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Abstract: Blank is the foundation for manufacturing enterprise production. The change of blank
dimension is the fundamental purpose of product processing, and blank dimension change process
dramatically affects the cost and energy consumption of blank production and use process. Therefore,
the blank dimension design is of great significance for the sustainable development of enterprises.
Based on the management concept of the business compass, combined with the enterprise develop-
ment plan and production situation, this article established a blank dimension optimization design
model, which can design the blank dimension according to enterprise demand. The model took
the energy consumption and cost of the blank production and used process as the optimization
objectives, and was solved by the gray wolf algorithm. The model was verified by analyzing the
machining process of a fixture cavity. By comparison with standard square blank dimensions, the
research results showed that the optimized square blank dimension can meet the objective of saving
energy and reducing costs, it can also fully coordinate economy and resource consumption.

Keywords: blank dimension design; business compass; energy saving; low cost; grey wolf algorithm

1. Introduction

With the rapid economic development, energy consumption is also increasing. Ac-
cording to statistics, about 70% of energy consumption comes from industry; industrial
development faces many challenges, such as high energy consumption, low energy effi-
ciency, and prominent environmental problems [1,2]. Economy is developing from rapid
growth to high quality, and the manufacturing industry is also developing in a green and
sustainable direction, it has the characteristics of low energy consumption and strong inno-
vation ability [3]. Product design can determine more than 80% of product performance
and its impact on the ecological environment, blank dimension design has become the key
to effectively avoiding environmental pollution and saving resources. The blank dimension
is the link between the production and use process of blank, and has an important impact
on the whole process energy consumption and cost [4,5]. Therefore, blank dimension
design can play an important role in energy saving and cost saving.

In view of the importance of blank dimension optimization design, many scholars
have studied it from different aspects. In order to find the optimal blank dimension and tra-
jectories of variable holder force, Uchida et al. used the method of sequential approximation
optimization (SAO) of radial basis function (RBF) networks [6]. Chen et al. proposed a new
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two-layer manufacturing process based on hot forming and diffusion bonding technology,
planned a basic technical approach for blank optimization, and used ABAQUS software to
numerically simulate the forming process [7]. Liu et al. used quasi-equipotential field and
response surface analysis to analyze the preforms of three-dimensional complex forgings.
The inverse fitting method was used to extract the equipotential surface and the line surface
smoothing treatment to realize the forming optimization of the blank [8]. Based on iterative
numerical simulation, Gharehchahi et al. proposed a new algorithm that can correct the
boundary shape of the blank in multiple iterations [9]. Giuliano et al. used a finite element
method to find values that make the final distribution of product thickness as uniform as
possible, which resulted in blanks of variable thickness [10]. Wang et al. proposed a blank
dimension optimization technique based on laser scanning. By fitting the blank point cloud
and the CAD model, the machining allowance problem of each machining surface of the
blank part was solved, and the method has been verified in the blank optimization of an
aircraft part [11]. Zhang et al. proposed a preform develop method integrating automatic
mesh adjustment and finite element. This method can help to design the blank geometry
based on some typical process conditions [12].

Some scholars optimized the parameters of the blank use process to meet the process-
ing needs of energy saving, environmental protection, improving processing quality, etc.
Cai et al. proposed a set of methods and criteria for lean manufacturing, green energy sav-
ing, and sustainable development of product production [13,14]. To reduce the energy con-
sumption of high-speed dry cutting gear hobbling, Ni et al. set up a model with processing
energy consumption and processing quality as optimization objectives, solved the model
with the improved gray wolf optimization (MOGWO) algorithm, and used the approximate
ideal solution ranking method (TOPSIS) to optimize the process [15]. Dong et al. proposed
a cloud model mutation-based multi-objective lion colony optimization (CMOLSO) method
to solve the two NP-hard problems of the flow shop scheduling and the job shop scheduling
problem in industrial production. The concepts of cloud model and cloud generation were
introduced into the algorithm [16]. Wei et al. proposed a multi-objective optimization
method based on a fitness shared genetic algorithm (FSGA). The optimization model con-
sidered the two objectives of the arc welding process, energy consumption, and thermal
efficiency, and compared it with the traditional GA algorithm [17]. Albertelli et al. de-
veloped a new model for estimating the energy consumed by machine tool machining,
taking into account the energy absorbed by different machine components as a function of
cutting parameters [18]. Lu et al. established a multi-objective and multi-channel turning
model, and proposed a new multi-objective backtracking search algorithm [19]. Lv et al.
created a multi-objective optimization model of grinding energy consumption and carbon
emission. Combined with AHP and critical methods, the improved genetic algorithm was
used to optimize the solution results [20]. Zhang et al. used process parameters such as
pre-expansion pressure, hydraulic pressure, blank holder force, blank holder fillet radius to
create a multi-objective optimization model, and other process parameters for the wrinkling
and cracking defects of the hydroforming of the bottom of the integral storage tank, and
used NSGA-III to determine the optimal parameter [21]. Zhan et al. set up a multi-objective
optimization model of milling parameters, aiming at carbon emissions, cost, and time
in the milling process, and proposed an improved non-dominated sorting gravitational
search algorithm to solve the problem [22]. Feng et al. proposed a systematic method
that integrated an energy model, experimental design, and multi-objective optimization
model based on energy consumption and cutting parameters [23]. Li et al. established an
optimization model with machining surface roughness, material removal rate and machin-
ing energy consumption as optimization objectives and cutting parameters as variables.
They considered tool wear during machining and proposed an improved teaching-based
optimization (TLBO) intelligent optimization algorithm [24].

Many experts have studied the blank production and use process, respectively, and
put forward some methods for blank dimension optimization design and parameters
optimization. Traditional blank production enterprise carries out the blank optimization
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design according to its own production situation, the blank user enterprise selects the
appropriate blank from the standard blank according to the parts and the enterprise’s
production situation [25]. In these blank dimension design methods, the designers design
blank dimension according to the production enterprise’s conditions, which can ensure
the optimal energy consumption and cost in the blank production stage. In the blank use
stage, the enterprise production personnel can optimize the parameters according to the
enterprise’s own conditions; it can ensure the best energy consumption and cost in the
blank use stage. However, single stage optimality does not guarantee overall optimality.

In order to fill the gap of blank dimension design, this article customized the blank
dimension design according to the enterprise production needs. The design process was
guided by the business compass model, the process elements of blank production and
blank use were considered as a whole, energy consumption, and cost objective functions
were established, and the gray wolf algorithm was used to optimize the solution. The
effectiveness of this method was demonstrated by a case study.

2. Business Compass and Blank Dimension Design

The blank dimension design is a complex process closely related to the enterprise’s
management, operation, and technical level. Therefore, we combine the concept of business
compass to analyze the blank dimension design of the enterprise operation process.

2.1. Business Compass Analysis

The business compass is a new type of enterprise organization management and oper-
ation mode, and it is the guiding ideology of the top-level structure design of the enterprise.
Based on the management theory and the “five elements” philosophical system in ancient
China, the “five-dimensional” system in the management compass is summarized [26]. The
five elements theory is the primary way to understand the world. The “five elements”—
“wood, fire, earth, metal, and water”—is a primitive systematic theory in ancient China.
The five elements theory is the core of Chinese Taoist culture. It believes that everything in
the universe is composed of the movement and cyclic changes of the five basic elements
of wood, fire, earth, gold, and water [27]. The “five dimensions” in the business compass,
as shown in Figure 1, namely “trend, tactics, method, instrument, and benefit”, are the
five elements of business operations and can guide business development. The trends of
operating the compass, including national laws and regulations, local policies, industrial
development, changes in market demand, etc., affect the future development direction
of enterprises. The tactics of the business compass is the development plan and path
formulated by the enterprise according to the external development trend. The method of
business compass is the development method and strategy formulated by the enterprise
according to the development plan and the current production conditions. The instrument
is the direct carrier of enterprise production and guarantees to transform enterprise de-
velopment strategy into actual results. The benefit is the enterprise’s distribution method
and reward and punishment system, and a sound distribution system can fully stimulate
employees’ enthusiasm [28].
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Figure 1. Business compass diagram.
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2.2. Blank Dimension Design and Business Compass

Blank is the basis for the workpiece production and is the production object that is first
produced and used for further processing according to the requirements of the workpiece.
The dimensional design of the blank affects the processing flow of the product, such as
processing plan, processing technology, processing equipment, parameter settings, etc.
In addition, the blank dimension design determines a company’s operation process and
significantly impacts the company’s development direction, overall planning, product
production, and product development. The blank dimension design can combine with the
idea of operating a compass, as shown in Figure 2. Compared with the “five dimensions”
of the business compass, “trend, tactics, method, instrument, and benefit”, the five dimen-
sions of blank dimension design are environment, enterprise management, design method,
equipment, and operation department. The environment refers to external conditions such
as national laws and regulations, regional policies, and development trends. Enterprise
management is the management system proposed by enterprises for the external environ-
ment. The blank dimension design method is the condition to solve the problem and is
the way, step, and means to achieve the design purpose. A device is a vehicle that turns a
design into a product. Operations can sell products for benefits and distribute benefits.

Operation
department

Business -
@ compass 2

Figure 2. Blank dimension design in business compass.

3. Multi-Objective Function Construction Considering Blank Dimension

Blank dimension is not only an important factor to determine the production and use
stage of blank process objectives, but also an important condition to affect the enterprise
management process. Traditional enterprise production often only considers economics,
resulting in waste of resources and environmental damage. The production of modern
enterprises takes resources and the environment into consideration. Therefore, with cost
and energy consumption as the optimization goals, the relevant function calculation process
is as follows [29-31].

3.1. Energy Consumption Function

According to the blank production and processing process, the energy consumption
is divided into the blank production stage and blank milling energy consumption. The
production of blanks must go through the mining and transportation of raw materials (iron
ore and coal), blast furnace ironmaking, steelmaking, rolling, and other processes. The stage
where the energy consumption of the blank production stage has a huge influence on the
total energy consumption starts from the rolling process, other processes have little effect
on the dimension of the blanks. Therefore, the energy consumption of the blank production
process only considers the rolling energy consumption. The total energy consumption can
be expressed as follows:

E=Ez+Ey @)
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where Ej7 is the rolling energy consumption of blank and Ej; is the milling energy con-
sumption of blank.
The blank rolling energy consumption can be expressed as follow:

n n
Ez =Y g =) Mpvt/D; 2)
=1 =1

where 1 is rolling pass, and M, v, ¢, Dy, g are the rolling torque, rolling speed, rolling
time, roll working diameter, rolling energy consumption of ¢ pass, respectively.
The rolling pass is expressed as follows:

_ log(u)
"= log(up) )
= @

where 1, is the overall elongation coefficient, F, is cross-sectional area of red blank, F; is
the finished and hot cross-sectional area, and u,, is average elongation coefficient.

The energy consumption of machine tool milling process consists of the following parts:
the milling energy consumption E; of the machine tool, the no-load energy consumption
Ey, the additional load energy consumption E,, the feed system energy consumption E;,
and the auxiliary system energy consumption Ey. Therefore, the energy consumed during
machine milling can be expressed as:

EM:Ec+Eu+Ea+E]+Ef (5)

The energy consumption of servo feed system and auxiliary system is little affected by
milling parameters. The energy consumption of servo feed system and auxiliary system is
little affected by milling parameters and can be expressed by constant K.

The energy consumption of the milling process of the machining center is expressed
as follows:

nDLthuvPKrvacherZe 1000v, 2 1000v, niDL

B Blx [ 2r 4K
1000f.z )+ B (=5) B B faen e T ©)

3.2. Cost Function

According to the process of blank production and processing, the cost is divided into
blank production cost and blank milling processing cost.

where C;, and C, are the blank production cost and the milling cost, respectively
n
CZ = 2 Cj (8)
i=1

The cost of one milling process of a machining center includes cutting cost, tool change
cost, and other auxiliary consumption costs, etc. The cost function of machine milling

process is:
T

sza(Tf-i-Tm-i-Tr?) 9)
ﬂ:n+é (10)
44
L

T. —
T nfz

(11)
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where C, is the average cost of processing a workpiece; « is labor and overhead costs per
unit time; T is auxiliary time; Ty, is process time; § is tool cost; Tt is effective milling time
of workpiece; T, is tool changing time; L is part milling length; f, is feed per tooth; n is
spindle speed; v, is machine milling speed; 4, is machine milling width; z is number of
milling cutter teeth; a, is machine milling depth; D is milling cutter diameter; T is tool life;
and Cy, o, k, q, u, g, HB are the milling cutter life correlation coefficient.

4. Constraints

The constraints to be considered in the blank-design process are as follows:
0 < Omax (15)
where 6 and Omax are, respectively, the actual occlusal angle and the maximum occlusal angle.
6 < Omax (16)

where § and dnmax are, respectively, non-equiaxed section rolling ratios and maximum
allowable shaft ratios
Nmin < 1 < Nmax (17)

where 1max and 1y are the maximum and minimum machine tool speeds, respectively.
fmin < f < fmax (18)
where fmax and fmin are the fastest and lowest feed rates of the machine, respectively.
Pe < 17Pmax (19)

where 7 is the effective coefficient of milling machine power and Ppax is the maximum
power of milling machine.
F < Frax (20)

where Fnax is the maximum cutting force.

< Mmax (2 1 )

where Mpax is the maximum torque that the spindle can with stand.
Timin < T < Tmax (22)
where Tax and Ty are the upper and lower limits of tool life, respectively.

5. Case Study
5.1. Problem Background

A factory needs to process a fixture cavity, the size is shown in Figure 3, the workpiece
material is 45#steel, and the quantity is 100,000 pieces.
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Figure 3. Workpiece dimensions.

5.2. Analysis of Grey Wolf Optimization Algorithm

Grey Wolf Optimization Algorithm (GWO) was created by Mirjalili et al. in 2014.
It is a kind of swarm intelligence optimization algorithm [32]. Different social classes
within the gray wolf population guide the hunting behavior of the wolf group, thus
forming a simple and effective optimization algorithm. The algorithm is simple in principle,
easy to understand and implement, and has the characteristics of fewer parameters and
strong global search ability. Currently, the gray wolf optimization algorithm has been
successfully applied in scheduling problems, solving constrained optimization problems,
high-dimensional optimization, and path planning problems. However, GWO algorithm
also has some problems. Its accuracy is low and convergence speed is slow, so it is easy to
find local optimal solution. Therefore, this paper adds crossover and mutation operations
in the update process, which can better find the optimal solution [33]. The algorithm flow
is shown in Figure 4.

Initialize the population,
set parameters

| Calculate the fitness value
of gray wolf

Sorting based on Parato
relation

Satisfy
termination
onditions2

Create a social hierarchy
for each wolf

|

‘ Search prey ‘

l

‘ Crossover and mutation ‘

Merge the new wolf group
with the original wolf
group

——————{ Update population location

Figure 4. Grey wolf algorithm flow.
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Most wolves live in groups, and the entire population can be divided into four social
levels: a wolf is the first level, which plays the role of leading the entire wolf group; 3
wolf is the second level, which mainly assists the o« wolf in decision-making; 6 wolf is
the third level, carries out reconnaissance missions; and w wolf is the fourth level, which
obeys the command of the first three levels of wolves and is the lowest gray wolf. Wolves
hunt according to a hierarchical system, and the gray wolf optimization algorithm is a
simulation of this activity [34-36].

5.3. The Experimental Process of Business Compass Guidance

The business compass is the top management system of the enterprise, which can
coordinate the enterprise’s development plan, existing conditions, interests, etc., and better
guide the development. The blank dimension design must consider various factors in
blank production and further milling process. Under the guidance of the business compass
concept, this paper considered the requirements of enterprises for energy saving and low
cost, and made reasonable arrangements for the processing equipment.

The dimension of the square billet before rolling was 140 x 140 mm, and the material
was 45 steel. The rough rolling equipment was the continuous rolling mill. The rolling
line is divided into the rough rolling mill, intermediate rolling mill, and finishing mill.
There are 14 rolling mills in total, the 3 types of rolling mills have 4, 4, and 6 rolling
mills, respectively, and the rolling mills were arranged alternately. The experiment used a
horizontal machining center, model TH6350. The cutter was a high-speed steel end mill
with a diameter of 16, the number of teeth was 3, and main declination k, was 90°. The
relevant specifications of the CNC machining center are shown in Table 1.

Table 1. Specifications of CNC machining center.

Spindle Speed Feed Speed Maximum Milling Maximum Power Power Effective
n(r/min) vf(mm /min) Force F(N) Pax(kw) Coefficient
40-8000 1-6000 5500 7.5 0.8

The tool life parameters, the parameters related to the calculation of milling force and
the related parameters in the function are shown in Tables 2—4.

Table 2. Tool life parameters.

Cy 0 k q u HB g m Tinin Tinax
8311 0.019 0.17 0.34 0.08 229 0.9 0.26 60 120

Table 3. Milling force parameter.

dp hay p Ko Koer Ze
ap 0.723 f; 2278 f, 7014 1 13 1.1555

Table 4. The relevant parameters in the objective function.

Ty T, w B B By B, K
0.2 2.5 0.5 15 90.115 2 x107° 1.243 1.7 x 104

5.4. Simulation Results

The GWO algorithm was used to simulate and analyze the established energy con-
sumption and cost functions. The population size was set to 100, the maximum number
of iterations was 500, the crossover rate was 0.8, and the mutation rate was 0.1. For the
gray wolf algorithm, the assumed blank dimension interval was from 40 x 40 mm to
50 x 50 mm.
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Blank dimension 1 is the optimal designed blank dimension in the selected range,
which is calculated according to the machining parameters of the overall lowest energy
consumption and cost states. The part dimension is 40 x 40, the traditional design method
selects the standard blank closest to the part dimension, the selected standard blank
dimensions were 42 x 42 as blank dimension 2 and 45 x 45 as blank dimension 3. The
energy consumption iteration diagrams of the three blank dimensions were shown in
Figures 5-7. Blank dimension 1 is shown in Figure 5, the energy consumption of blank
dimension 1 is 117.26, and the optimized blank dimension is 42.62 x 42.62. Blanks 2 and
3 correspond to blanks of dimension 42 x 42 and 45 x 45; the energy consumption is
125.38 and 126.51, respectively. As can be seen from Figures 5-7, with the number of
iterations increases, the algorithm gradually converges, and the optimal value of energy
consumption tends to be stable. Compared with standard dimensions 42 x 42 and 45 x 45,
the energy consumption of the optimized square blank dimension is close to 93.5% and
92.7%, respectively.

140

130 1

energy consumpt ion

120 '

0 50 100 150 200 250 300
Iteration

Figure 5. Energy consumption iterative convergence graph for blank dimension 1.

140

130 N

energy consumption

120 1

. T m T . T . T v T m
0 50 100 150 200 250 300
Iteration

Figure 6. Energy consumption iterative convergence graph for blank dimension 2.
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Figure 7. Energy consumption iterative convergence graph for blank dimension 3.

Iteration

The cost iteration diagrams of blank dimension 1, 2, and 3 are shown in Figures 8-10.
The cost of blank dimension 1 is 6.62 in Figure 8. The cost of blank dimension 2 and 3 are
7.91 and 7.33, respectively. As can be seen from Figures 8-10, as the number of iterations
increases, the algorithm slowly converges, and the optimal cost value tends to be stable.
The blank dimension 1 cost of product and use process is the lowest, and the algorithm
iteration speeds of the three blanks are essentially the same. Compared with standard
dimensions 42 x 42 and 45 x 45, the cost of the optimized square blank dimension is close
to 83.7% and 90.3%, respectively.

10

Figure 8. Cost iteration convergence graph for blank dimension 1.

150 200 250 300
Iteration
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Figure 9. Cost iteration convergence graph for blank dimension 2.
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Figure 10. Cost iteration convergence graph for blank dimension 3.

5.5. Discussion

This paper proposes a blank dimension optimization design method based on the
concept of the business compass. Considering the existing conditions of enterprise factors,
we took the energy consumption and cost of the rolling stage and milling process as the
optimization goal, used the GWO algorithm to solve the model, and the optimal blank
dimension was obtained. The best energy consumption is 117.26, the best cost is 6.62, and
the blank dimension is 42.62 x 42.62. Compared with the square blanks of common Chinese
standard dimensions 42 x 42 and 45 x 45, which are the closest to the part dimension
of 40 x 40, the optimized design of the blank dimension can ensure the lowest energy
consumption and cost in the production and use of the blank.

This method had been verified in practice through the blank design case of the above-
mentioned fixture cavity. The method in this paper can provide some suggestions for the
blank dimension design of enterprises. At the same time, it can guide the energy-saving
production activities of enterprises.
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5.5.1. Theoretical Implication

This research contributes to blank dimension optimization design management prac-
tice and technological innovation in several ways. Firstly, this study established and studied
the theoretical model between blank dimension optimization design practice, business
compass and production process usage objectives. The relationship between the optimal
design of the blank dimension and the use objectives for the production process is clear. In
addition, there are few studies on the effects of business compass on multi-process objec-
tives. Previous studies have focused on the impact of blank dimension optimization design
on blank production stage’s environmental, economic, and organizational performance.
However, no theoretical framework can provide the intermediary link of technological
innovation in the relationship between blank dimension optimization design and whole
business performance.

Secondly, the study considered the two-stage process (blank production and blank use)
that were important to consider in the practice of blank dimension optimization design.
Process energy consumption and cost were incorporated into this study to discover the
impact of blank dimension optimization design practices on business process and process
objectives. Previous studies have not paid particular attention to the overall impact of blank
dimension optimization design on the blank production process and blank use process of
and overall process objectives.

5.5.2. Managerial Implication

This research has important managerial implications for manufacturing companies.
Firstly, the organization needs to consider the importance of blank dimension optimization
design and actively incorporate blank dimension optimization design into the production
management process.

Secondly, this study provides a practical insight for companies to better understand
the role of blank dimension optimization design.

Thirdly, government and enterprise managers who are committed to improving prod-
uct quality, and reducing operating costs and energy consumption can improve these
operating performance parameters by optimizing blank dimension design according to pro-
duction needs. Implementing blank dimension optimization design will help government
and business managers to establish cost-effective, product and process-oriented strategies
to reduce the detrimental impact of their products and processes on the environment.

Lastly, the research contributes to the implementation of blank dimension optimiza-
tion design practices and improve technological innovations in organizations to increase
operational performance and reduce negative environmental impacts.

5.6. Compared with Previous Works

In the literature research in the first chapter, studies [6-12] respectively proposed meth-
ods for designing the blank dimension based on the blank production process information
and verified their validity, but these methods did not consider the information of blank
use process. Studies [13-24] provided many ideas and methods of energy consumption
optimization during blank use process, and these methods effectively achieved the goals,
these researches generally selected the standard dimension similar to the product dimen-
sion, it was not considered whether the standard blank dimension can ensure the optimal
overall energy consumption during blank production and use process. This study is based
on the concept of the business compass model, a method of reversely designing the blank
dimension was proposed, which is based on the production process and use process lowest
objectives emergence moment’s processing parameters. By comparing the blank dimension
designed in this study with the selected blank dimensions of total energy consumption
and cost objectives in blank production and use process, the designed blank dimension can
guarantee at least a 6.5% reduction in energy consumption and a 9.7% reduction in cost
throughout the process, and the solving speed was faster.
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6. Conclusions

The blank dimension has an important impact on the product processing flow and the
enterprise operation. Based on the enterprise management concept of business compass,
this paper combined the five dimensions of business compass with the five dimensions of
the blank dimension design, and established the blank dimension design method. This
method can help the enterprise design the square blank dimension according to the pro-
duction situation of the enterprise.

The main contributions are as follows:

1. Based on the guidance of the business compass model, the business compass model
of enterprise is established to correspond with the logic of human, design method,
environment, equipment, and enterprise management. From the point of view of
management, this paper analyzes and studies the influence of blank dimension opti-
mization on the business process of enterprises, and reflects the importance of blank
dimension optimization design;

2. Based on the calculation model of energy consumption and cost in the process of blank
production and use, a method of blank dimension optimization design is established.
Based on the optimal processing parameters of the whole process energy consumption
and cost objective, The optimal blank dimension was obtained by inverse method;

3. Asan advanced calculation method, Grey Wolf Algorithm is chosen to optimize the
energy consumption and cost of different blank dimension;

4. The empirical study shows that the method can effectively design the most suitable
blank dimension, which provides a scientific basis for the improvement of enterprise
operation and management and the optimization path of enterprise production process.

Limitations and Future Research Direction

First, the study is limited to the optimal design of the billet; more shapes will be
considered in the future blank dimension optimization design. Second, the process objective
only considers the energy consumption and the cost objective; more process objectives will
be considered in the future. Third, gray wolf algorithm used in the study is an excellent
algorithm; we will choose other excellent algorithms to be used in the future.
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