power
limit requirements where η denotes motor power factor and Pe
denotes rated motor power. To ensure the machining quality
[38], Eq. (25) indicates tooth curve error requirement and Eq.
(26) indicates tooth profile error requirement; both tooth curve
error fcx and tooth profile error fcy are related to the process
parameters. β0 denotes helix angle, αn denotes profile angle,
and s denotes the number of slots. The requirement for surface
roughness is shown in Eq. (27) in which [Ra] denotes finished
surface roughness and r means radius of hob tip. Equation
(28) indicates that the service life of the hob should be above

the minimum tool life Tmin
hob, where CT and ω are tool life

coefficients. The above constraints ensure that the next param-
eter optimization process can consider the actual processing
conditions to obtain reasonable process parameters.

5 Optimization strategy via IMOALO

With the rapid development of artificial intelligence technol-
ogy, many algorithms have been applied to design and engi-
neering optimization field, such as MOPSO [39], NSGA-II
[40], and MOSA [41]. The meta-heuristic intelligent algo-
rithm has significant advantages in the high-dimensional
problems and multi-objective decision-making problems.
The MOALO shows great superiority with its excellent algo-
rithm convergence speed and global search ability; thus, this
paper adopts an improved MOALO (IMOALO) to achieve
the multi-objective optimization decision.

As exhibited in above optimization models, the optimiza-
tion process is to search for appropriate cutting parameters cp
and hob parameters hp so that Etotal and Ctotal can reach the
best state. To elaborate the optimization process, an overall
architecture of IMOALO optimization strategy is given in Fig.
5, with details of algorithm initialization in Sub-section 5.1,
followed bymathematical model establishment in Sub-section
5.2.

5.1 Algorithm initialization

The ALO is a nature-inspired optimization algorithm pro-
posed by Mirjalili which can excellently solve the multi-
objective problem by simulating the predatory behavior of
antlions [42, 43]. It draws on the experience of evasion and
predatory action between ants and antlions, in which the
antlion hunts the prey according to the ant’s position.
Repeating the above action until the optimal solution achieved
in the search area. The process parameters to be optimized is
structured as {Fa, n0, d0, z0}. To simulate the behaviors of ants
and antlions, the matrix Pa is established by Eq. (29).

Pa ¼
pa11 pa12 ⋯ pa1d
pa21
⋮

pa22 ⋯
⋮ ⋮

pa2d
⋮

pam1 pam2 ⋯ pamd

0
B@

1
CA; a ¼ ant antlionð Þ ð29Þ

where Pij
a denotes the jth process parameter of ith

ant(antlion). d means the number of process parameter vari-
ables and m represents the number of process parameter sets.

Oa ¼

f
h
pa11 pa12 ⋯ pa1d

i
f
h
pa21

f
h
⋮

pa22 ⋯
⋮ ⋮

pa2d
i

⋮
i

f
h
pam1 pam2 ⋯ pamd

i

0
BBBBBB@

1
CCCCCCA
; a ¼ ant antlionð Þ ð30Þ

where Oa represents the objective value, f[] denotes the
multi-objective optimization functions as shown in Eq. (30).
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5.2 Mathematical model establishment

To better elaborate hunting process of antlions and convert it
to global optimization process, some theoretical key points
and mathematical formulas are described as follows.

Step 1: Random walks of ants In the nature, ants play a role as
main search agents in ALO. They move around the antlions
with random path to update position. The movement behavior
can be expressed as Eq. (31).

X sð Þ ¼ 0; cumsum 2r s1ð Þ−1ð Þ; cumsum 2r s2ð Þ−1ð Þ;…; cumsum 2r stð Þ−1ð Þ½ �
ð31Þ

where cumsum means the value of cumulative sum, t indi-
cates the iteration times, and s denotes the random walk step.
r(st) is a stochastic function as shown in Eq. (32).

r sð Þ ¼ 1; ifα > 0:5
0; ifα≤0:5

�
;α∈ 0; 1½ � ð32Þ

whereα represents a random number generated by uniform
distribution function.

The movement of ants are limited to the inside of search
interval. Thus, the max-min normalization is requisite to char-
acterize the position of ants which can be expressed in Eq.
(33).

X t
k ¼

X t
k−skmin

� �
mt

k−n
t
k

� �
skmax−skminð Þ þ ntk ð33Þ

in which X t
k signifies the kth ant in tth iteration, the skmax(s-

kmin
) denotes maximum(minimum) random movement of kth

process parameter variable, respectively. mt
k (ntk) indicates

Start

Set ants NumAnt, dimensionsd, repositoryarchive 

Arch, storage quantity NumAr, boundary of search 

space ub and lb, iteration times T, t=1, i=1

Meet the end criteriont<T

Calculate the objective values Etotal and Ctotal using 

Eq.(13) and Eq.(19)

Determine the non-dominated process parameter 

sets, update Arch

Initialize the ants population

Choose a random antlion, determine the elite using 

roulette wheel

Create a random walk, update the positon of ant

i>NumAnt

The obtained quantity Arch>NumAr

Delete some weaksolution sets using roulette wheel 

method 

Obtain the Pareto front of process 

parameter solutions P

End

i=i+1

No

Yes

No

Yes

Update based on
t

t n
n

I

t
t m

m
I

t
n

t
m

t=t+1

Yes

No

Fig. 5 The research methodology
of IMOALO optimization
strategy
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maximum(minimum) value of kth process parameter variable
in tth iteration.

Step 2: Trapping pits of antlions The antlions lure ants by
setting up a trap pit. Each ant is assigned one antlion, and
antlion relocates new position with respect to more suitable
ant. Equations (34) and (35) closely describes the mathematic
model of antlions, which are highly involved to antlions’
traps.

mt
k ¼ antliontl þ mt ð34Þ

ntk ¼ antliontl þ nt ð35Þ

where mt(nt) indicates the maximum (minimum) value of
all variables in tth iteration, mt

k (n
t
k ) expresses the maximum

(minimum) value of all variables for kth ant. antliontl denotes
the selected position of lth antlion in tth iteration.

Step 3: Establishment of traps As is illustrated above, multi-
objective optimization problem is solvedwith a high diversity;
thus, a proper selection mechanism is necessary for choosing
process parameter sets. The leader selection assists in deter-
mining appropriate parameter solutions, and archive Arch
helps store process parameter solution sets. The roulette wheel
is adopted for selecting fittest antlion while establishing a trap.

To generalize the distribution region of optimization sets in
the Arch, the selection probability Pi of antlion is expressed in
Eq. (36).

Pi ¼ c
Ni

ð36Þ

where c is a constant,Ni denotes the total process parameter
sets in ith solution. In addition, the poor optimization sets and
surplus optimization sets will be eliminated when the Arch is
full. The Arch needs to update itself to ensure the superiority
of solution sets that 1

�
Pi

represents the elimination

probability.

Step 4: Sliding process of ants While ants slide towards
antlions, the range of random movements will be shrinked
adaptively. Equations (37) and (38) give the details.

nt ¼ nt

I
ð37Þ

mt ¼ mt

I
ð38Þ

where I ¼ 10w t
T, the t means the current iteration,

and T denotes the total iteration times. w indicates a
predefined constant; Eq. (39) gives specific parameter
setting.

w ¼

2; t > 0:1T
3; t > 0:5T
4; t > 0:75T
5; t > 0:9T
6; t > 0:95T

8>>>><
>>>>:

ð39Þ

Step 5: Predatory process and reconstruction trapOnce an ant
falls into the pit, the antlion carries out predatory action im-
mediately and replaces the position of ant eaten. Equation (40)
presents the update situation.

antliontj ¼ antti; f antti
� �

< f antliontj

� 	
ð40Þ

After that, antlion reestablishes the trap pit for next hunt.
The antlion continuously keeps the best position in the opti-
mization area to guide the ant to update its position. Figure 6
describes the trapping process.

Step 6: Elite mechanism Since there are always conflicts be-
tween multiple objectives, the final optimization results actu-
ally are Pareto optimal process parameter sets. In the
IMOALO strategy, the optimum antlion gained is taken as
an elite antlion, and it affects all ants in the optimization pro-
cess. Any antlion can be the optimum elite when it outper-
forms the elite. Subjected to the roulette wheel selection and
elite mechanism, each ant moves stochastically towards a cho-
sen antlion which is shown in Eq. (41).

antti ¼
Rt
rw þ Rt

em

2
ð41Þ

where Rrw and Rem denote random movement determined
by roulette wheel and the elite, respectively. The optimal po-
sition of elite antlion is returned as optimum process parame-
ter solution set, and its fitness becomes the optimum objective
value of global optimization.

Antlion Ant

Trap pit Predation

Fig. 6 The trapping process
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6 Case study

This section mainly expands discussions on proposed method
for solving hobbing process parameter optimization so as to
decrease energy consumption and production cost. The basic
elements of case study are given in Sub-section 6.1. The op-
timization results are stated clearly in Sub-section 6.2. To
prove the superiority of proposed method, a comparative ver-
ification is elaborated in Sub-section 6.3.

6.1 Case preparation

The gear hobbing is conducted on YDZ3126CNC high-speed
dry hobbing machine for small module gears. The specific
hobbing machine performance parameters, hobbing force co-
efficients [36], and production cost coefficients are illustrated
in Table 1. For hobbing machine, its performance parameters
are set by machine tool manufacturer at the time of delivery
which represents the manufacturing capability of machine
tool. While for coefficients of hobbing force, they are deter-
mined by the experiments which were discussed in the previ-
ous research [36], and the coefficients in previous experiments
can be directly taken due to similar machining scene with this
study. And the same for the determination of tool life coeffi-
cients. The cost coefficients are defined with regard to the
actual situation.

In addition, the parameters of gear workpiece and hob used
in this study are listed in Table 2. The common materials of
hob and gear workpiece have been selected for ensuring the
universality of results due to the complexity of influence
mechanism of materials on parameters, and this study mainly
concentrates on optimizing process parameters. By analyzing
the NC programs of hobbing process, the axial length of air-
cutting is 21.168 mm; the radial length of air-cutting is 104.5
mm. The total cutting length is 52.168 mm while additional
set safe distance is 17.168 mm. To obtain the pertinent power

information and other parameters, the data acquisition process
based on CNC system is depicted in Fig. 7.

The initialization of adaptive IMOALO parameters is set as
below: the number of ant population NumAnt=100, the max-
imum iterations max_iter=500, the maximal storage quantity
of repository archive NumAr=100, the data dimension dim=4,
and the number of objectives obj_no=2. The rest of the algo-
rithm is coded according to the built models. Then the simu-
lation process for modeling and optimization are implemented
on matlab R2020a in a personal computer which is configured
with Inter(R) Core(TM) i5-8265U CPU and 8 GB of RAM.

6.2 Results and discussion

On the basis of above preparation, the energy consumption
model and production cost model are well established by cod-
ing. After enough iterations of algorithm, the final optimiza-
tion result chart is shown in Fig. 8. Intuitively, it can be seen
that the larger the production cost, the smaller the hobbing
energy consumption, which reveals that an approximate in-
verse proportion constraint may reside in hobbing energy con-
sumption and production cost. Although it is difficult to min-
imize both objectives at the same time, the proposed
IMOALO still achieves a balance between the two. The green
dot represents the obtained elite (Etotal = 306,039.64 J, Ctotal =
53.86 yuan) which achieves the best process parameters solu-
tion. This indicates that a proper balance between the energy
consumption and production cost can be reached by decisions
on appropriate parameters. To reveal the function relation be-
tween Etotal and Ctotal, a smoothing spline-based fitting curve
is shown in Fig. 9, which directly shows the interdependence
between the two objectives. Minimizing one objective means
that the other is bound to become larger, hence selecting rea-
sonable parameters set is quite requisite. The corresponding
process parameters solution is given in Table 3.

Table 1 The performance parameters of machine and hobbing force coefficients

Machine tool parameters Model Main power n0 Fa Fr
YDZ3126CNC 29.3 (kW) 0~2500 (r/min) 0~7500

(mm/min)
0~7500
(mm/min)

Maximum hob diameter Maximum hob length Maximum tangential stroke Maximum modulus
130 (mm) 230 (mm) 200 (mm) 6 (mm)

Hobbing force coefficients Cf K1 K2 K3 xf
18.2 1 1.05 1.11 1.75

yf zf uf vf
0.65 0.81 0.26 0.27

Tool life coefficients CT ω

3 × 108 −1.9
Cost coefficients st sl sm se

560 (yuan/min) 0.3 (yuan/min) 2.1 (yuan/min) 0.13 (yuan/kWh)
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The obtained optimization results of specific process
parameters are organized in Table 3. The IMOALO
generates 8 sets of process parameter scheme in which
P8 = {72.12, 839.92, 85, 3} makes gear hobbing reach
the elite machining state. The results analysis is as
follows:

(1) It can be seen that the final two objective values in P8

are not the smallest of all, but the comprehensive effect is the
best. The values of P8 can make hobbing energy consumption
and production cost simultaneously reach the optimal values
and the corresponding process parameters also becomes the
optimal solution set;

(2) The Fa and n0 tends to vary in their respective ranges; it
can be seen that when these two cutting parameters are in a
middle level that simultaneous minimum of Etotal and Ctotal

can be guaranteed. And the elite parameters solution P8 sup-
ports that as well.

(3) Refer to Table 3, the more solutions of process param-
eters are given with z0=3 which is consistent with the number
of hob heads selected in actual machining. In fact, he hob with
small threads such as z0=2 generally takes more time to ma-
chine gears and more energy consumption will be generated.
Considering both energy consumption and production cost,
z0=3 has wider applicability;

(4) For d0, it usually takes the standard specification
values of 70 mm, 80 mm, 85 mm, 90 mm, 95 mm,
100 mm, etc. The values of d0 reveal that larger d0 is
conducive to less energy consumption. This can be ex-
plained that the hob with larger diameter can shorten
the time of gear processing, which follows the practical
gear production. However, the hob with large diameter
in tool production cost and tool consumption cost ac-
counts for a larger proportion, and this directly leads to
the increase of production cost. As shown in Table 3,
the corresponding energy consumption of P1, P2, and P3

is relatively small than other parameters set, which their
production cost are relatively high. It shows that
d0=85 mm has a better effect on balancing both hob-
bing energy consumption and production cost.

(5) The difference between values is also attributed to
the fact that the use of hob is submitted to specific
specification values d0 and z0 are all integers, while
many non-integer continuous variable values are found
in the simulation process, such as values in P18 and
P19. To be practical and reliable, these parameters are
rounded in the program.

(6) The proposed method provided a repository with 20
process parameter sets, which can provide more parameter
schemes for technical workers and expand hobbing process
knowledge for practical manufacturing.

6.3 Comparative verification

To better present the excellence of proposed multi-objective
optimization strategy, some comparative works are resumed
as follows. Except for the multi-objective optimization of
IMOALO conducted above, the comparison with single ob-
jective optimization, comparison with common algorithm,
i.e., NSGA-II, and comparison with experimental results have
been discussed.

Table 2 Specification of gear workpiece and hob

Gear workpiece Hob

mn 1.52 (mm) Material KHSS-E Emo5Co5

z2 59 Coating TiN

β0 34.6 (°) z0 3

B 18.5 (mm) d0 70 (mm)

αn 15 (°) s 15

Helix direction Left Helix direction Left

Number of clamps 1 Accuracy grade AA

ts, ta, tc ...

Time parameters

YDZ3126CNC

NC programs

Other efficient 

coefficients...

CNC system panel

Power analyzer

La, Lr, E, A, U, Fr ...

Machining parameters

Gear workpiece 

parameters

B, mn, z2 ...

Power parameters

Ps, Psc, Pn ...

Fig. 7 The data acquisition
process
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6.3.1 Comparison with single objective optimization

In order to maintain the coherence with the proposed method,
the single objective optimization has been run by ALO for
comparison. The basic algorithm parameters are consistent
with the case above; matlab is utilized to code for simulation.
The acquired iterative curves of Etotal and Ctotal are shown in
Fig. 10, and the process parameter solutions of different op-
tions are given in Table 4.

First, it reveals that individually optimizing Etotal in option
1 makes the energy consumption decrease about 8.71% com-
paring to option 3, but this leads to the expense of a larger
production cost with a 24.45% increase. Here it gives a rela-
tively large Fa with 81.87 mm/min which contributes shorter
processing time and less energy consumption. Second, when
individually optimizing Ctotal in option 2, the consumed ener-
gy is quite large with 426,126.94 J, which is 39.24% greater
than the energy consumption and 15% less production cost in
option 3. And corresponding process parameters in option 2
are smaller than that in option 3 which indicates that optimiz-
ing energy consumption is more sensitive to the change of
parameters than optimizing production cost. Third, although

Table 3 The optimization results
of hobbing process parameters by
IMOALO

Sequence Fa (mm/min) n0 (r/min) d0 (mm) z0 Etotal (J) Ctotal (yuan)

P1 84.02 954.98 100 2 269,148.51 78.80

P2 85.00 929.68 100 2 272,158.74 77.09

P3 78.08 911.19 90 3 282,987.16 65.31

P4 73.28 877.60 85 3 295,764.11 56.22

P5 73.16 875.96 85 3 296,980.85 56.12

P6 72.12 867.18 85 3 298,017.06 56.04

P7 72.12 853.55 85 3 300,792.99 54.92

P8 72.12 839.92 85 3 306,039.64 53.86

P9 68.23 844.37 80 3 310,729.45 50.17

P10 67.41 816.68 75 3 313,953.01 49.16

P11 67.37 820.60 75 3 321,404.68 49.15

P12 64.94 810.23 75 3 322,011.33 47.33

P13 64.12 811.60 70 3 323,393.99 46.57

P14 63.32 805.87 70 3 326,492.82 46.19

P15 62.20 800.22 70 3 327,183.11 45.81

P16 61.89 800.26 70 3 334,644.29 45.79

P17 61.76 800.00 70 3 342,799.50 45.79

P18 61.86 800.00 70 3 344,829.45 45.79

P19 61.20 800.00 70 3 353,209.74 45.76

P20 60.00 800.00 70 3 424,877.59 45.70

Fig. 8 The evolution results of Pareto optimal set Fig. 9 Fitting curve
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the single objective optimization achieves good results in one
objective, but it will make the other objective worse. The
multi-objective collaborative optimization can solve this prob-
lem, so that the two objectives can reach an optimal balance.
Last but not least, the single optimization not only provides a
choice for those who tend to achieve single objective

optimization but also enriches the parameter schemes for gear
hobbing.

Therefore, concurrently optimize Etotal and Ctotal by
IMOALO method offers a balance with lower energy con-
sumption and lower production cost. In practical production,
optimizing two objectives concurrently is quite difficult to
accomplish based on historical processing experience and ac-
cumulated knowledge. Developing effective multi-objective
optimization strategy is quite important to assist technologists
in selecting appropriate parameters. The proposed IMOALO
provides a new solution.

6.3.2 Comparison with common algorithm: NSGA-II

Generally, the well-known optimization algorithm such as
NSGA-II has been widely used in different fields as stated
before. For verifying the proposed optimization method, the
traditional NSGA-II is utilized to compare the performance
with proposed method. The population size and iterations
are the same as the settings in IMOALO; the rest of the algo-
rithm parameters are referenced to the previous work [43], and
the multi-objective function model is coded as elaborated in
Section 4. The final results are shown in Table 5.

As listed in Table 5, whether it is energy consumption or
production cost, the results obtained by NSGA-II are larger
than those obtained by the proposed method. In particular, the
results of NSGA-II show that the energy consumption in-
creases by 3.24% and production cost increases by 5.37%
compared with that of proposed method. Both methods tend
to choose the hob with d0 = 85 diameter and z0 = 3, and the
main change is in the selection of axial feed speed Fa and
spindle speed n0. The values show that larger values of Fa

and n0 are more conducive to lower energy consumption
and production cost. Thus, it can be concluded that the values
of Etotal and Ctotal of proposed method show better results.
And the reference value of cutting parameters and hob param-
eters are somewhat different that leads to different objectives.

To summarize, the optimization results in this study show
the effectiveness and feasibility of proposed IMOALO opti-
mization method. It indicates that the proposed method has
good optimization ability and convergence speed. Moreover,
it generates a process parameters knowledge for industrial
production, which provides a suitable parameters solution
scheme for the improvement of hobbing process.

Table 4 Optimum process parameter solutions in different situations

Option Item Fa
(mm/min)

n0
(r/min)

d0
(mm)

z0 Etotal (J) Ctotal (yuan)

1 Optimize Etotal 81.87 800.97 85 3 279,382.79 67.03

2 Optimize Ctotal 60.76 800 70 3 426,126.94 45.78

3 Concurrently optimize Etotal, Ctotal 72.12 839.92 85 3 306,039.64 53.86

(a) Iterative curve of Etotal

(b) Iterative curve of Ctotal

Fig. 10 Iterative curves of Etotal and Ctotal. a Iterative curve of Etotal. b
Iterative curve of Ctotal
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6.3.3 Comparison with experimental results

The gear hobbing experiment has been conducted to compare
with the proposed multi-objective model and optimization
method. Due to the limitation of experimental conditions,
the experimental scene and wiring diagram are shown in
Fig. 11. The left side of Fig. 11 is the machining area of the
machine tool, and the right side is on the back of the machine
tool, that is, the electrical wiring has been arranged at the side
of the electrical cabinet. With the help of skilled workers, we
use process parameters provided by parameter library to ma-
chine the gear blank, and measure the corresponding time
parameters and power parameters.

When hobbing a gear blank, the corresponding time param-
eters are acquired from CNC system panel, and power param-
eters are obtained by power analyzer. After getting the proc-
essed gear, the surface quality of the gear is measured based
on 3906 CNC gear measuring center. The specific measure-
ment process is shown in Fig. 12. The energy consumption is
essentially the integral of power over a period of time.
Considering that power such as Pn, Pr is not easy to measure
in practice, the main powers covering standby power, cutting
power, and air-cutting power are monitored. The energy con-
sumption profile during a complete machining process is il-
lustrated in Fig. 13, in which the area between the curve and
the abscissa represents the energy consumption of the

corresponding state. And the used process parameters and
obtained results are organized in Table 6.

In order to compare as much as possible from the perspec-
tive of actual processing, the process parameters are deter-
mined as provided by a machine tool group and the hob sup-
plied with d0 = 70 mm and z0 = 3. And Fa and n0 are set by
actual machining case and the above simulation results. Since
the cutting power changes greatly, the average power of the
whole cutting period is displayed, while the power of the
corresponding standby period and the air-cutting period is
relatively gentle. And we calculate the final hobbing energy
consumption and production cost according to the machining
conditions and technologists. And the surface quality of gears
is measured as tooth curve error fcx = 9.2 μm which is lower
than the reference value 15 μm and tooth profile error fcy =
5.92 μm that is less than the reference value 12.0 μm. Thus
surface quality of the machined gear obviously meets the
benchmark standard.

The objective values of energy consumption and produc-
tion cost are 314,802 J and 55 yuan, respectively. This obvi-
ously indicates that the experimental results are inferior to the
results of proposed method comparing to Table 5, which also
implies that energy consumption and production cost of actual
processing are affected by more external conditions such as
improper operation of workers and machine failure. But this
comparison also proves the superiority of the proposed

Table 5 Optimization results with different methods

Method Fa
(mm/min)

n0
(r/min)

d0
(mm)

z0 Etotal (J) Ctotal (yuan)

NSGA-II 68.01 803.20 85 3 315,948.20 56.75

The proposed method 72.12 839.92 85 3 306,039.64 53.86

Hob

Gear 

workpiece

Worktable

Machine tool

CNC system panel

Power analyzerElectrical wiring

Machine tool front:

machining area

Back side of machine tool :

electrical cabinet

Fig. 11 Experimental scene and
wiring diagram
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method in terms of the balance between energy consumption
and production cost with optimizing process parameters.

7 Conclusions and prospects

Based on improved multi-objective ant lion optimizer
(IMOALO), an integrated parameter optimization method is
proposed for optimizing cutting parameters and hob parame-
ters, which aims at reducing energy consumption and produc-
tion cost in hobbing process. Comparing to the previous work,
the proposed method is stronger in the following aspects:

(1) The mapping relations between energy consumption,
production cost, and process parameters are investigated. A
multi-objective optimization model devoting to realize para-
metric optimization for an optimal balance between energy
consumption Etotal and production cost Ctotal is established.
The hobbing energy consumption model and production cost
model are structured in detail. The optimization model is
solved by the proposed IMOALO, which illustrates competi-
tive parameters solution set comparing to generic single opti-
mization, other traditional optimization methods, and experi-
mental results.

(2) This paper simultaneously integrates the cutting
parameters (Fa, n0) and hob parameters (d0, z0); the four

are taken as controllable decision variables for optimiz-
ing Etotal and Ctotal. The proposed optimization method
gives the process parameter solution with {Fa=72.12
mm/min, n0=839.92 r/min, d0=85 mm, z0=3} that can
reach the elite objectives with (Etotal =306,039.64J,
Ctotal =53.86yuan), which shows that IMOALO has a
distinctive advantage in concurrently minimizing energy
consumption and production cost. Results prove the va-
lidity and feasibility of the proposed method.

(3) An integrated multi-objective optimization strategy
based on IMOALO is developed for process parameters opti-
mization and decision-making. Differing to common paramet-
ric optimization, this study generates a range of Pareto optimal
sets and corresponding process parameters for industrial pro-
duction. It not only provides a process parameters knowledge
for enterprises but can assist technologists in making a deci-
sion in parameter selection. Moreover, the method can also be
applied to other machining scenarios.

To apply the proposed method, a process intelligent
evolution system is developing at present, which inte-
grates the proposed method into a function module of
the process intelligent evolution system and provides a
machine tool enterprise with production decision sup-
port. It devotes to transmitting the optimal process pa-
rameters obtained by the proposed method to the CNC
system through external algorithm programming and
CNC programming, so as to realize the cooperation be-
tween the proposed method and the CNC system of
machine tool. Thus, the next gear hobbing can be car-
ried out under the obtained process parameters.

In addition, the work lays a foundation for the re-
search of multi-objective process parameter optimization
technology. For future work, the following three parts
can be further studied. First, differing from the parame-
ter analysis in this paper, there is a complex dependen-
cy between specific process parameters and the influ-
ence mechanism of diverse materials of tools and

Table 6 Experimental results

Process parameter Fa (mm/min) n0 (r/min) d0 (mm) z0
73.22 800 70 3

Time parameter ts (s) tc (s) ta (s)

11 51 9

Average power ps (W) pc (W) pa (W)

2898.27 4971.25 3265.22

Energy consumption Es (J) Ec (J) Ea (J)

31,881 253,534 29,387

Surface quality of gears fcx (μm) fcy (μm)

9.2 5.92

Objective values Etotal (J) Ctotal (yuan)

314,802 55

Fig. 12 Measurement process

Fig. 13 Energy consumption profile of gear hobbing
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workpieces on process parameters should be investigat-
ed. Second, the impact of process parameters on tool
life and tool wear deserves more consideration, and
the other hob parameters such as groove number and
top circle diameter could also be investigated in the
multi-objective optimization. Third, with the develop-
ment of artificial intelligence technology, adjusting and
controlling process parameters adaptively to communi-
cate with CNC system are worthy of profound study.
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Nomenclature ap, Cutting depth (mm); A, Surpass stroke of hob (mm);
B,Gear width (mm); cpi,Cutting parameters;Cf, K1, K2, K3, xf, yf, zf, uf, vf,
Hobbing force coefficients; Cenergy, Energy consumption cost (yuan);
Cgear, Gear blank cost (yuan); Clabor, Labor cost (yuan); Cmachine,
Machine tool wear cost (yuan); Ctool, Tool cost (yuan); Ctotal,
Production cost (yuan); CT, ω, Tool life coefficients; da0, Diameter of
hob tip (mm); d0, Diameter of hob (mm); E, Approach stroke of hob
(mm); Ea, Energy consumption in air-cutting state (J); Ec, Energy con-
sumption of cutting state (J); Es, Energy consumption in standby state (J);
Etotal, Hobbing energy consumption (J); fa, Axial feed (mm/r); Fa, Axial
feed speed (mm/min); Famax, Maximum axial feed speed (mm/min);
Famin, Minimum axial feed speed (mm/min); Fc, Hobbing force (N);
Fcmax, Maximum hobbing force (N); Fr, Radial feed speed (mm/min);
hpi, Hob parameters; j, Total passes of hob; La, Axial air-cutting length
(mm); Lr, Radial air-cutting length (mm); mn, Normal module of gear
(mm); n0, Spindle speed (r/min); nmax, Maximum spindle speed (r/min);
nmin, Minimum spindle speed (r/min); Pa, Power consumption in air-
cutting state (W); Pap, Additional power consumption (W); Pc, Power
consumption of cutting state (W); Pe, Rated motor power (W); Pn,
Power consumption under non-loaded machine running (W); Pr, Power
consumption in removing process (W); Ps, Power consumption in stand-
by state (W); Psc, Power consumption of the activated auxiliary systems
(W); r, Radius of hob tip (mm); Ra, Finished surface roughness (μm); s,
Number of slots; se, Unit cost of electricity energy (yuan/kWh); sl, Unit
cost of labor (yuan/min); sm, Unit cost of machine wear (yuan/min); st,
Unit cost of tool (yuan/min); ta,Air-cutting time (s); tc,Cutting time (s); ts,

Standby time (s); ttotal, Total processing time (s); Ti
hob , Service life of

tool (min); Tmin
hob , Minimum tool life (min); Tm, Service life of machine

tool (year); U, Safety allowance (mm); v, Cutting velocity (m/min); wpi,
Gear workpiece parameters; Xi, Parameters set; z0, Number of hob heads;
z2, Number of gear teeth; αn, Profile angle (°); β0, Helix angle (°); εi,
Additional power coefficients; κi, Non-loaded machining power coeffi-
cients; η, Motor power factor; ABC, Artificial bee colony; AMGA,
Archive-based micro-genetic algorithm; COA, Cuckoo optimization al-
gorithm; GA, Genetic algorithm; HH, Hoopoe heuristic; IMOALO,
Improved multi-objective ant lion optimizer; MOGWO, Multi-objective
grey wolf optimizer; MOPSO, Multi-objective particle swarm optimiza-
tion;MOSA,Multi-objective simulated annealing;MRR,Material remove
rate; NSGA-II, Non-dominated sorting genetic algorithm-II; NSTLBO,
Non-dominated sorting teaching-learning-based optimization; SEC,
Specific energy consumption
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