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Abstract: As the take-off of China’s macro economy, as well as the rapid development of infrastructure construction, real estate industry, and highway logistics transportation industry, the demand for heavy vehicles is increasing rapidly, the competition is becoming increasingly fierce, and the digital transformation of the production line is imminent. As one of the most important components of heavy vehicles, the transmission front and middle case assembly lines have a high degree of automation, which can be used as a pilot for the digital transformation of production. To ensure the visualization of digital twins (DT), consistent control logic, and real-time data interaction, this paper proposes an experimental digital twin modeling method for the transmission front and middle case assembly line. Firstly, the DT-based system architecture is designed, and the DT model is created by constructing the visualization model, logic model, and data model of the assembly line. Then, a simulation experiment is carried out in a virtual space to analyze the existing problems in the current assembly line. Eventually, some improvement strategies are proposed and the effectiveness is verified by a new simulation experiment.
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1  Introduction

The assembly line is an important production mode of large-scale production in the automobile manufacturing industry. The stations are arranged according to the process sequence of the product, and the workpiece passes through each station in turn. At each station, workers complete the corresponding assembly tasks to form a complete product [1,2]. Since its first design by the Ford Motor Company in 1913, the assembly line has been rapidly adopted by automobile manufacturers because of its advantages, such as shortening the product production cycle, optimizing transportation routes, and improving production efficiency. However, the planning of the assembly line mainly relies on the traditional simple analysis methods and personal experience. The generality and expansibility of the developed scheme are poor, and it is difficult to adapt to the complex and changeable manufacturing environment. Besides, because of the lack of comparison of various schemes, there is no guarantee that the planning scheme is optimal or better, and it is difficult to achieve the expected effect. The data show that about 80% of the complex production lines in operation at home and abroad cannot fully meet the design requirements. Therefore, before production, it is necessary to repeatedly plan and improve. In addition, after the assembly line is put into operation, the original balance parameters, such as cycle time, operation content, operation time, and assembly process, may change with the improvement of assembly workers’ technology, product upgrades, customer demand change, etc. Then, the original assembly line balance may be disrupted, resulting in the assembly line not being stable, efficient, and high-quality operation, greatly reducing the economic benefits of enterprises. Therefore, it is necessary to optimize and improve the original balancing scheme.

However, the construction cost of assembly lines is huge, usually ranging from tens of millions to hundreds of millions of yuan. In addition, for the assembly line already in operation, the task assignment location is determined, which means that the equipment, workers, tools, and other production resources for assembling the task have been configured. As soon as the task assignment changes, the assembly line needs to be rebuilt accordingly. Because the allocation position of the assembly task changes, the equipment and tools of the assembly task need to be disassembled and assembled again, and workers need to be retrained or even reassigned. The material rack needs to be rearranged, and even the logistics plan and the path of the distribution car also need to be replanned, which requires a large amount of additional capital investment [3].

Through computer simulation, the static and dynamic performance of the assembly line can be fully predicted before the assembly line is put into operation or reconstruction, and the problems of system layout, configuration, and scheduling control strategy can be found early to put forward the improvement plan faster and better [4]. Therefore, simulation technology is very important and widely applied in the field of production and manufacturing [5]. However, the traditional simulation method is divorced from the actual production, and more used for algorithm verification and analysis [6–10].

In recent years, the manufacturing industry has accelerated its transformation and upgrading to digitalization and intelligence along with the unprecedented development of information technology [11–13]. Digital twin (DT), which is in concept to cyber physical system (CPS) [14], is an important means to implement intelligent manufacturing by building a virtual system with high-fidelity for physical entities through digital space and establishing an interaction channel between the physical world and the virtual world to realize the virtual-real interaction and control optimization of the system [15,16]. It supports intelligent manufacturing from the design stage to the implementation stage [17]. The simulation in the virtual world can directly act on the assembly line in the real physical world, and the actual operational data in the physical world can be fed back to the virtual world, so that the simulation model in the virtual world can be more suitable for the actual assembly line, and the improvement scheme proposed is more feasible [18]. In addition, the high simulation operation interface is provided which is more visual and easier to understand and master by the assembly workers, as well as monitor the assembly process in real-time.

Therefore, this article constructs the DT model of the transmission front and middle case assembly system, using it to simulate and debug the current operation scheme of the production line and verify its rationality. Then, the improved adjustment and optimization strategies and schemes are provided to optimize the cycle time of production. The rest part of this article is as follows. Section 2 provides the related work. In Section 3, the DT-based framework of the transmission front and middle case assembly system is designed. The DT model is constructed and analyzed in Section 4. Section 5 proposes improvement strategies and the performance is verified based on the simulation of the DT model. The conclusions are provided in Section 6.

2  Related Work

The concept of DT was first formally proposed in 2010 [19] and originated from Product Lifecycle Management [20,21], which developed from digital product definition and modeling [22,23]. After that, some scholars in different fields of the industry summarized some guidelines for the DT application around the entire product lifecycle. Based on such criteria, the preliminary concepts of 14 types of DT-based applications were explored and proposed, which comprehensively covered the product layer, workshop layer, and enterprise layer [24]. It has assisted and laid the foundation for the in-depth exploration of digital twins. For the workshop layer, Tao et al. [25] put forward a conceptual DT model for the workshop and the deeper implementing methods. Characteristics, components, operational mechanisms, and crucial technologies of the system were analyzed theoretically. Then, this paper discussed and summarized the interaction and fusion pattern of physical workshops and virtual workshops with the support of DT data. The realization of four parts of the workshop entity, virtual, service, and data was theoretically explored. It put forward a theoretical and methodological reference for the realization of the DT technology in intelligent manufacturing workshops.

In 2015, the application of DT began to expand through its use in industrial manufacturing. General Electric tried its best to build a digital twin of engines supported by big data, the Internet of Things (IoT), and a cloud platform to monitor the engine manufacturing process in real time and then developed a timely inspection plan to ensure that failure prevention can be achieved before it occurred [26]. Liu et al. [27] proposed a DT-based design method for automated pipeline manufacturing to quickly generate design schemes in the product trial-production stage. At first, the DT model of the manufacturing system was constructed, and then the design schemes were tested and optimized through simulation. Wang et al. [28] adopted an integrated framework named “Five-dimensional system design of DT” based on knowledge and proved the constructed product design DT model made sure system service can be effectively evaluated, and the complexity of the design process could be effectively predicted and managed.

Furthermore, many scholars Many researchers focused on the application of DT for production system optimization. Most of them focused on intelligent decision-making based on the DT model. Zhuang et al. [29] focused on complex product assembly and constructed a DT model for the workshop to realize the workshop’s digital management and control. This paper provided the workflow of timely data collection, the DT modeling process, and a prediction method driven by DT to manage and control the assembly process. Ding et al. [30] defined an intelligent shop system based on digital twinning by referring to CPS theory, studied the composition and configuration mechanism of physical shops and virtual shops, respectively, and proposed an operation mechanism based on virtual and real shop information interaction, realizing a data-driven operation management and control method. Gehrmann et al. [31] actively explored and discussed a digital control method of key processes based on DT modeling and security architecture. Zhang et al. [32] put forward a DT model of the machines during the dynamic scheduling process in the job shop to predict the availability of machines, detect interference between machines, and evaluate their performance. Finally, they in turn supported dynamic optimization decisions. Yang et al. [33] constructed a DT model of a spacecraft assembly system and simulated the assembly scenarios under various real-time data to verify and analyze the operation status of the assembly system, and help select a practical and feasible operation scheme of the assembly system. Zhang et al. [34] proposed a consistency evaluation method between DT shop-floor models and the related physical entities to ensure the validity of the models. Zhang et al. [35] considered the dynamic and changeful market environment of equipment manufacturing, and developed a reconstruction framework based on digital twin (DT) for a semi-automatic electronic assembly line and an optimal reconfiguration algorithm. The aim was to optimize the production scheduling scheme and balance task and buffer assignments. Zhu et al. [36] focused on the problem of inefficient collaborative work between humans and robots in manufacturing systems and proposed an intelligent manufacturing method based on DT and a multi-objective intelligent optimization algorithm. The DT model was used for the presentation of operational optimization objectives and constraints, and performance verification of the proposed algorithm. A DT online calibration method based on Kalman filtering and feedback signal was addressed by Sjöberg et al. [37] to handle the issue of online geometric assurance during sheet metal assembly.

Some scholars focused on exploring the extension function of the DT model, and carried out simulation research based on the DT model, in which the improvement strategies were proposed directly based on simulation results. Luo et al. [38] proposed a method of preventive maintenance of CNC machine tools based on DT to ensure the working efficiency and safety of NC machine tools in machining. Through the construction of the DT model and DT-based simulation, the remaining life of the machine tool and the probability of possible failure were predicted, and timely preventive decisions could be made to avoid significant economic losses or artificial damage. Leng et al. [39] studied a flexible product manufacturing system based on DT modeling and simulation technology considering increasingly diversified customer needs. The main objective was to the rapid reconstruction and optimization of product assembly systems through the optimal configuration of assembly tasks based on DT simulation, to better meet the personalized requirements of customers, eventually. In response to the current problem of spacecraft assembly quality being limited by real-time and variable process data. Li et al. [40] established the DT model of an auto body in the white welding shop, and the DT-based simulation model was improved through repeated simulation experiments to supplement the lack of data in the system. Then, combined with a real-time detection method of reconstruction, real-time detection and analysis of the welding process was realized to improve the welding quality of the auto body in white and reduce the number of reworks.

All the above-proposed research shows that the actual application of DT technology in product and production systems is still in the theoretical and exploratory stages. The support of modeling and analysis software is often one-sided, that is, the data flow between the virtual system and physical system is not smooth, and the virtual system cannot support the performance evaluation of the physical system, let alone performance optimization.

3  DT-Based Framework of Transmission Front and Middle Case Assembly System

3.1 Overall Framework

The DT-based framework of the transmission front and middle case assembly system is shown in Fig. 1. It mainly consists of five parts: (1) Physical assembly line, which describes the physical elements involved in the process of transmission front and middle case assembly, including assembly workers, equipment and tooling, parts, stations, and other assembly resource entities on the site. (2) Virtual assembly line, which is constructed on the simulation modeling software. The function is to realize the analysis, planning, and optimization of the actual physical assembly line. (3) Visualization model: With the help of three-dimensional (3D) modeling software, a 3D model corresponding to each production factor on the actual physical assembly line is constructed to obtain a visual 3D simulation assembly line, which is identical to the actual assembly line in static appearance and highly similar to the actual assembly line in dynamic operation. (4) Logic model, mainly refers to the back-end programmable logic controller (PLC) logic control program embedded in the inner layer of the 3D visual model, which supports the operation of the virtual assembly line. Through repeated debugging and optimization, the virtual assembly line can achieve a highly similar operating environment to the actual assembly line. After that, the PLC logic control code program is embedded into the actual assembly line to ensure the virtual assembly line has the same internal control logic and then the virtual assembly line can simulate the real assembly line running process in real time. (5) Data model, which helps sort out the composition and logical relationship of system data, guiding data collection, and subsequent assembly line performance and operation analysis.
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Figure 1: Overall framework

3.2 System Function

(1) Performance evaluation of the assembly system

Through the DT model and the timely monitoring of workpieces in place, workers in place, tools in place, workpiece percent of the pass, completion rate on schedule, and other information supporting the system simulation operation, the warning or alarm can be given when the parameters are out of range. The performance of the assembly line can be evaluated through some indexes, such as operation efficiency, balance rate, production shutdown rate, etc.

(2) Formulate and optimize the assembly line operation strategy

Tow-way alternate communication between the digital entities and physical entities can provide effective information support for the formulation of the operation strategy of the transmission front middle case assembly line. That is, information such as participating equipment, operation constraints, and action timing of physical entities is applied to the digital twin, and the optimal operation strategy is formulated through continuous iterative and debugging carried out on the digital twin.

3.3 Digital Twin Modeling Process

The digital twin modeling flow for the assembly line of transmission front and middle case is shown in Fig. 2. Firstly, a 3D model of assembly entities is established and imported into a self-defined simulation software. The scene model is rendered, the kinematic relationships are defined, and the visualization model is established. Then, the logic model and data model for the transmission front and middle case assembly line are established. Based on the interaction of those models, the virtual assembly line which is similar in appearance to the physical assembly line is established. Eventually, the simulation model that nested control logic and real-time data is verified once and once to obtain the working data and critical information of the virtual assembly line to shorten the time of assembly line construction and debugging, and then save the cost.
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Figure 2: Digital twin modeling and simulation flow

3.3.1 Visualization Model

The assembly line of the transmission front middle case is composed of the environment, materials, resources, and so on. To achieve the assembly line visualization, a 3D model of the assembly line must be established first. Through 3D modeling, the visualization model forms a virtual assembly line, which 100% corresponds to the physical one and provides a platform for data simulation. The establishment of a visualization model is divided into the following steps:

(1) Construction of the 3D model

The 3D model contains an environment model, a material model, and a resource model. It is necessary to create a specific dimensional appearance and give corresponding material through 3D modeling software. The environment refers to the plant, the ground, lighting, etc. The material model contains two layers, parts/blanks, and product level composed of parts/blanks. The final products are assembled from various parts. The resource model describes all the assembly resources from four levels of the component-equipment-station-assembly line. The component is the final moving parts, the equipment is composed of components, and each station is arranged according to the physical assembly line to complete the construction of the assembly line.

(2) Definition of kinematic pair and animation

Firstly, the established model is completely imported into the assembly line simulation software, which uses the customized “Intelligent Manufacturing Platform” software, as shown in Fig. 3. It is necessary to define kinematic pairs for different motion equipment, including translational motion and rotational motion. The translational motion needs to determine the direction of motion, origin, and distance of motion. Rotation motion needs to determine the rotation axis, rotation direction, rotation origin, and rotation angle range. Fig. 4 shows the definition of the rotating kinematic pair of one of the robotic arms, and its rotation range is −120° to 155°.

[image: images]

Figure 3: Intelligent manufacturing platform software

[image: images]

Figure 4: Definition of the rotating kinematic pair of one of the robotic arms

After the kinematic pair is established, it is necessary to complete the path planning of the assembly process to display the complete process actions (how parts are assembled, how equipment is moved to fit, roller table movement, manipulator trajectory, etc.), which are composed of different parameters and time axes of each kinematic pair. Meanwhile, collision detection can be started to determine whether physical interference collision will occur, as shown in Fig. 5. When the definition of the process animation of all stations has been completed, the definition of a set of processes is completed (the definition of the assembly process is completed through the series of working procedure).
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Figure 5: Process animation and collision detection

3.3.2 Logic Model

The logic model gives the flow sequence of the workpiece and time axis to drive the visualization model to display the predefined process animation (rendering the workpiece and displaying the corresponding assembly animation within a planned time range). Relevant inputs include product scheduling plan (there may be multiple models of products), assembly line configuration (station sequence and the number of buffers, worker allocation, etc.), exception configuration (types of exceptions and occurrence probability, etc.), team arrangement and working time configuration, etc.

The assembly process is relatively simple compared with the processing process, that is, through each working procedure in series. The whole assembly logic can be decomposed into the assembly logic of a single working procedure. Fig. 6 shows the logic model of a single working procedure. The workpiece at the corresponding station of the current working procedure comes from the previous station or the buffer in front (the first station is automatically fed), and the work starts when the start conditions are met. The start conditions include:
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Figure 6: Logic model of a process for a station

(1) Complete materials

Each station has a corresponding material storage area, and the distribution of materials is not included in the scope of the simulation. However, there may be delayed distribution of materials, failing to start on time. Different stations have different requirements for materials, and the impact of materials is also different. According to the historical data statistics of different stations of the transmission front and middle case assembly line, the binomial distribution is used to simulate whether the material delay occurs, and the probability of material delay is given. When material shortage causes delay, the delay time should be given according to Poisson distribution, and the average time of actual material distribution is used as the mean of Poisson distribution.

(2) Equipment available

Equipment may break down, causing varying degrees of delay. The operation failure data of actual equipment is collected by PLC, and the probability and duration of failure of different equipment are calculated. Binomial distribution and Poisson distribution are used to simulate the occurrence of equipment exceptions and the processing time of exceptions.

(3) Worker available

Worker allocation under the simulation condition is given, so this condition is satisfied. In the actual production simulation, each manual station is equipped with an integrated terminal, workers swipe their cards to record commuting. The number of online workers can be used to determine whether to start working.

The assembly time of the workpiece is uncertain, various numbers of workers and stations will affect the assembly time. The operation time of each workpiece in the simulation model is according to the positive distribution, in which the mean and variance depend on different stations and the number of workers.

The rest (production scheduling plan, assembly line configuration, etc.) are given in advance before the simulation begins. Through the system simulation, the production time sequence diagram of different workpieces is given, the line performance index is calculated, and the line efficiency is judged. Based on this, the assembly line can be adjusted to meet the production demand and improve production efficiency.

3.3.3 Data Model

A variety of unstructured data of “person, machine, material, method, environment and measurement” are involved in the assembly of transmission front and middle case. A structured process data model in Fig. 7 is developed to establish the association of these data, realize the structured and unified application of multiple types of data, and guide the subsequent data collection. It includes the version information involved in the assembly planning stage and the assembly execution stage, as well as the process element information of “person, machine, material, method, environment and measurement” and shows the topological correlation between each process element. Worker information, equipment information, tooling information, material information, and assembly quality information are all bound with the assembly process, which determines the “person, machine, material, method, environment and measurement” related to the on-site assembly operation. Assembly workers are the main body to execute assembly operations, which would operate equipment, handle parts and materials, implement assembly processes, and conduct quality inspection operations. Each process element is not independent, but it is bound and associated with each other through production orders and assembly workers.
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Figure 7: Data model

4  Construction of Data Twin Model and Analysis of Simulation Operation

4.1 Transmission Front and Middle Case Assembly Line

The assembly line of the transmission front and middle case contains 11 stations, and the expected cycle time is 120 s. Details of the operation contents of each station are shown in Table 1.
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Stations QK010-1, QK010-2, QK050, QK070, QK080-1 and QK100 are automatic, while stations QK020, QK030, QK040, QK060, QK080-2 and QK090 are manual. Stations QK060 and QK080-2 can be operated by one person only, and stations QK020, QK030, and QK090 can be operated by more than one person, with a maximum of 2, 1 and 4, respectively. The operation time of stations QK020, QK030, and QK090 in Table 1 is obtained when it is being operated by 1, 1, and 2 workers, respectively.

As shown in Table 1, the existing problem of the assembly line is that the operation time of some manual stations is far more than the cycle time, while the operation time of automatic stations is far less than the cycle time, which leads to the generation of bottleneck, reduces the balance rate of the assembly line and the production efficiency. In addition, anomalies such as material delay, operation time variation, and equipment failure occur frequently, which result in a low one-time pass rate.

4.2 Operation and Analysis of Simulation Model

To facilitate display and analysis, the operation and analysis of the simulation are displayed in a two-dimensional interface. Fig. 8 shows the “Parameter setting” interface of a simulation model for the transmission front and middle case assembly lines. Before the execution of the simulation, the assembly line and the simulation period should be selected first. Then, the parameters, such as the number of workers at each station, should be filled in. If an anomaly occurs at the station, the estimated duration of the anomaly should be filled in too. Finally, click the “Submit” button and wait for the execution of the simulation until the title of “Result Display” changes into solid words. Click to view the simulation results, as shown in Figs. 9–13.
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Figure 8: Operation parameter setting interface of the simulation model
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Figure 9: Simulation result—time sequence diagram
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Figure 10: Task prompt of a time sequence diagram
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Figure 11: Simulation result—average operation time of stations
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Figure 12: Simulation result—load of stations
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Figure 13: Simulation result—line balance rate

The left side of the time sequence diagram is the station and the horizontal axis is time. If the mouse hovers over the block, the work content will be displayed, as shown in Fig. 10. The number of current workpieces, estimated work start time, and completion time can be seen from the hover prompt. The workload of each station can be seen from the overall timeline. The completion time of the last workpiece shows whether the order could be completed within the appointed time.

As shown in Fig. 11, the bar chart of the total operation time and average operation time of each station can be viewed on the operation time interface. In view of the average operation time, the completion time of each station is far apart, with a minimum of 54.76 s (Station QK080-1) and a maximum of 177.01 s (Station QK020). That is, the average operation time of stations in the current assembly line is very unbalanced. The efficiency of the assembly line needs to be improved. In addition, there are six stations, whose average operation time is longer than the expected cycle time (120 s). It indicates that the division of the current station or process needs to be optimized.

Fig. 12 shows the station load information in the simulation results, including load rate and delay rate, which are calculated according to Eqs. (1) and (2), respectively. As shown in Fig. 12, the load of stations in the current assembly line is also unbalanced, the minimum is 26.04%, while the maximum is 81.10%. It also shows that the current division of the station or the division of the process is not reasonable.

LRi=∑WPWTi∑WP(WTi+DTi+ITi)×100%(1)

DRi=∑WPDTi∑WP(WTi+DTi+ITi)×100%(2)

where i represents the subscript of the station and WT, DT, IT represent the actual operation time, the delay time due to material delay or equipment failure and idle time (waiting time due to blocking) respectively. WP represents the set of all workpieces.

Line balance rate (BR) and load smoothness index (SI) can also be seen from the proposed system, as shown in Fig. 13. They are calculated according to Eqs. (3) and (4), respectively. SI is used to measure whether the workload of each station is balanced on an assembly line. A smaller SI means that the production would be more stable and the workload among stations would be more balanced. Currently, the balance rate of the assembly line is only 69.27%, and the smoothness index of the load is 66.48, which shows that there are extremely unreasonable problems in the division or resource allocation of the assembly line.

BR=∑j∈JSTj/STmax⋅N(3)

SI=∑j∈J(STmax−STj)2/N(4)

STj=∑i∈Sjti is the total operating time of tasks assigned to station j. STmax=max{STj} is the maximum load of all stations.

Eventually, from the results of the simulation model, the main reasons for the bottleneck on the assembly line are summarized as follows:

(1) Worker allocation is unreasonable

The completion time of stations QK020, QK080-1, and QK090 is longer than the cycle time. If only one worker is allocated to these stations, it is bound to become a bottleneck. In addition, the skilled worker should be arranged to the process requiring a high degree of proficiency and long execution time.

(2) The division of working procedure is unreasonable

The divisible working procedure with a long operation time should be split, and part of the task should be assigned to workers with less load. It could avoid unnecessary bottlenecks and balance the load of workers. For example, the working procedure of tightening the front case nut on QK090 includes 24 fine nuts and 1 coarse nut, which takes much longer time than the cycle time.

(3) The division of workstations is unreasonable

The completion time of stations QK050, QK070, and QK080-2 is far below the cycle time, and QK050 and QK070 are automatic stations, which cannot be adjusted directly. It would inevitably become low-load stations, seriously reducing the balance rate of the assembly line.

5  Simulation Model Operation and Analysis with Improvement Strategies

5.1 Improvement Strategies

(1) Adjustment of workstation division

Stations are divided according to the investigation and analysis of the process. Automatic stations Qk010-1 and QK010-2 could work in parallel so that they could be combined into QK010. The operation tasks of QK020 and QK030 stations are the same and they can work in parallel, therefore, combine them as station QK020. The operation tasks of QK050, QK060, and QK070 all belong to the shafting installation; therefore, they are combined into one station QK050. The work tasks of stations QK080-1 and QK080-2 are to complete the middle case online, which could be combined into station QK080. After the above operations, the operation contents of each station are exhibited in Table 2.
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(2) Adjustment of worker allocation

As can be seen from Table 2, stations QK020 and QK090 are still bottleneck stations after adjustment of work station division, whose operation time exceeds cycle time. Considering those two stations can be operated by multiple workers, the number of workers in stations QK020 and QK090 is adjusted to 2 and 4, respectively. The new data is updated in the simulation model, and the new simulation cycle time is 155 s.

(3) Working procedure optimization

The work tasks of station QK080 include four main working steps, the first is the pre-installation of the idler component, the second is the lifting of the middle case, the third is the twisting of nuts on the side, the fourth is the pressing of the middle case. Pre-installation of the idler component is closely related to the idler assembly in the part assembly line; therefore, it can be moved to the part assembly line to ensure it can be pre-installed in advance. The lifting and pressing of the middle case are operated by automatic equipment, therefore their operation time cannot be changed. The nuts on the side are not easy to operate and the time fluctuates greatly. Its operation time is effectively reduced by improving the design of the tooling, eventually. In addition, logistics optimization can also be carried out to ensure the timely replenishment of case materials. Finally, after the above optimization, the average operation time of station QK080 can be reduced from about 155 to about 140 s.

5.2 Simulation Result and Analysis

The new simulation results of the time sequence diagram, completion time of stations, station load, and line balance rate under the new data are shown in Figs. 14–17. Comparison of results between the operation schemes of the assembly line before and after the improvement in terms of key assembly line performance evaluation indicators (cycle time (CT), line balancing rate (BR), smoothness index (SI)) is shown in Table 3.
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Figure 14: Simulation result under improvement strategies—time sequence diagram
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Figure 15: Simulation result under improvement strategies—average operation time of stations
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Figure 16: Simulation result under improvement strategies—load of stations
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Figure 17: Simulation result under improvement strategies—line balance rate
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As can be seen, (1) The completion time of stations and station load is much more balanced than before, which verified the effectiveness of the improvement strategies proposed through long-term simulation based on the DT model. (2) Balance rate of the assembly line is increased by 26.21% (from 69.27% to 87.43%), while the smoothness index of the load is decreased by 69.87% (from 66.48 to 20.03). It not only meets the preset target of 85%, but also verifies that the current station layout of the assembly line is relatively reasonable than before. (3) Cycle time is decreased by 21.83% (from 177.01 to 138.37 s), which demonstrates the effectiveness of the improvement strategies again. However, the cycle time did not meet its expectations under the existing conditions. It shows that further optimization of the cycle time requires the assembly line reconstruction and/or the upgrading of the equipment and/or tooling. In addition, the QK090 station is relatively crowded when arranging 4 workers at the same time, so it is suggested to split into two workstations on the premise of space permitting in the future.

6  Conclusions

In this article, an experimental digital twin modeling method for the transmission front and middle case assembly line was provided and the related digital twin model was established to realize the virtual mapping of the physical assembly line and the whole cycle data management of assembly. In addition, the operation of the assembly line was analyzed and the bottleneck stations of the assembly line were captured through simulation. Then, the improvement strategies were proposed and verified based on re-simulation. The results indicate that improvement strategies can effectively optimize the cycle time, and balance rate of the assembly line and improve productivity to some extent. However, further optimization of the cycle time requires much more improvement measures, such as the reconstruction of the assembly line, the upgrading of the equipment and/or tooling, and so on. These will be the focus of our future work.
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Table 3: Comparison of results

Performance Initial Improved

Cycle time (CT) 177.01 138.37
Line balancing rate (BR) 69.27% 87.43%
Smoothness index (SI) 66.48 20.03
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Table 1: Operation contents of each station on the transmission front and middle case assembly line
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Table 2: Optimization version of operation contents of each station

Station No.  Operation contents Operation time  Type
QK010 Case handling, pressing, and locating pin installation ~ 119.00 Automatic
QK020 Preload front case cylinder head bolts 113.71 Manual
QKO050 Shafting installation 109.96 Hybrid
QKO080 Middle case on-line 138.37 Hybrid
QK090 Tighten the front case nut 129.87 Manual
QK100 Press and install idler shaft and countershaft bearing  115.00 Automatic
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