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Abstract: The mobile phone is a typical 3C electronic product characterized by frequent replacement,
multiple product specifications, high flexibility, high-frequency production line switching, and
urgent delivery time during production. Therefore, the optimized design of the mobile phone
production workshop is crucial. This paper takes the assembly process of a specific type of mobile
phone assembly as the research object and adopts the heuristic balance method to combine the
production procedures. Moreover, it considers the automation degree of the process and the demand
for production line rhythm to carry out station division and working hours design for the assembly
process. The advantages and disadvantages of the plug-and-play production line and unit production
line architecture are integrated, aiming at the production line’s construction cost and unit area
capacity. A hybrid workshop with a mixed combination of two types of production lines is designed
and an optimization model of hybrid workshop design is established. The semi-physical simulation
technology of digital twins is utilized to verify the proposed design scheme to achieve the balance
optimization of the production line, improve production efficiency, and reduce production costs. This
work provides a technical scheme for designing and optimizing large-scale mobile phone assembly
workshops with multi-batch and high-frequency production changes.

Keywords: digital twins; mobile phone assembly line; production line design; hybrid workshop;
simulation optimization

1. Introduction

The mobile phone consumer market has witnessed rapid development, and diversified
and personalized consumer demands for mobile phones have been increasing. Mobile
phones are a typical 3C (Computer and Communication and Consumer) electronic product.
3C manufacturing is a labor-intensive industry, facing crises such as labor cost surges and in-
dustrial transfer. In addition, mobile phones are frequently updated and have many product
specifications. Its production has the typical characteristics of high-frequency production
change, high flexibility, and fast delivery [1]. To meet the demands of high-frequency pro-
duction change and automatic upgrading, the optimization design of workshop production
lines has become an important technical support for manufacturers to realize transforma-
tion, upgrading, and intelligent manufacturing. The research and development cycle of
an automated mobile phone assembly line is about 5 months, and mobile phone products’
life cycle is only about half a year. The high-frequency mobile phone update requirements
production line is in a very short time in which to carry out the design and optimization.
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At the same time, it is necessary to meet the customer’s different demands for a site, ca-
pacity, cost control, process route, and legacy equipment. The workshop production line
quickly forms a customized design and implementation scheme.

At present, the mainstream operation mode of 3C assembly lines includes the following
two types: multi-line mixing with cross-line sharing of equipment and workers and man-
machine duplexing. There are more than 50 assembly and testing processes for mobile
phones. Most of them are precise assembly and processing, only one-third of the processes
can be fully automated, and the rest still rely on skilled technical workers.

With the rise of industry 4.0, the new concept of digital twins has attracted more
and more attention [2]. Digital twins can achieve semi-physical simulations to reduce the
extended time and cost of physical commissioning/reconfiguration by detecting design
errors/flaws [3]. Digital twins is the simulation process that makes full use of the historical
data of physical entities and integrates multi-disciplines, multi-physical quantities, multi-
scales, and multi-probabilities to complete virtual and real mapping in virtual space thus
reflecting the whole life cycle process of corresponding physical equipment. Digital twins
technology can provide support and guidance for various stages of product development
and design, manufacturing, motion monitoring and maintenance, and logistics support.
In the design stage of the product, the product can be verified by digital twin simulation
technology [4], and then the product can be optimized and improved. The application of
semi-physical simulation technology of digital twins to physical workshop design, with its
intuitive and fast characteristics to evaluate the customer demand on the design of various
aspects of the program to optimize the program while verifying the feasibility of the
optimization program, can significantly shorten the design cycle, save the design cost and
avoid design mistakes.

In this paper, the leading research object is a large-scale mobile phone assembly pro-
duction line of the workshop. Based on the plug-and-play production line, unit production
line, and hybrid assembly workshop, the design and simulation optimization of the mobile
phone assembly workshop production line with customer demand was studied, and the
primary process of mobile phone assembly was analyzed. The heuristic balance method
was used to divide the working stations and assess the automation degree of the process.
With the aim of the two types of basic production line architecture, the assembly scheme
of the mobile phone line was designed and optimized based on customer demand. Two
kinds of production line evaluation indexes were obtained. The workshop with their
combination was designed considering the advantages and disadvantages of the two kinds
of production lines. With the aim of the construction cost and production capacity per unit
area of a production line, the workshop’s design optimization model was established by
combining two kinds of production lines. Based on digital twins technology, the dynamic
change of the workshop is genuinely simulated, and the proposed scheme is optimized
through simulation analysis to verify its feasibility of the scheme. The research in this
paper provides ideas and technical solutions for the design and optimization of large-scale
mobile phone assembly workshops with multi-batch and high-frequency production. This
study mainly focuses on two research questions: the quantity allocation of two types of
production lines in hybrid workshop design and how to optimize the design scheme.

The rest of this paper is organized as follows: Section 2 briefly reviews the research
status of workshop layout design, assembly line design, and the application of digital twin
technology to the production line and workshop design; Section 3 introduces the assembly
process of mobile phone assembly, and its automatic analysis; Section 4 introduces plug-
and-play, the unit production line and the design of two types of production line of the
mobile phone assembly line. Section 5 introduces the hybrid workshop’s design, uses
digital twin physical simulation technology to simulate and optimize the assembly line of
the hybrid workshop, and evaluates the scheme before and after optimization. Section 6
concludes the paper and puts forward the limitations and future research directions.
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2. Related Studies

Facility layout design is one of the leading research objectives of workshop design, which
is considered to be the key to improving workshop productivity. Its aims are to obtain adequate
facility arrangements and minimize production costs [5]. The layout design has a significant
impact on the performance of the manufacturing system. The methods of facility layout design
can be divided into three categories: exact methods, heuristic algorithms and metaheuristic
algorithms [6]. Exact methods include mathematical optimization modeling, branch and
bound and dynamic programming. Heuristic algorithms include construction algorithms,
improvement algorithms, the computerized relative allocation of facilities technique (CRAFT),
and an automated layout design program (ALDEP) [7]. Metaheuristic algorithms include
genetic algorithms (GAs), tabu search, simulated annealing, ant colony optimization [8],
and particle swarm optimization [9]. In a recent study, Turanoğlu et al. [10] proposed a new
hybrid algorithm based on bacterial foraging optimization (BFO), and Khajemahalle et al. [11]
proposed a hybrid algorithm based on a nested partition and a simulated annealing algorithm.
Tayal et al. [12] proposed a novel integrated framework to solve multi-objective random
dynamic facility layout problems by combining extensive data analysis and hybrid meta-
heuristic. Derakhshan et al. [13] and Zha et al. [14] used particle swarm optimization to solve
the dynamic facility layout problem of unequal areas. With the continuous development of
science and technology, many scholars use simulation software to study layout problems.
Dong et al. [15] applied the simulation engine to establish the three-dimensional model of
the equipment and the layout of the workshop to realize the combination of virtual and
reality. Pinto et al. [16] studied the layout of the workshop with ReBORN Workbench and
a genetic algorithm. Liao et al. [17] established the three-dimensional model on Visual
Components and designed the layout of the workshop with the systematic layout planning
(SLP) method. Naranje et al. [18] used Technomatrix to verify the proposed layout design
solution by simulating the layout of the workshop.

Assembly line balance design is another leading research objective of workshop de-
sign. An assembly line balancing problem involves assigning tasks among stations in
such a way that each station takes equal time [19] for the study of assembly line balancing.
Tonge et al. [20] studied the assembly line balance based on the idea of a heuristic algorithm.
Kim et al. [21] carried out a related application of the genetic algorithm in mixed-flow
assembly line scheduling and proved that the search speed of the algorithm is better than
the target tracking method. Bukchin et al. [22] researched the application of a heuristic idea
to the design and balance optimization of mixed-flow assembly lines for order-oriented
production. For the balance problem of U-line, Mukund et al. [23] applied the particle
swarm optimization algorithm, Alavidoost et al. [24] proposed an improved genetic algo-
rithm with a one-fifth success rule in the selection operator, and Kazemi et al. [25] proposed
a new two-stage genetic algorithm. Delice et al. [26] proposed a new improved particle
swarm optimization algorithm to solve the two-sided assembly line balancing problem
of the hybrid model. Becker et al. [27] and Boysen et al. [19] gave a comprehensive intro-
duction to the modeling and algorithm of generalized assembly line balancing problems.
For the balance problem of multi-objective optimization, Moreira et al. [28] presented a
multi-objective optimization method for the second type of assembly line balance problem.
Lee et al. [29] constructed a fuzzy multi-objective model and proposed a genetic algorithm
to solve the problem. However, most manufacturing systems are incredibly complex, and it
is extremely tough to find the best decision variables by analysis [30]. With the gradual
maturity of computer simulation technology, computer simulation has been applied in
various fields, among which the manufacturing system has become the most crucial field
using simulation technology. Therefore, simulation-based optimization techniques are
widely used to evaluate the optimization problems of complex manufacturing systems.
Bongomin et al. [31] applied Arena software to develop the discrete event simulation of the
assembly line, and both local and global optimization methods have significantly improved
the production efficiency of the assembly line.



Machines 2022, 10, 367 4 of 22

Workshop layout problems and assembly line balance problems are both NP-hard
problems. Many related studies describe workshop layout problems with mathematical
optimization models, but the exact solutions are still unavailable. The abstract mathematical
model is difficult to adjust dynamically according to the dynamic change of the workshop.
The application of physical simulation technology of digital twins to the early design stage
of the workshop can force engineers to carry out a more detailed design of the production
line layout, cache settings, worker shifts, and so on. Later, it can verify and dynamically
adjust the design scheme through the digital twins model. Zhang et al. [32] proposed
a digital twins-based approach for rapid individualized designing of the hollow glass
production line by integrating simulation modeling and distributed real-time process
data, which generated a reliable digital design scheme in the early stage of production
and filled the gap between design and actual operation. Zhang et al. [33] proposed a
framework based on the simulation method to guide the design optimization process of
factory workshop layout and production process, and combined various mathematical
algorithms and heuristic methods to balance production line operating performance and
planning cost. Guo et al. [34] applied digital twins to factory design and proposed a
modular approach to help build the digital twins model for a flexible factory in the design
stage, enabling engineers to quickly evaluate the results to avoid defects and thus improve
the feasibility of the design. Damiani et al. [35] built the virtual simulation models using
AnyLogic software and simulation technology, which provided an application of digital
twins for the optimization design of the production line. Leng et al. [36] verified the
implementation effect of the design scheme of a large-scale automated high-rise warehouse
with the help of the data analysis module of the simulation engine and the optimization
algorithm of the digital twins system. Wang et al. [37] used the genetic algorithm to plan
the workshop layout by analyzing the bottleneck rate, efficiency, and other indicators of
the production line. Based on 3D modeling and visualization technology, they designed a
digital twins system of the hardware production line using Demo3D software to verify the
feasibility of the workshop layout scheme. Leng et al. [38] proposed a digital twins-based
remote semi-physical commissioning (DT-RSPC) approach for open architecture flow-type
smart manufacturing systems, which was verified by a case study of digital twins-based
remote semi-physical commissioning of a smartphone assembly line.

3. Analysis of Mobile Phone Assembly Line Process and Automation Demand
3.1. The Mobile Phone Assembly Process

Mobile phone products have similar assembly processes due to their similar basic
structures. Among them, the process that can meet the basic assembly demand for general
mobile phone products can be called a common process. The process that can only meet the
personalized demand for specific mobile phone products is called the individual process.
The assembly processes are an essential basis for assembly line design. For general mobile
phone products, the assembly process is shown in Figure 1.

Figure 1. Assembly Process of Mobile Phone.

3.2. Mobile Phone Assembly Process Analysis

Although the consumer market of mobile phone products and the production batches
of each type is large, to avoid the risk of production capacity and negotiation price caused
by excessive concentration of production orders, mobile phone brand enterprises usu-
ally disperse orders to many Original Equipment Manufacturers (OEMs). As a result,
OEMs receive different batches of orders in different sizes and for different delivery dates.



Machines 2022, 10, 367 5 of 22

High-frequency production and line changing have become their typical manufacturing
characteristics, which poses new challenges to the flexibility of their assembly lines. The as-
sembly processes are an essential basis for assembly line design. Designers should consider
flexible space when designing flexible assembly lines so that common processes can be
quickly extracted, individual processes can be determined, the assembly process can be
planned reasonably, assembly quality and efficiency can be guaranteed, and the conversion
time can be shortened.

Mobile phone assembly is the back-end link of mobile phone production. The assembly
process is various, and the assembly parts are complex and nuanced. Only about one-third
of the process can be achieved through automation, while most of them still use manual
assembly with a relatively low degree of automation. With the development of technology
and process innovation, many processes have gradually embarked on standardization and
automation. It can be seen that the automatic analysis of the process is of great significance
to the design of the assembly line. The basic process of the mobile phone assembly line
can be subdivided into more than 50 processes. This paper proceeds from a certain type
of mobile phone assembly process that defines the assembly logic sequence of mobile
phone components that sorts and combines them. The heuristic balance method was used
to arrange the working procedure. The idea for a heuristic balance method is detailed
as follows:

According to the demand of production takt, starting from the first process being
assigned to the first station, if it has any free time it is made up from the following working
procedure. In addition, it needs to consider the whole assembly process of mobile phones
and the associated constraint relationship between procedures. In this way, the station’s
procedure content can be determined. Subsequent stations also adopt the above principles.
The station division for the working procedure is shown in Figure 2.

Figure 2. Station division and automatic analysis of a certain type of mobile phone.
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4. Production Line Design of Large-Scale Mobile Phone Assembly Workshop
4.1. Plug-And-Play and Unit Production Line Architecture

Figure 3 shows two production line architectures that are commonly used by mo-
bile phone manufacturers: plug-and-play and unit. The two types of production line
architectures are compared in terms of the following aspects as follows:

The basic architecture of the production line. The plug-and-play production line is
based on the open design concept; each production station and processing equipment can
be used as a flexible, independent component, and the production line takes the conveyor
as the center, the stations are arranged on both sides, with a specific interval, and the site
occupies a large area. The unit production line is composed of several independent units
connected in order, and the site occupation area is small.

Production line operation mode. The plug-and-play production line is characterized
by line-side job and on-line buffering. The total processing time of the station includes
the processing time of the station process and the time for the loading and unloading
mechanism to grab and place the work in progress back and forth. The production takt
is low; the unit production line is characterized by on-line job and line-side buffering.
After processing the products in each unit, they are directly transferred to the next station
or line side cache area for waiting. The time for manual transfer and placement of products
in the process is short, and the production takt is high.

Automation equipment. The plug-and-play production line adopts equipment, has a
set of standardized interface systems, and the actuator can be customized according to the
demand. The general platform can be mass-produced, and the price is relatively low. The
processing equipment of the unit production line varies in size and manufacturers and is
not purchased in batch production, so the cost of the equipment is relatively high.

Line change mode. The general platform used by plug-and-play production lines has
a standardized and modular interface. The base adopts a concave design, which can realize
automatic handling and disassembly of AGV equipment and rapid line replacement in
production line construction [1]. Each independent unit of the unit production line depends
on workers’ handling and splicing, so the production line construction takes a long time to
change lines.

Figure 3. Comparison of two production line architecture forms.
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4.2. Indices of Technical Evaluation

The common evaluation essential parameters for the advantages and disadvantages of
the production line design scheme include production takt, cost, balance rate, and balance
loss rate.

• Production takt
Takt time refers to the average time required to assemble a product determined by the
assembly line’s output. The calculation formula is as shown in Equation (1), where
CT is the production takt, T is the effective working time and Q is the product output
during the effective working time.

CT =
T
Q

(1)

• Cost
Production line costs include construction costs and operating costs. This paper takes
the construction cost of production line design into a consideration object, including
the equipment and workers’ configuration costs. It is expressed as Equation (2), where
C is the construction cost of the production line, C1 is the equipment cost and C2 is the
wage cost of workers.

C = C1 + C2 (2)

• Balance rate
The production line balance rate, also known as process synchronization, is the average
of all production and manufacturing processes. Reduce idle or blocking caused by the
imbalances of processes by adjusting the workload. The formula for calculating the
balance rate of the production line is shown in Equation (3), where BR is the balance
rate, Ts is the sum of the standard working hours of each process, Tb is bottleneck time
after balance and n is the number of processes.

BR =
Ts

nTb
× 100% (3)

• Balance loss rate
Balance loss rate refers to the production loss of the production line caused by the
imbalance of the production line. It is calculated by Equation (4), where LR is balance
loss rate and BR is the balance rate.

LR = 1− BR (4)

4.3. Design of Production Line

The production task of the existing mobile phone assembly workshop requires an
annual output of 10 million units, and the workshop work system is shown in Table 1.

Table 1 shows that the annual working time of the workshop is 312 days. By consider-
ing all kinds of holidays, the actual working time is about 300 days and the actual effective
working hours of the workshop are 13 h per day. The daily production capacity needs to
reach 33,334 units to meet the design demand. The target capacity is 200 units per hour for
the plug-and-play assembly line and 300 units per hour for the unit assembly line. If the
plug-and-play assembly lines alone were used to configure the workshop, it would require
13 assembly lines with a capacity of about 2600 units per day. Equation (1) shows that the
target production takt of the assembly line is 18 s. If only the unit assembly lines were used,
it would require nine assembly lines with a capacity of about 3900 units per day and the
target production takt of the assembly line is 13 s.
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Table 1. Working Rule of Workshop.

Content Relevant Data

Monthly working hours 26 days/month
Shift 2 shifts/day

Time of each shift 7 h
The average frequency of production change 4 days/time

Daily maintenance of the equipment 10 min/day
Material preparation for the shift 10 min

Break time for a shift 15 min
Change line time 18 min

4.3.1. Large-Scale Mobile Phone Assembly Line Equipment

The plug-and-play equipment adopts a standard and unified structure, and the equip-
ment’s size is unified. The equipment manufacturer can customize the production of
different motion mechanisms and produce the general platform in batches, and the unit
price of the equipment is mostly the same. The unit assembly line uses non-standardized
design equipment, which can be purchased from different manufacturers according to the
demand. The dimensions and various interface modules of the equipment are different.
The rated working hours of most equipment on unit assembly lines are the same as those
of plug-and-play devices and the working hours of some equipment also need to be set
according to the products. The equipment required for a large-scale mobile phone assembly
workshop is shown in Table 2.

Table 2. List of Equipment.

Equipment Name Equipment Working
Hours (s)

Plug-And-Play Equipment
Size (m) Unit Equipment Size (m)

Sticking adhesive equipment Design working hours 1.1 × 1.0 0.9 × 1.0
Pressing equipment Design working hours 1.1 × 1.0 1.0 × 1.0

Current detection fixture 80 1.1 × 1.0 1.4 × 1.1
Camera detection equipment 160 1.1 × 1.0 1.5 × 1.05
Audio detection equipment 50 1.1 × 1.0 0.75 × 0.55

Coupling detection
equipment 60 1.1 × 1.0 0.75 × 0.55

Ultra-wide-angle testing
equipment 30 1.1 × 1.0 0.8 × 1.3

Locking screw equipment Design working hours 1.1 × 1.0 0.85 × 0.68
MMI detection equipment 70 1.1 × 1.0 0.75 × 0.55

Sticking equipment Design working hours 1.1 × 1.0 1.1 × 1.0
Rear camera assembling

equipment 17.6 1.1 × 1.0 0.65 × 1.6

Sticking and assembling
equipment 36 1.1 × 1.0 0.65 × 1.6

Double-layer conveyor belt 3 51 × 3 -
Pallet turning and circulating

equipment 15 0.7 × 0.5 -

4.3.2. Design of Production Line Working Hours

The working time of each station is designed by analyzing the automation degree of the
process in the large-scale mobile phone assembly workshop. The mobile phone assembly
station is divided as shown in Table 1. Equipment selection and working hours design is
carried out for the four undetermined automation procedures in Table 2. The plug-and-play
and unit automation procedures working hours are obtained as shown in Table 3.

In the actual production of the workshop, the workers do not work continuously or be
completed within the specified time due to various factors, including physiological needs,
prolonged working fatigue, lack of technical proficiency, etc. Therefore, it is necessary to
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add a certain amount of extra time based on the working hours to give it relief. In this paper,
the comprehensive release rate is 5%. Skilled workers were selected for five simulated
operations and then measured the working hours and took the average. It is known that the
total working time of taking and putting a mobile phone is 6 s, the main and auxiliary FPC
are pressed for 5 s, the upper and lower bracket screws are locked for 5 s, and the battery
is rolled for 19 s, the battery is pressed for 5 s, and the fingerprint module is pressed for
3 s. The plug-and-play production line needs to correct the working hours by combining
the relaxation coefficient and the time for taking and putting the mobile phone. Different
from the type of plug-and-play, the unit assembly line only needs to consider workers’
and special equipment’s working time. Therefore, the working hours of semi-automated
procedures of the two production lines are designed, as shown in Table 4.

Table 3. Working Hours Design of Automation Process.

Procedure Contents Equipment Name Plug-And-Play Equipment
Working Hours

Unit Equipment Working
Hours

Sticking adhesive on the back
of the touch panel Gluing equipment 16 10

Pressing touch panel Pressing equipment 17.5 12.5
Sticking sealed foam on the

mainboard
Pasting and assembling

equipment 18 12

Pressing battery cover Pressing equipment 24 13

Table 4. Working Hours of Semi-automated Procedures.

Station Plug-And-Play
Average

Plug-And-Play
Correction Unit Average Unit Correct

Assembling main and
auxiliary FPC and then

pressing
12.33 17.95 12.33 12.94

Assembling top bracket
& Locking screws 11.34 16.91 11.34 11.91

Assembling and rolling
battery 37.40 44.27 37.40 39.27

Assembling battery’s
FPC & Pressing battery 19.00 24.95 19.00 19.95

Assembling bottom
bracket & Locking

screws
10.69 16.22 10.69 11.23

Assembling and
pressing the fingerprint

module
9.44 14.91 9.44 9.92

The design of the working hours of the zero-automated procedure stations adopts
the worker simulation experiment and measurement method and the release rate and
semi-automated procedure stations. The design of the zero-automated procedures and
working hours of the two production lines is shown in Table 5.

Table 5. Working Hours Design of Zero Automation Process.

Station Plug-And-Play Average Plug-And-Play
Correction Unit Average Unit Correction

Scanning barcode &
sticking conductive

sponge on mainboard
11.96 17.56 11.93 12.53

Assembling camera 11.93 17.53 11.93 12.53
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Table 5. Cont.

Station Plug-And-Play Average Plug-And-Play
Correction Unit Average Unit Correction

Assembling front camera
and front silicone ccase 11.18 16.74 11.18 11.73

Semi-finished products
testing 10.89 16.43 10.89 11.44

Sticking earpiece sponge &
Assembling earpiece 11.66 17.24 11.66 12.25

Tear release paper of TP
adhesive & Sticking heat

sink film
9.64 15.12 9.64 10.12

Assembling TP into the
face cover & checking the

front camera
11.57 17.15 11.57 12.14

Assembling power button 11.97 17.57 11.97 12.57
Assembling volume

button 11.70 17.29 11.70 12.29

Assembling push-buttons 11.75 17.34 11.75 12.34
Pulling testing of a touch

panel 11.79 17.38 11.79 12.39

Sticking sealed foam &
Assembling leather cover 12.34 17.96 12.34 12.96

Assembling silicone and
sealed foam on the main

board
11.65 17.23 11.65 12.23

Assembling the silicone
Case of ear phone and the

sub-board
12.33 17.95 12.33 12.94

Assembling sub board
into face cover and

binding, then assembling
card holder

12.16 17.77 12.16 12.77

Assembling FPC &
Sticking grounded
conductive foam

10.91 16.46 10.91 11.46

Fastening coaxial cable 1 11.49 17.06 11.49 12.07
Fastening coaxial cable 2 11.32 16.89 11.32 11.89

Tiding coaxial cable 12.21 17.82 12.21 12.82
Sticking label & Checking

battery cover 11.39 16.96 11.39 11.97

Cleaning camera & Fixing
battery cover 12.32 17.94 12.32 12.94

Tearing film of front and
rear camera & Assembling

cover sheet
12.23 17.84 12.23 12.84

Assembling protective
jacket & Entering user

mode
11.92 17.52 11.92 12.52

Touch panel testing 10.73 16.27 10.73 11.26
Magnetic testing 11.17 16.73 11.17 11.73
Battery testing 12.25 17.86 12.25 12.86

Dual camera Calibrating 12.32 17.94 12.32 12.93
Fastening battery cover 24.96 31.21 24.96 26.21

Checking overall
appearance 12.49 17.31 12.49 12.31

Scanning the barcode &
Packaging 12.66 17.93 12.66 12.40

4.3.3. Configuration of the Assembly Line Equipment and Worker

The target production takt of the plug-and-play assembly line is 18 s. The numbers
of equipment and workers required are calculated according to Tables 3 and 4. In this
paper, the equipment operation rate r is 90% and the failure rate is 5%. Based on the
workshop working rule in Table 1, the assembly line equipment and operating personnel
are configured. The formula for the annual working time of the equipment T is shown in
Equation (5), where h is the effective working hours per year. The actual effective working
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time t of the equipment is calculated in Equation (6), where c is the working hours of the
station, k is the production capacity demand, and f is the product pass rate. The number of
equipment N is calculated in Equation (7).

T = h× 3600× r (5)

t =
ck
f

(6)

N =
t
T

. (7)

According to production tasks and working hours, the number of equipment and
workers required for the assembly line is calculated. The plug-and-play assembly line picks
and places the product with a mechanical arm, and its automated procedure stations do not
need to configure workers with the actual working hours including equipment processing
time and mechanical arm working time. The equipment required for the automated
procedures in Table 4 is one set. Except for the battery rolling equipment that requires two
sets, the rest of the semi-automated procedures in Table 5 require one set. According to
the zero-automated procedures in Table 6, current detection device and MMI detection
equipment require four sets each, audio inspection equipment and coupling detection
equipment requires three sets each, ultra-wide-angle detection equipment and pasting and
assembling equipment require two sets each, camera detection equipment and rear camera
assembling equipment require one set each. The number of workers for each procedure
requires two to fasten the battery cover, and only one worker is required for the other
semi-automated and zero-automated procedures.

By using the same calculation method, it can be obtained that the amount of equipment
required for the automated procedures in Table 4 is one set. Except for the battery rolling
equipment that requires three sets, the rest of the semi-automated procedures in Table 5
require one set. According to the zero-automated procedures in Table 6, current detection
devices require six sets, MMI detection equipment, and coupling detection equipment
requires five sets each, audio detection equipment requires four sets, ultra-wide-angle
detection equipment, and camera detection equipment requires two sets each, rear camera
assembling equipment requires one set. The number of workers for each procedure required
is as follows: two workers are required for battery cover fastening equipment, camera
detection equipment, ultra-wide Angle testing equipment, and locking screw equipment,
and three workers are required for detecting current, assembling, and rolling battery,;only
one worker is required for other semi-automated and zero-automated procedures.

5. Design and Simulation Optimization of Large Mobile Phone Assembly
Hybrid Workshop
5.1. Design of Hybrid Workshop
5.1.1. The Layout of the Hybrid Assembly Workshop

The hybrid assembly workshop refers to the type of assembly line configured in
the mobile phone assembly workshop, including plug-and-play assembly lines and unit
assembly lines. This paper designs and optimizes the hybrid workshop according to the
existing two types of assembly line design schemes. Because the configuration schemes
meeting the workshop production task objectives are not unique, it is necessary to design
an appropriate scheme following the actual demands of the mobile phone manufacturer.
Based on the construction cost and production capacity per unit area of the workshop
assembly line, this paper designs the configuration quantity of two types of assembly lines
in the hybrid workshop.

In response to the above problems, this paper adopts the layout design for the assembly
line in the hybrid workshop as shown in Figure 4, and its workshop is 80 m long and 68 m wide:

• The geometric layout of the assembly line. The flow direction of the mobile phone is
designed in a one-way form, and both types of production line adopt the linear type.
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• The method of placing the assembly line. Each assembly line will be placed horizon-
tally to reduce the cost of waste and assembly line capacity loss caused by logistics
factors by considering the location relationship between the manufacturing area and
the material finished product area.

Figure 4. The layout of the Hybrid Assembly Line.

5.1.2. Quantity Design of Assembly Line in the Hybrid Workshop

According to the relevant parameters of the two types of assembly lines, this paper
comprehensively considers construction cost and workshop area utilization rate for the
workshop production line, establishes the workshop design optimization model of hybrid
production lines, and calculates the number of plug-and-play assembly lines and unit
assembly lines. Considering construction cost and workshop area utilization rate, we
can get:

• The construction cost of a production line

It can be seen from Equation (2) that the production line construction cost includes the
cost of equipment purchase and workers’ wages. The workshop assembly line construction
cost is the sum of all types of assembly-line construction costs in the workshop. So we can
define Equation (8), where CC is the construction cost of the workshop assembly line, DCi
is the equipment purchase cost of the i-th kind assembly line, HCi is the cost of workers’
wages on the assembly line, Ni is the number of the i-th kind assembly line, and n is the
number of types of the assembly line in the workshop.

CC =
n

∑
i=1

(DCi + HCi)Ni. (8)

• The production capacity per unit area of the production line:

Rational use of the site area and scientific arrangement of the production line can meet
the production demands and reduce the floor area of the production line to maximize the
production capacity per unit area of the assembly line. It can vacate more logistics channels,
storage areas, and other spaces for the workshop to improve the plasticity of the workshop.
As shown in Equation (9), where UR is the unit area production capacity of of the assembly
line, Si is the floor area of the i-th kind assembly line, PCi is the production capacity of the
i-th kind assembly line and S′ is the additional area required to scientifically layout the
production line.
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UR =
∑n

i=1 PCi Ni

S′ + ∑n
i=1 Si Ni

. (9)

Define different weight values for the objective function and convert it into a single
objective function; then, the objective function for the quantity design of hybrid mobile
phone assembly lines can be defined as Equation (10).

min F = u1CC + u2(−UR) = u1

n

∑
i=1

(DCi + HCi)Ni − u2
∑n

i=1 PCi Ni

S′ + ∑n
i=1 Si Ni

. (10)

The number of various production lines in the workshop should be designed to
meet the specific demands of customers for production capacity. It can be expressed as
Equation (11), where PCT is the target production capacity of the workshop.

n

∑
i=1

PCi Ni ≥ PCT . (11)

From the perspective of workshop operation, workshop safety and material handling
need to be guaranteed, so there should be at least a 2 m wide interval channel between
assembly lines. Because the assembly lines in the hybrid workshop adopt a linear layout,
we can define Equation (12), where N is the number of assembly lines, W0 is the width of
the workshop manufacturing area, Wi is the width of the i-th kind assembly lines and w is
the interval channel width of assembly lines.

N =
n

∑
i=1

Ni ≤
W0 + 2−∑n

i=1 Wi

w
. (12)

The configuration and operation of the workshop are very complex, especially the
workshop with diversified manufacturing units. When comprehensively considering how
to design a workshop, the solution of the designed relevant model needs to be optimized
in combination with intelligent algorithms such as genetic algorithms and simulated
annealing algorithms. In this paper, we only consider the construction cost and production
capacity per unit area of the production line and ignore the capacity loss caused by the
actual logistics of the workshop, the material relationship between the production lines
and the scalability of the workshop, etc. Therefore, the quantity configuration of the hybrid
workshop assembly line can be solved based on the existing relevant data.

It is known that the hybrid workshop includes two types of assembly lines, and the
value of n is taken as 2. The weight value should be set according to the demand. This paper
adopts the same weight for the two indices; so we set both u1 and u2 to 0.5. According to the
assembly line design and the size of the equipment in Section 4.3, the dimensions of the line
of the production line can be obtained. The width W1 and the length L1 of plug-and-play
assembly lines are 3.5 m and 51 m, the width W2 and length L2 of unit assembly lines are
2 m and 49.5 m, and the interval channel width of assembly lines w is set to 2 m. Combined
with the relevant design and configuration parameters of the two types of assembly lines
in Section 4.3, the solution result shows that the number of plug-and-play assembly lines
is 3.77, and the number of unit assembly lines is 5.86. By rounding upward to an integer,
the design demand of the workshop hybrid production line is shown in Table 6. The layout
of the whole hybrid workshop is shown in Figure 5.

Table 6. Design Demand of Workshop Hybrid Production Line.

Production Line Type
The Capacity of
Production Line

(Set/Hour)

Production Line Takt
(Seconds)

The Number of
Production Line

Plug-and-Play 200 18 4
Unit 300 13 6
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Figure 5. The layout of the whole hybrid workshop.

5.2. Simulation and Optimization Analysis of Assembly Line in Hybrid Workshop Based on
Semi-Physical Simulation Technology of Digital Twins

In this paper, Emulate3D simulation software is selected to simulate the design scheme.
By completing the parameter configuration and simulation modeling of the production line,
the digital twin model of the workshop is generated. The physical simulation technology
of digital twin is used to predict the operation status of the design scheme, analyze the
simulation results and optimize the design scheme.

5.2.1. The Construction of Semi-Physical Simulation Model

Based on the hybrid workshop assembly line design detailed in Section 5.1, a simu-
lation model of the workshop was established, and the unit production line was used to
illustrate the model building process. The steps are shown in Figure 6 and are as follows:

Step 1. Establish a simulation model library. SOLIDWORKS and other3D modeling
tools are used to build relevant models, and the assembly line model library is established
after the model is lightweight. It is known that the assembly line adopts a linear type.
According to the division of stations, each station is connected in a logical order. The static
simulation model of the assembly line is established.

Step 2. Motion script writing. The static model can only reflect the appearance,
structure, shape, and position relationship of the assembly line but can not reflect the actual
production operation of the assembly line, which lacks authenticity. Corresponding action
and motion scripts can be written to drive the dynamic operation of the three-dimensional
physical simulation model and realize simulation visualization.

Step 3. Define relevant property variables and parameter settings. Various variables
related to the production line need to be defined and recorded. Define the working status
of the station, including working, idle, blocked, and equipment maintenance, and define
the working time, idle time, mean time to failures MTTF, and mean time to repair MTTR.
Based on the previous station design, initialize the status of each station. The Counter
component in the software Data Collection library is used as the mobile phone quantity
counter. The Timeinstance component is used to calculate the work, idle, blocking, fault,
and maintenance time of the station.
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Model library Property variables definingMotion script

Parameter setting

Components used
Unit production line

Figure 6. The construction steps of the semi-physical simulation model.

5.2.2. Simulation and Optimization Analysis

Although the actual historical data of the workshop is unavailable as a reference in
the design stage of the hybrid assembly workshop, there is the operation data of each
unit of equipment. Besides process parameters, some historical operation data can be
counted, such as failure rate, mean time between failures (MTBF), and mean time to repair
(MTTR). To make the simulation result as close as possible to the actual workshop situation,
the fluctuation amplitude A of all kinds of data is calculated in Equation (13), where Vx
represents the value of production takt, MTBF, MTTR, and other data at a certain time.
The time-dependent random disturbance function Fdistrub(t) that follow normal distribution
are introduced. These run-time statistical data are injected into workshop digital twins
model after random disturbance processing by Equation (14), which can realize a semi-
physical simulation based on distributed historical data [38]. The design scheme and
decision can be verified and fine-tuned with the help of computer-aided design tools while
the scheme can be iterated and optimized in a controllable way [39].

A =
√

avg((Vx − avg(Vx))2) , x ∈ {TAKT, MTBF, MTTR, ...} (13)

Vx(t) = A · Fdistrub(t) + Vx. (14)

Based on the parameter configuration of the two types of assembly lines described
in Table 6 and Section 4.3, a hybrid mobile phone assembly workshop model is built and
simulated. The simulation analysis shows that the workshop capacity is 9,385,647 units,
which do not meet the workshop production demand. The analysis report of each assembly
line takes the month as the unit. According to the analysis of 12 data reports of these two
types of assembly lines, it can be seen that the bottleneck station of the plug-and-play
assembly line is the “Checking Overall Appearance” station and the unit assembly line is
the “Pressing Battery Cover” station.

For bottleneck stations, optimization can be achieved by increasing workers’ input,
improving equipment or regrouping procedure groups. The bottleneck optimization is
to minimize the optimization cost and balance the production line as much as possible.
The balance rate of the production line can effectively reflect the load balance of the pro-
duction line, but it cannot measure the load fluctuation between the stations. The average
deviation between each station’s takt time and the bottleneck’s takt time is an index to
describe the degree of load fluctuation between stations [40]. As shown in Equation (15),
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K is the number of stations in the production line, tti is the takt time of the i-th station,
and BT is the takt time of the bottleneck. Compared with the balance rate, this index can
better reference for procedure grouping to ensure that the processing time between stations
is as equal as possible.

LF =

√
∑K

i=1 (tti − BT)2

K
. (15)

Various factors and constraints limit workshop operation optimization, and the im-
provement and optimization direction of hybrid production line workshops is not unique.
Considering the construction cost of the workshop production line, the bottleneck links
of each type of production line should be optimized respectively. The plug-and-play bot-
tleneck station is the “Checking Overall Appearance” station. According to the analysis
results in Table 1, this process is zero-automated. Workers can check the product by obser-
vation, so an additional worker is adopted to improve the station. The bottleneck station of
the unit assembly line is the “Pressing Battery Cover” station. It can be seen from Table 1
that this process is automated, so it can be improved by adding pressing equipment.

The optimized simulation results are shown in Figure 7a. It can be seen that improving
each type of assembly line in the workshop cannot achieve the production task goal.
Therefore, the two types of production lines need to be improved cooperatively. There
are many optimization methods to improve, but this paper only shows two optimization
methods. The first optimization method is to simultaneously improve the performance
of all plug-and-play assembly lines and unit assembly lines. It means that a worker is
added to the “Checking Overall Appearance” station of all plug-and-play assembly lines,
and the pressing equipment is added to the “Pressing Battery Cover” station of all unit
assembly lines. The experimental results are shown in Figure 7b. It can be known from the
experimental results that the production capacity is 12,689,771 units. Although it has far
achieved the workshop production goal, it will cause excess production resources in the
assembly line workshop and cost waste at the same time. Therefore, the scheme is feasible
but not reasonable.

Figure 7. Simulation and optimization of workshop. (a) The results of optimization of all unit
assembly lines in the workshop. (b) The result of optimization of all plug and play assembly lines
and unit assembly lines simultaneously. (c) The result of iterative optimization.

To summarize, moderate comprehensive optimization should be carried out for the
two assembly lines based on the constraints of bottleneck optimization. Due to the con-
straints, several iterations may be needed to obtain the solution that meets the conditions.
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The execution process of iterative optimization is shown in Figures 8 and 9, the notations
in the iterative calculation are identified in Table 7, and a detailed description is as follows:

1. Figure 9a shows that the iterative optimization objective of minimizing the construc-
tion cost CC and maximizing the capacity UR is defined according to Equation (10).
The value of variables is limited by Equations (12) and (16) to obtain the quantity of
production lines configuration N of various types of production lines based on the
current process grouping G and process takt time sequence P.

2. Input the quantity of production lines solution N value calculated in the previous step,
together with the grouping of procedures solution G and takt time of process solution
P values, into the Emulate3d digital twin simulation software to establish a specific
virtual workshop model, then introduce the historical data of physical workshop
runtime statistics. Use the event simulation module built in the software to conduct
multiple simulation simulations and statistics. Finally, obtain the simulation capacity
result PCk

s of the design scheme to verify the feasibility of the scheme obtained by the
mathematical model, as shown in Figure 9b. In particular, to simulate the abnormal
conditions in the actual workshop operation as realistically as possible, the time-
dependent random disturbance function Fdistrub(t) is introduced to determine the
relevant data of the production process.

3. If the average production capacity PCk
s is more minor than the target production

capacity PCT , it indicates that the current scheme can meet the design requirements,
the iteration ends, and the results are output; Otherwise, proceed to the next iteration.
If PCk

s is less than the capacity result PCk−1
s of the previous iteration, the scheme has

not been improved. Bottleneck optimization should be carried out for the results of the
previous iteration. Otherwise, bottleneck optimization is carried out for this scheme.

4. As shown in Figure 9c, lowering costs as much as possible to reduce the bottleneck
location affects the production line’s performance, minimizing the station load fluctu-
ations LF and optimizing cost as the goal. This optimizes and adjusts the bottleneck
station or sub-bottleneck station. Then the optimized process grouping G and process
takt time sequence P are input to the mathematical model in Figure 9a, and a new
Cycle iteration starts until the simulation scheme meets the design requirements.

After the bottleneck optimization for a certain type of production line, the construction
cost, floor area, and production capacity of the production line will change. It can be con-
sidered that the optimized production line is not the same type as the original production
line. In other words, there are four types of production line after bottleneck optimizing
for two types of production lines at the same time. By inputting the relevant parameters
of these four types of production lines into the constraint equation in Section 5.1.2 for
solving, the not optimized number of plug-and-play and unit production line and the
optimized number of production line can be obtained. However, compared with the origi-
nal production line, the related parameters of the optimized production line will increase,
especially the production capacity. If the original equation is not modified, the solution of
the minimum objective function will achieve the same result as that without optimization.
Therefore, the optimization of iterative calculation should be constrained according to the
simulation results of the scheme without optimization to ensure that a better value can be
obtained after iteration.

Theoretically, under the constraint of inequality (11), the results obtained by the
equation can meet the capacity requirements. However, the production capacity obtained
by the simulation with disturbance is smaller than the theoretical value. It indicates that
the capacity of the production line cannot reach the ideal value under the influence of some
factors. Therefore, the capacity of the original production line without optimization should
be modified in each iteration, as shown in Equation (16). The correction coefficient εk

i of
i-th iteration of the i-th kind production line is calculated in Equation (17), where PCk

s is
the simulation result after the k-th iteration. In particular, nk represents the total number
of production line types in the k-th iteration. Moreover, i > nk−1 means that the i-th kind
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production line is the new type of production line at the k-th iteration. This production line
is based on the original type of production line optimization.

n

∑
i=1

PCi Niε
k
i ≥ PCT , k ∈ N+ (16)

εk
i =

{
PCk−1

s
PCT

, k > 1∩ i ≤ nk−1

1, k = 1∪ i > nk−1.
(17)

Table 7. The notations in the formulation of iterative calculation.

Natations Remarks

N The quantity of production lines solution
P The quantity of production lines solution
G The grouping of procedures solution

PCsi
The production capacity of i-th

simulation experiment

PCk
s

The average production capacity of k-th
iteration simulation

PCT The target production capacity of the workshop
UR The unit area capacity of production line
CC The construction cost of the workshop
LF The load fluctuation between the stations

Co
The rebalancing adjustment cost of

optimizing bottleneck
Cg The cost of other measures and grouping procedures
Ch The cost of increasing workers
Cd The cost of improving equipment
pi The i-th procedures

Nump The total number of procedures
max(tt) The maximum takt time of production line

Takt The threshold value of production takt
Fdistrub(t) The time-dependent random disturbance function

Figure 8. The iterative optimization process.
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Figure 9. The iterative calculation process. (a) The calculation process of related parameters of each
type of production line. (b) The process of simulating multiple times. (c) The calculation process of
bottleneck optimization.

After the above iterative process calculation, the optimized experimental results are
shown in Figure 7c, which can meet the production demands with 10,106,781 units. The op-
timization scheme is optimized for all six unit assembly lines and only two plug-and-play
assembly lines. The assembly line balance optimization scheme satisfying the hybrid
workshop is not unique. We can select more appropriate optimization schemes for the
two types of production lines according to the actual demands, such as the scheme of
bottleneck improvement for all plug-and-play production lines and improvement for some
unit production lines, the improvement scheme of all unit types and partial plug-and-play
types, and the scheme of selecting some two types of assembly lines for collaborative
improvement, etc. It can also improve all types of assembly lines at the same time. How-
ever, since the simulation results are far greater than the workshop target production task,
from the perspective of cost, causing the waste of resources and high cost of the assembly
line. There is one thing that could be certain no matter what improvement method is
adopted, the specific choice should depend on the actual demand and situation to achieve
the production goal of the workshop.

5.3. Evaluation of Production Line Scheme of Hybrid Workshop

This paper optimizes the design scheme of the workshop by adding equipment or
workers to the bottleneck stations, which will inevitably lead to an increase in the con-
struction cost of the workshop. However, we judge the adequate utilization degree of the
workshop site area from the capacity per unit area. At the same time, the assembly cost
of a mobile phone is obtained from the construction cost and unit area capacity, and the
overall benefit of the workshop is judged from the assembly cost of the mobile phone.
The design scheme of a hybrid workshop was evaluated based on the production line
construction cost and unit area capacity. Integrating the original construction cost of the
two types of production lines and the improvement cost of the scheme, before optimization,
the construction cost of a unit production line is 9,347,550 yuan, and the construction cost of
a plug-and-play production line is 8,784,600 yuan, and the total assembly line construction
cost of the workshop is 91,223,700 yuan. Based on the above optimization scheme, the work-
shop increased six sets of pressing equipment and two workers after optimization, and the
total assembly line construction cost of the workshop was 92,998,400 yuan. According to
the relevant parameters of the assembly line in Section 5.1.2, it can be known that the floor
area of the hybrid mobile phone assembly line workshop is 1308 m2. Before optimization,
the annual output of the assembly workshop was 9,385,647 units, the annual capacity per
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unit area was about 7208 pcs/m2, and the average production line hourly capacity per
unit area was 1.85 units. After optimization, the annual output of the assembly workshop
is increased to 10,106,781 units, the annual capacity per unit area reaches 7763 pcs/m2,
and the average hourly capacity per unit area of each production line is optimized to
two units. According to the annual output of mobile phones in the workshop and the
construction cost of the production line compared between before and after optimization,
the assembly and processing cost of each mobile phone is about 0.12 yuan and 0.102 yuan
respectively. The results before and after optimization are shown in Table 8 as follows.
Although the construction cost of the hybrid workshop is increased, the capacity per unit
area of a production line is increased and the workshop site is effectively utilized. At the
same time, assembly cost has also been reduced, and the overall benefit of the production
line has been improved.

Table 8. Optimization Comparison.

Equipment
Average Construction

Cost of Production
Line (Yuan)

Average Production
Capacity per Unit Area

of Production Line
(pcs/m2/h)

Assembly Cost
(Yuan/Units)

Before optimization 9,122,370 1.85 0.120
After optimization 9,299,840 2.00 0.102

6. Conclusions

With the sustained growth of consumers’ demand for personalized and diversified mo-
bile phone products, the mobile phone life cycle keeps shortening, and the product iteration
frequency gradually increases. The mobile phone production line must be customized and
optimized in a short time to respond to the characteristics of high-frequency production
change, high flexibility, and tight delivery time. In this paper, the assembly process of a
specific type of mobile phone is taken as the research object, and the primary assembly
process of the general mobile phone is introduced. The flexible space of the process and the
automation degree of the specific process are analyzed in detail, and the workstations are
divided by the heuristic balance method. This paper describes two main types of mobile
phone assembly line architecture and puts forward the production line design scheme’s
key parameters and evaluation indexes. A mobile phone assembly hybrid workshop was
designed to integrate the advantages and disadvantages of plug-and-play and unit pro-
duction line architecture. Furthermore, the hybrid workshop design optimization model
was established based on the production line’s construction cost and production capacity
per unit area. The simulation was conducted to verify the proposed scheme by using
the semi-physical simulation technology of digital twins. The above research provides
a solution and technical scheme for designing and optimizing large-scale mobile phone
assembly workshops with multi-batch and high-frequency production changes. It can also
be a reference for the production workshop design of similar products.

Currently, there are a few limitations to the study: first, a single type of production
line is taken as the mixed object to carry out the design and simulation optimization of
the mixed workshop, which leads to the low adaptability of the production line. Second,
this study ignores many situations in the actual workshop operation. When designing
the hybrid workshop, we only consider the construction cost of the production line and
the area utilization rate of the workshop, which leads to the lack of practicability of the
designed workshop.

In future research, we can also take the station as the object to carry out the hybrid
design of a single production line; that is, a variety of production line architectures can be
mixed into one production line to improve the adaptability of the production line further.
Moreover, it can integrate the workshop logistics relationship, logistics cost, and production
line reconstruction cost, build a mathematical model more in line with the actual needs
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and use intelligent algorithms such as the genetic algorithm and the simulated annealing
algorithm to obtain a better workshop production line scheme.
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