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Abstract: For the automobile design and manufacturing, as a typical representative of the industry, the
development and upgrading represent the application of the state-of-the-art technology in the industry. With
a period of development, the related technology of traditional manufacturing factories for automobiles are
found with some common issues while improving. As such, the reconfigurable intelligent manufacturing
factory of the automobiles is fast developed with focus on reconfigurability in structures, manufactures and
algorithms, thus advancing the level of the reconfigurable intelligent manufacturing continuously. With a
sufficient reconfigurable manufacturing technology as the basis, reconfigurability can be better introduced
to the structure design and the driving algorithms of the automobiles. Reconfigurability provides a new
bridge for transforming the traditional automobile to the reconfigurable automobile, and a new driving force
for the upgrading of the reconfigurable driving algorithms.
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1. Introduction

With the rapid development of industrial technology, manufacturing enterprises are entering a critical
period of transformation and upgrading. For the original industrial model, it is urgent to solve some core
problems like the long production cycle, high labor cost and large production pollution [1,2]. If these
problems can be solved effectively, the enterprises will become more adaptable to change of the market
environment, thus seizing the opportunity for a new round of the industrial transformation and leap.

The development scale and technological level of automobile manufacturing industry is an important
symbol of a comprehensive national strength for a country. This industry involves cross amalgamation of
several fields like machinery, materials, logistics, management etc., as one of the first industries that
introduce robotics into the manufacturing process [3—7]. In the field of automobile manufacturing, traditional
labor-intensive industries are being replaced by technology-intensive industries gradually. Thus, the
construction of intelligent manufacturing factories relying on automated production will become the
mainstream, and the robots will become more and more important in relevant production activities [2—4,7],
meaning that optimization of robot’s performance is the key to improvement of production efficiency.

The technology upgrade will bring intelligent manufacturing factories with sufficient production
capacity [1,2,5], sophisticated assembly [3,7] and flexible switching [1,4,6]. With the support of the above
advantages, it will better promote the upgrading and reform of the automobile industry. Traditional
automobile design and driving algorithms do not get rid of the limitations of traditional automobile structure
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and size, but reconfigurable theory can develop the structure of traditional automobile, and can promote the
creation of innovative driving algorithms. This allows automobiles to be produced more efficiently and driven
more freely, providing better driving experience and improving the quality of the automotive industry’s
service to humanity on all fronts.

2. Reconfigurable Structure for Automobiles

The intelligent manufacturing factory may own an ability to manufacture complex automobile structures
through introducing reconfigurable theory. As one of the most important structures for automobile, chassis
determines the motor performance and user experience of automobile [8,9]. Scholars and engineers have paid
attention to the structural design of chassis for many years. However, limited by the overall structure of
automobile [10], the chassis may influence the automobile performance greatly for even a small change [8,
11], and so, it is very difficult to modify the chassis [12]. At present, the structure of automobile chassis is
relatively uniform [9,12,13], that is, for the chassis, there are few breakthrough innovations and the
manufacturing mode is relatively simple. Due to the simplified structure of chassis, the advantages of
intelligent manufacturing factory cannot be maximized, and the environment for use of automobiles has been
limited. Currently, most commercially available cars can only be driven on wide and flat roads. However, the
concept of amphibious automobile has been proposed and applied in real life since 1920s [14]. In 1961, the
world's first mass produced amphibious automobile was marketed. Based on a chassis equipped with a
variety of drives, the amphibious automobile owned complete functions, but its performance at work was not
so stable, and thus, it failed to gain the trust of consumers due to poor safety. This amphibious automobile
was eventually eliminated by the market, for only 4000 units were sold in the 7 years after launch [15]. In the
following decades, the value of amphibious automobile in the military field was gradually developed, and
globally, several military powers carried out studies on amphibious automobile successively. They developed
various powerful amphibious automobiles, e.g., WaterCar Panther and Dobbertin Hydrocar, but their moving
speed was slow [16] for heavy chassis [15,16]. Also, it was very difficult to maintain the amphibious
automobiles due to their complex chassis structures [16]. The cost for research and development,
manufacturing and maintenance of the amphibious automobiles was very high because they were designed
for military use. Thus, they are not applicable for use in our daily life. It was not until 2004 that an
amphibious automobile tore across the English Channel in 100 minutes, demonstrating the application value
of amphibious automobile to consumers again. Similarly, this amphibious automobile failed to be marketed
due to its high production cost and low work efficiency [17,18]. By now, amphibious automobile has not been
popularized in the civil field although its structure has been continuously improved and developed by
scholars and engineers, and has even been well applied in the military field. There are two reasons for this:

(1) Amphibious automobile needs to adapt to various environments, and so, the requirement for its
structure is very high [10,14,17].

(2) In driving, the amphibious automobile needs a computer [15—17] to guarantee the speed of movement
as well as the safety of the driver.

For both reasons, there has been no new breakthrough in the development of automobile.

The concept of reconfigurable structure provides a new solution for the promotion of amphibious
automobile, as shown in Figure 1. As a typical case, the metamorphic wheel-legs rover proposed by Dai and
Ding [19] integrated the advantages of legged robot and wheeled car. In the case, a variable body structure
was designed so that metamorphic rover could adapt to complex environments well, and thus, it might even
be used in extreme environments like Mars. When switched to the legged form, it had a high terrain
adaptability. The amphibious automobile of similar structure may move on uneven mountain roads or soft
swamps smoothly [20—22], and therefore, it can assist humans in field exploration [23], rescue and disaster
relief [24,25]. However, the legged form of automobile moves slowly [20,23]. Furthermore, it is difficult for
the users to manipulate [21,24], and the overall motion stability is poor [20,25]. Thus, the amphibious
automobile may be switched to the wheeled form on a flat surface for fast moving speed and good
stability [21,23—25], and to the legged form again as driving into a complex terrain. To sum up, similar
structures can be widely applied in modification of automobile chassis, allowing amphibious automobile
more adaptable to complicated environments. For example, for the front of automobile, the structure may be
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reconfigured into different shapes [26] to reduce the resistance from a small water current or wind, thus
improving the speed of movement, and saving the fuel. Energy-saving is achieved by interacting with
environment. Wheels can be reconfigured into a shape like propeller [26,27] for changing the propulsion
mode and adapting to an environment like underwater. Efficient work is achieved through freely
reconstruction. Amphibious automobile can also be used for entertainment in daily life. For this, the
requirement in speed of car is generally low, and the chassis may be designed into a reconfigurable structure
like flippers of an animal [28] so that the car may move on water surface, and thus, the fun of driving may be
enhanced, and possible contingencies may be handled. Cost-effective product is designed through simple
modification. Overall, the reconfigurable structure has enhanced the environmental adaptability and expanded
the application scenarios for automobiles, which will bring more surprises to production and life of human in
the future.

Figure 1. Structures inspired by reconfigurable theory.

3. Traditional Manufacturing Factory for Automobiles

The complexity of automobile structure puts forward new requirements for automobile manufacturing
factory. At present, automobile factories may be divided into traditional manufacturing factories and
intelligent manufacturing factories, and the robots in traditional manufacturing factories may be divided into
logistics robots and flow line robots according to the application scenarios. The logistics robots, e. g.,
transportation robots [29 —31], palletizing robots [32,33], and etc., which are the most common almost
throughout the manufacturing process of automobiles, are used for spatial orientation of auto parts. Their
tasks are generally simple, and so, the requirement for precision is relatively low, but the requirements for
efficiency and service life are high, especially for factories with limited production sites that often cannot
establish a whole process for the production line, where logistics robots are very critical for the
manufacturing process because the manufacturing process needs to be completed by crossing over production
line and dispatching equipment. Flow line robots are used for the production line manufacturing process of
automobiles. They play a key role in the manufacturing process as the main automobile workers from parts to
final products, e.g., painting robots [34,35], welding robots [36—38], assembly robot [6,39] and inspection
robot [40,41]. They are usually of large size and high precision, and also, with a high degree of automation,
they are easy to operate and maintain. Meanwhile, they have a clear division of labor and fixed workstations
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and thus are only oriented toward a certain part of the production, lacking interaction with staffs. If one of
them fails, the production schedule of the entire manufacturing factory would be affected.

In recent years, the automobile factories have developed rapidly due to investment in robots. The robots
have advanced the automation degree, reduced the production cost, and balanced the product quality for the
factories. However, during the rapid growth of robots, relevant techniques for robots in automobile factories
are being faced with many challenges, e.g., lack of generality [6,29,32,34,39,40], large space demand [32,35,
38], high cost for investing [30,33,34,37,41] and etc., which set limitations to the benefits of the
manufacturing factory and optimization and upgrade of factories’ production mode. Also, these problems
could lead to the bankruptcy of automobile enterprises by causing a great impact on the capital chain during
the factory optimization and upgrading phase, making classic brands vanish and staffs suffer unemployment.
Therefore, the application of robots in manufacturing factory of automobiles needs more advanced solutions.
The intelligent manufacturing factory of the future should not only be enabled a high level of automation, but
also need to improve the versatility and coordination of robots in the factory to enhance its ability to adapt to
different production needs, as shown in Figure 2. The intelligent manufacturing factory [42,43] that can
realize small batch size or multi-batch production for high efficiency and flexible deployment is one of the
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Figure 2. Prospect for the intelligent manufacturing factory.

4. Intelligent Manufacturing Factory for Automobiles

Intelligent manufacturing automobile factory is a new future-oriented production factory [42].
Compared to traditional manufacturing factories, it emphasizes informatization, integration, systematization,
and standardization. As a large number of intelligent robots are put into use, the efficiency for production of
automobiles is improved, and the production cost is lowered. Thus, it has become an important solution for
upgrading traditional manufacturing factory. At present, the existing applications include cooperative robots
and reconfigurable robots. The solution of cooperative robot takes human factors into account in the
operation of robots, relies on both workers and robots as completing the tasks for automobile manufacturing,
and combines the unique capabilities of human beings with the advantages of intelligent robots [44]. The
design of cooperative robot pays more attention to the interaction with humans because with the help of
humans, the robots can complete more complicated tasks and respond to unexpected situations more
effectively. Generally, the cooperative robots are small in size, and so, their mobility is good, while traditional
robots are mostly limited to a preconfigured path, that is, with higher flexibility and wider application
range [45—47], the cooperative robots make the manufacturing process more reasonable and safer by information
interaction with humans [45,48]. However, the requirements for the workers in operation technique, professional
quality and related technical training are also advanced [49,50]. At the same time, intelligent manufacturing
factories have reconfigurable robots with higher imagination and openness. The core of reconfigurable robot
is not hardware, but platform. Compared with traditional robots of poor adjustability, tight spatial layout and
high manufacturing cost, configurable robots can integrate most functions in a small number of stations.
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Table 1. Manufacturing factory of automobiles.

Category Typical Instances Applications
Mobile Robot .
[29,30] Delivery of parts
Logistics Handling Directional delivery of
Robots Robot [31] large parts
Palletizing Robot Delivery of large parts or
[32,33] complete vehicles
Traditional Painting Robot .
Manufacturing [34.35] Painting of shells and parts
Factories
Welding Robot .
[36-38] Welding of parts
Flow Line
Robots
Assembly
robot [6.39] Assembly of parts
Inspection robot . .
[40,41] Checking on the quality of parts
Collaborative Collaborative Collaborations with humans for
Robots Robot [45-48] complex tasks
Intelligent
Manufacturing
Factories
Reconfigurable DH Robotics Transportation, selection, and
Robots [26,56,57] processing of small parts

Inspired by the evolution of human beings as well as the division and reorganization of cells [51,52],
reconfigurable robots allow the machine to “transform and reconfigure” according to the actual needs, realize
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“dynamic evolution™, flexibly adapt to the changing working environment and functional requirement, and
thus realize multiple functions by one machine [53-55].

The concept of reconfigurable robot was first proposed by Dai in 1998 [51], and relevant theory has
become a mainstream trend in current and future mechanics. As a typical case of application in automobile
production, the robot gripper produced by DH-Robotics Company with reconfigurable mechanism as the core
technology has significant advantages, e.g., compact structure, good dynamic performance, high precision in
force control, simple operation, good environmental adaptability and wide application range [26,56], as shown
in Figure 3. By now, it has been applied in many automobile enterprises such as BYD, FAW-Volkswagen,
SAIC-Volkswagen, TOYOTA, NISSAN, Hyundai and so on [57]. Intelligent manufacturing factories with
reconfigurable robots can fully meet the customers’ demand for customization, thus further adapting to larger
production batch size and more frequent model change, and realizing the reconfiguration of intelligent
manufacturing factory. However, the current development of application scenarios for reconfigurable robots is
still to be further improved, and relevant market share is still small. Therefore, there is a large space for the
research on reconfigurable robots of very high application value, which needs the active participation of
scholars and engineers.

force control / High acg

Figure 3. Core advantages of reconfigurable robots.

5. Reconfigurable Algorithm for Automobiles

It is well known that the popularization and application of reconfigurable automobile cannot be
accomplished without supporting algorithms [15—17]. With the rapid development of computer technology
and the standardization of daily road design, automobile manufacturers have begun to develop intelligent
automobiles, for which some progress has been made, as shown in Table 2, where aided driving automobile is
the most common one. However, the algorithms for aided driving are mostly used for some basic auxiliary
functions, e.g., automatic parking [58—60], cruise control [61,62], collision warning [63,64], and etc. In most
cases, the drivers are still required to control the automobiles, which means there’s still a long way to free the
drivers’ hands completely. Therefore, the current difficult point or hotspot is still how to realize the
transformation from aided driving mode to self-driving mode and guarantee the safety and comfort of driving
process. The main existing algorithms for unmanned driving include longitudinal motion control [65, 66],
path following [67—69] and trajectory tracking control [70—72]. However, a large-scale application of self-
driving automobile is still limited by the uncertainty of driving environment, and more sensing information is
to be integrated into the algorithm.

The transformation from aided driving mode to self-driving mode is a progress. However, the transformation
from aided driving mode to reconfigurable driving mode is a brand new development. The proposed
reconfigurable driving mode may solve some key problems in automobile driving process. For totally
different environments, e.g., gentle road surface and obstacles like steps, an algorithm is required to solve the
problem that automobile structure cannot satisfy the requirements for actual conditions of roads. With the
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Table 2. Comparison of automobile driving algorithms.

Category Control Monitoring Corrector Application
Manned Automobile Human Human Human /

Aided Driving Interactive Operation Human Human Daily Road

Self-Driving Artificial Intelligence Artificial Intelligence Artificial Intelligence Daily Road

Reconfigurable Driving  Interactive Operation Artificial Intelligence Artificial Intelligence All Road

support of reconfigurable driving algorithm, the automobiles can adapt to different road environments
through a change in configuration. For example, the automobile chassis can be reconfigured into a form of
legs or flippers to cross a river or even venture into space [26,19-22,27]. It is even possible to reconfigure the
entire automobile chassis [73,74] for true all-terrain applications, and thus, more automobile products may be
developed. However, all of the above intelligent algorithms rely on the data transmission of on-board sensors
to realize the interactions of human with automobile and automobile with environment. Therefore, the
precision, transmission speed and cost of on-board sensors are also one of the factors influencing the
reconfigurable driving [75,76].

6. Intelligent Reconfigurable Factory for Automobiles

In recent years, many cases of integrating reconfigurable theory with intelligent factory of automobiles has
emerged in the industry, and has also achieved initial results, and thus, the reconfigurable theory of automobiles
and intelligent factory of automobiles have reached a new climax. However, technology related to intelligent
reconfigurable factory still needs to be further developed, since the main obstacle at present is the lack of basic
mathematical theory, common design standards and efficient control algorithms, as shown in Figure 4.

Intelligent Reconfigurable Factory

Basic Common Efficient
Mathematical Design Control
Theory Standards Algorithms

“New Stage” + “New Ecology” + “New Vitality”
Figure 4. Technology of intelligent reconfigurable factory.

The diversification of application scenarios and customization needs has led to increasing requirements
for reconfigurability and variable structure efficiency of automobile structure and robots in the factory. While
control and mathematical theory are closely related, the research of reconfigurable automobile structure and
robots needs to adopt the cutting-edge results of mathematical disciplines. Geometrical Foundations and
Screw Algebra for Mechanisms and Robotics [77] discussed the relevant theoretical issues and provided
theoretical support to advance the application and development of reconfigurable automobile structure and
robots. For example, both design and algorithms need to use Euler's formula, but the differences between the
two domains are so great that different versions of mathematical theory have to be integrated to be applied in
an intelligent reconfigurable factory, which can be done through Lie groups and Lie algebras to connect the
two domains.

The development of intelligent reconfigurable factory requires the construction of digital standards
common to all disciplines to provide the necessary environment for the design and research of reconfigurable
automobile structure and robots. All scholars and engineers have to take the responsibility for the application
and development of intelligent reconfigurable factory. The integration of multiple disciplines, the requirement
for high efficiency, and diverse applications will eventually lead to the 4th Industrial Revolution, and we will
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usher in the era of intelligent reconfigurable factory [78—80]. Only by forming a common design standard can
more reconfigurable automobile structure and robots be born that can adapt to a variety of working
environments and meet a variety of processing needs, and only then can intelligent reconfigurable factory be
rapidly promoted.

So far, there are sensing [19,23,55,81-83], interactive [20—22,84,85], autonomous [25,83,86,87] and
other types of reconfigurable automobiles and robots. However, there is still much room for improvement of
intelligent reconfigurable factory to be capable of interacting with humans, “thinking” by themselves, and
being completely unmanned. We must pay more attention to the development of software-based automobiles
and robots, especially the development of knowledge robots and virtual-real interaction technologies. Also,
we should attach much importance to the organic integration of humans, automobiles and robots.

7. Conclusion

Usually, traditional automobiles and robots in the factory can only complete a single job, while
reconfigurable automobiles and robots can change their own structures and forms as faced with complex
environments, thus completing more work efficiently. As the theoretical basis of reconfigurable structure,
reconfigurable mechanics needs to be further explored by scholars. As the core technology of reconfigurable
theory, reconfigurable structure needs to be further developed and applied by engineers. As an important
means of intelligent reconfigurable factory, reconfigurable theory is to be further promoted and optimized by
the entire automobile industry.

In the future, the application scenarios of reconfigurable theory in intelligent factories of automobiles
will be greatly expanded. This will enable the automotive industry to continue to take on new life, bring
innovation to transportation, and contribute to technological development, bringing greater convenience to
mankind. The development trend of future automobile intelligent factory can be summarized as three fusions:
the fusion of software and hardware, the fusion of virtual and reality, and the fusion of human and machine.
Machine refers to the reconfigurable theory, while human plays the role of “intelligence”. The combination
of the reconfigurable theory and the “intelligence” will open up a new avenue for innovation of intelligent
reconfigurable factory of automobiles.
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