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Abstract

In today’s manufacturing environment, change has become a constant. Modern assembly systems must adapt to products, markets, technologies
and regulatory requirements. The assembly industry is undergoing vast changes with the rapid development of production automation, process
control, information technologies and networking. Variant-oriented assembly systems have been developed to achieve more flexibility and
adaptability to enable adding product variants and scaling production. Smart assembly systems where intelligence is embedded in the products,
work stations and system are emerging to achieve more autonomy in communication between entities in the system and more adaptable control
of assembly flow and system performance. This paper highlights some advances in assembly technologies and systems and new trends of

modularity and reconfigurable using a modular and reconfigurable assembly system. Future directions and challenges are outlined.
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1. Introduction

Assembly is a very important process in manufacturing.
Assembly of manufactured goods accounts for over 50% of
total production time and 20% of total production cost. In the
automotive industry, 20% - 70% of the direct labour costs are
spent on assembly. These statistics indicate the relative
importance of assembly and point to the potential savings to be
achieved by improving assembly technology and systems.
Assembly is more than placing parts together. It is the capstone
process in manufacturing and brings together all the upstream
processes of design, engineering, manufacturing, and logistics
to create a functional product [1, 2]. A major concern in
manufacturing is the management of increased product
varieties [3, 4, 5]. Large companies are gradually embracing
and applying the concept of flexible manufacturing introduced
more than 2 decades ago. Small and medium size companies
are slower to adopt and implement automation and advanced
manufacturing technologies in their operations. The wide scope
of products variants driven by customers’ preferences and
dynamic fluctuation in the number of variants to be produced
annually introduce manufacturing challenges which directly
impact the manufacturing systems design and operation to cope
with products and markets changes efficiently and cost

effectively.  Reconfigurable, adaptable and  smart
manufacturing paradigms all aim at dealing with these
challenges. EIMaraghy et al. keynote paper [5] investigated
methods of managing products variety and developing variant-
oriented manufacturing systems capable of meeting those
requirements in  modern  manufacturing  systems.
Manufacturers respond to such fluctuations by controlling
product customization and personalization, production volume,
manufacturing lead time and product cost and quality. Logical
entities such as controls, programs, communication protocols
as well as human resources form an important part of the
manufacturing enterprise and planning effort. Manufacturing
systems are a complicated combination of tools, machines,
computers, human workers and managers. Modern
manufacturing systems are becoming increasingly complex [6,
7]. The assembly industry is experiencing huge changes with
the rapid development of production automation, process
control, information technologies and networking. Many
manufacturing and assembly enablers emerged to manage the
proliferation of product variety and changes in their
manufacturing systems [8, 9]. More agile and responsive
assembly methods and strategies have to be developed to meet
the dynamic requirements of customers and the shortened
product lifecycle. More efficient assembly systems must be
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designed in order to remain profitable and competitive [10, 11].
Intelligence and collaboration between machines and humans
allow modern systems to evolve and quickly respond to the
volatile markets and increasing product variety.

Customers today demand products that can provide easy
solutions to their particular needs of manufacturing companies
often operate in a dynamic environment driven by fluctuation
in market conditions, customer demands, product design and
processing technology, and the introduction of new
manufacturing systems paradigms.

This paper is not an exhaustive survey, rather it highlights
some advances in assembly technologies and systems as a
response to changing conditions and increasing variety. Recent
developments in joining, material handling, assembly
processes, micro assembly, inspection and quality control,
robotic assembly, digital and virtual factories, augmented
reality, Information and Communication Technology (ICT),
planning and control, disassembly and remanufacturing and
intelligent and changeable assembly systems are overviewed.
In particular, intelligent, reconfigurable and changeable
assembly systems are discussed. A typical network of assembly
activities is shown in Figure 1. Furthermore, the various
advances are grouped in three main areas as shown in Figure 2.
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Figure 1 The main processes of assembly [adapted from 1]
2. Advances in assembly processes
2.1. Material handling

The increasing number of product variants, smaller lot sizes,
reduced time to market and shorter lifecycles of products have
led to increasing demands on automation equipment and
concepts. Material handling is a critical component of today's
manufacturing processes. Material handling systems are found
in almost every manufacturing and distribution company for
various goods [12, 13, 14]. A material handling system
comprises equipment (conveyors, vehicles, robots, etc.) that

transport materials between various locations in the facility.
Material handling makes production flow possible, as it gives
dynamism to static elements such as materials, products,
equipment, layout and human resources. Management and
production of customized products requires material handling
systems which are flexible and responsive enough to
accommodate dynamic and real-time changes in material
handling tasks [15]. Material handling management is among
many factors that contribute to improve a company’s
performance as it has direct influence on transit time, resources
usage and service levels [16, 17, 18]. The development of new
markets increased the manufacturing demands for a large
variety of components and final product assemblies increased.
This demand growth led to increases in speed and changes in
how materials and tools were being handled and transported in
order to monitor manufacturing requirements. Conveyors
equipped with radio frequency identification (RFID)
technology is an example of intelligent conveyors [19]. Such
conveyors have a microprocessor, LCD touch screen, reader
modules. The conveyor can perform a real-time and
synchronous update with the system server.
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Figure 2 advances in assembly

The unpredictable machine failures, asynchronous among
various sections in the assembly line, coupling of sections
through finite buffers, and coupling between the production
and material handling system increasing the complexity of
handling systems [20]. The transport of loads in a complex
transport system involving multiple transport equipment
requiring a sequence of multiple transport jobs. Efficient and
effective models are necessary to evaluate and optimize the
material handling system design to improve the flexibility and
responsiveness of material handling systems. Online decision
and control for job routing plan and resource dispatching in
complex transport systems can be controlled using dynamic
discrete event controller [15]. The dynamic change of the
handling system under various conditions, such as starvation
caused by material handling is mathematically described using
max-plus algebra [20].

2.2. Robotic assembly

The use of robotic manipulators increases manufacturing
productivity. This increase depends on the possibility of re-
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configuring or re-programming the robot manipulator to
perform various tasks through the use of robots. Camera
systems have become a key component of automatic robotic
manipulator systems to guide manipulator motion [21].
Cameras which are equipped on mobile robots, enables the
robots to observe the workspace and improves the autonomy of
these machines. A new generation of ergonomic assist devices,
referred to as “intelligent assist systems” or “intelligent assist
devices”,  “collaborative  robots” [22], “holonomic
manipulators” [23] etc., uses a computer control to improve the
movement of heavy items and respond precisely to the
operator's interactions. Such devices combine the benefits of
human flexibility, intelligence and skills with the advantage of
robotic systems capabilities [12, 24]. Collaborative robots are
capable of sharing the workspace with the human co-worker
and collaborating. These systems integrates advanced force-
feedback and programming functions, as well as compliant
motion guidance and semi-autonomous functions.

2.3. Autonomous Processes

Autonomy in general means the ability to make decisions
without external instructions and performing actions without
external forces. Approaches for autonomous systems are for
example autonomous production cells, automated guided
vehicles, mobile autonomous robots, moving assembly
stations, or dexterous robots with intelligent sensors [25, 26,
27]. Autonomy of an equipment implies two characteristics:
(1) independence from neighbour equipment and its
environment, and (2) the ability to control itself. The first
characteristic can be reached by clustering an assembly shop
into subsystems and modules with standardised interfaces. The
second characteristic requires the decentralisation of the
control system according to the granularity of the subsystems
and modules [28].

2.4. Disassembly and remanufacturing

Used products are returned to a like-new condition by
remanufacturing, thereby recovering most of the added value
from original production (including energy, raw materials, and
labour) and reducing the environmental impact of the product.
Throughout the remanufacturing process, recovered products
are systematically disassembled into their basic elements [29].
Products that are difficult to assemble will increase
manufacturing cost. Products that are difficult to disassemble
will also increase cost as manufacturers are required to recycle
products in environmentally friendly methods. Active
disassembly is a technical process that enables the mechanical
self-disassembly of products by using smart materials in the
design of devices, components, adhesives, liquids, layers, etc.
These materials are all engineered to react in a predetermined
fashion to controlled external stimuli. Active disassembly can
allow fast, non-destructive, clean and efficient component
separation of complex product assemblies at end-of-life; these
components can subsequently be remanufactured or recycled.
Active disassembly technologies include hot-wire adhesive
release, freezing elements, water-soluble fasteners, shape
memory alloy, etc. [30]. Active disassembly is an alternative to

conventional dismantling that can significantly reduce
remanufacturing cost. The ability to efficiently disassemble is
key for remanufacturing because of its significant impact on
the remanufacturing success factors of lead times, costs,
delivery and quality [31].

Disassembly sequencing performs a major role in the
modern design process and is an important tool in concurrent
engineering. Disassembly process planning is important for
minimizing the resources invested in disassembly and
maximizing the level of automation of the disassembly process
and the quality of the parts recovered.

3. Advances in assembly systems

The assembly system consists of a network of assembly
stations or cells, buffers, transport systems etc. that are
clustered into subsystems and modules. In today’s
environment, assembly systems have to be flexible/changeable
in order to adapt quickly to an increasing number of a variety
of products and changing demand volume at the same time as
achieving quality and productivity [32, 33, 34].

Higher product variety leads to shorter life cycles and
smaller production volumes. Therefore, the time spent on
assembly planning activities must be reduced [2].
Reconfigurable process planning [35] was introduced to re-
configure master plans of existing products to meet the
requirements of new products/variants assembly operations
instead of generating new plans for new variants from scratch.
Kashkoush and ElMaraghy [36] used a genetic algorithm to
generate a binary consensus tree that represents a full set of
individual assembly sequence trees, and serves as a master
assembly sequence for a product family which share a
significant number of components and common product
structure.

Traditional control systems do not offer higher-level
capabilities, such as adaptability, plug-and-play extensibility,
interoperability, and openness. Control adaptability and
reconfiguration is useful in assembly tasks in dynamically
reconfigurable processes or systems across a wide range of
operating conditions. It extends the traditional loop control
concept to include other functionalities such as supervision,
coordination and planning, situation awareness, diagnostics,
and optimization. A reconfigurable control system can be used
together with a supervisory control switching system (SCSS)
to allow the user to match the controller to the particular
configuration of robots or machines [37, 38].

3.1. Mixed model assembly systems

Mixed Model assembly is the practice of assembling
different models of a product on the same assembly line
without changeovers and then sequencing those models in a
way that smoothens the demand for upstream components.
Mixed model assembly lines are applied in a wide range of
industries, e.g. automotive, to mass-produce different models
of a common base product. An important decision problem is
the sequencing problem, which decides on the sequence in
which the models are launched down the assembly line [39, 40,
41]. In a mixed model assembly line, the differentiation point
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for each product represents the beginning of a unique identity
of each product in order to become distinguished from other
end products in a product family [42]. The determination of this
associated with strategic factors such as capital investment, and
inventory costs work in process level (WIP) [3].

3.2. Reconfigurable assembly systems

A reconfigurable assembly system (RAS) is a key
component of reconfigurable manufacturing system (RMS). It
is one of the most promising paradigms that provides an
effective solution to manage change and uncertainties in a
complex manufacturing environment [34, 43, 44]. A
reconfigurable assembly system is designed at the onset of
rapid change in structure, as well as in hardware and software
components, in order to quickly adjust product capacity and
functionality in response to changes in market or in regulatory
requirements. RAS could be the best solution when the
products have considerable changes and automations can be
implemented economically [45]. Two concepts are
implemented in RAS to meet change and uncertainties:
modularity and flexibility. RAS consists of modules such as
robots and flexible fixtures. These modules are flexible to meet
various requirements at the machine or tool level. The RAS
modules can be added or removed based on the capacity
requirement. The implementation of modularity and flexibility
in RAS enhances system capability. Enablers for RAS include:
design for ease of assembly (DFA), system modularization,
flexible assembly machines, fixtureless assembly processes,
material-handling ~ systems, auxiliary  machines for
reconfiguration, system control, etc. [43].

3.3. Evolvable assembly system

The essence of evolvable assembly system (EAS) resides in
the ability of system components to not only adapt to the
changing requirements of assembly processes, but also to assist
in the evolution of these components in time such that
processes may become more robust, and maintenance aspects
are supported [46, 47, 48]. Evolvable assembly system consists
of self-configuring, highly adaptive and process-oriented
components which shift the technological focus from complex,
flexible, multi-purpose systems to simpler, dedicated machine
modules with embedded controllers that are maintained by a
highly distributed control system. Communication between the
modules establishes what functionality is required each time a
module is added [49]. EAS is based on two principles that lay
the groundwork for the system design process [47]: Principle
1: the most innovative product design can only be achieved if
no assembly process constraints are imposed. This results in
fully independent, process selection procedure and may then
result in an optimal assembly system methodology; Principle
2: evolvable systems must have inherent capability to
dynamically adapt to the new products and production
scenarios, as well as the emerging system behaviour.

3.4. Ramp — up process
The ramp-up process of assembly systems has a significant

impact on both the productivity of those systems and the
resulting. A significant saving for manufacturing enterprises

and systems integrators can be accomplished by minimizing
the ramp-up time. Lack of knowledge capturing and data
sharing is recognized as a critical cause for lengthy ramp-up
times [50]. It is important for companies to possess knowledge
of the ramp-up capability of their production systems in order
to plan ramp-ups successfully [5]. Self-learning techniques
accelerates the ramp-up process of assembly systems[51]. Such
technique uses sensors to allow for a manufacturer specific
measure of performance to be applied to the machine’s state.
Performance indicators, experience recognition, and self-
learning software tools provide crucial feedback to the rest of
the system to support decision making about future adjustments
and accelerating the ramp-up process. Metrics based on the
measurable and observable status of the assembly system
support decision making [50].

3.5. Line Balancing

Assembly line balancing includes assigning tasks to a set of
workstations with consideration for constraints set of
precedence relationships, processing time, and the cycle time.
The major goal of line balancing is to achieve a similar cycle
time at each station [2]. Assembly line balancing problems can
be divided into two types [52, 53]: (1) simple assembly line
balancing problems which apply to mass-production of one
homogeneous product, in paced lines with fixed cycle times,
deterministic operation times, with no assignment restrictions
other than precedence constraints. (2) generalized assembly
line balancing problems which apply to mixed model
production with stochastic operation times, workstation
paralleling, and assignment restrictions other than precedence
constraints. In mixed-model assembly balancing, the different
assembly process characteristics of different models result in
new problems such as the deviation from the optimal cycle time
and model sequencing that do not exist in simple single-model
balancing [2]. Numerous methods, dynamic programming,
branch and bound, integer programming, etc. are used to solve
the assembly line balancing problem [3, 54]. Researchers use
hybrid methods such as tabu search (TS) and genetic algorithm
(GA) to solve the problem [55] or the combination of a
heuristic model and an exact algorithm with intelligent task
location or line zone constraints to find a minimum cost
solution for the line balancing problem [52].

3.6. Complexity of assembly systems

Many manufacturing and assembly challenges emerged due
to the spread of product variety caused by product evolution,
increased customisation and changes in manufacturing
systems. Increased product variety adds complexity to the
manufacturing system and increases production costs. Per
ElMaraghy et al. [56], increasing complexity continues to be
one of the biggest challenges facing manufacturing today. It is
manifested in products and manufacturing processes as well as
company structures. These systems operate in an environment
of change and uncertainty. The challenges facing industry now
are characterized by design complexity that must be matched
with a flexible and complex manufacturing system as well as
advanced agile business processes. This is particularly true for
manufacturers of high value, complex products that are multi-
disciplinary in nature. Managing the complexity of assembly
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and its drivers or sources is essential for improving the
efficiency and cost-effectiveness of assembly operations and
systems [56, 57, 58]. Samy and ElMaraghy [7, 32] used a code-
based complexity metric to measure product assembly
complexity [32] and the overall assembly system complexity
[7]. The complexity models account for the number, diversity
and information content caused by variety. The assembly
complexity metrics are used by designers to compare and
rationalize various design alternatives and select the least
complex assembly design meeting the requirements.
Manufacturing systems layout generation and evaluation is
challenging and time consuming due to its multi-objective
nature and requires extensive data collection, analysis and
synthesis. Structural system complexity measuring has
received considerable attention, however, the system layout
topology and its effect on structural complexity were not
considered. EIMaraghy et al [6] developed a new method to
assess the structural complexity of manufacturing system
layout. An overall complexity index, combining those
individual indices, represents the structural complexity of the
system layout and measures information content which
increases or decreases the difficulty of making decisions
regarding the flow of material in the system layout.

3.7. Advances in inspection and quality control

Quality of assembly may be defined by how well the product
conforms to the design specification. Quality of assembly is a
complex issue and can be assured in many ways. Methods of
quality assurance for assembly include: tolerance design and
worst-case analysis [59], statistical analysis, online quality
assurance methods [60]. Inspection using traditional coordinate
measuring machines (CMM) is time consuming, while modern
manufacturing seeks a rapid surface inspection using a 3D
sensor. The focus of the new technologies including sensor
accuracy, resolution, system efficiency, and system cost. A
robot-aided sensing system can automatically allocate sensor
viewing points, measure the freeform part surface, and generate
an error map for quality control. Multiple robots can be adopted
to accomplish the goal efficiently for a complex vision task in
a large-scale environment. This requires a good scheme of
system integration. Tools (e.g. neural network) are used to
analyze collected data and to intelligently schedule both
preventive and corrective quality improving operations as well
as dynamic diagnosis of machine faults [60].

4. Intelligent systems

Today, there is a great deal of embedded intelligence in
devices, systems, and products. Smarter assets and devices
have essentially become data centers driving intelligence
across the enterprise. Internet of things (IOT) refers to a
networked interconnection of objects whose purpose is to make
all things communicable [21, 61]. Internet of things enables
objects to communicate things about themselves like what they
are, where they are, their status, condition, and so forth. If
properly employed, the interconnected objects can decrease the
boundaries between the physical and digital worlds and enable
the system to make smarter and more timely decisions [61].

4.1. Virtual factories and augmented reality

The virtual factory focuses on the top level factory routing
between various work cells in the virtual factory environment.
The virtual factory environment (VFE) design includes the
ability to interact with users through a user interface, perform
a range of analysis and compare the assembly alternatives that
can reduce the overall assembly time as well as support
assembly level re-design of individual work cells [62].

Virtual reality (VR) is an artificial environment with
important features such as immersion, interaction and
imagination, and provides multiple sensorial channels
including visual, auditory, haptic, smell, and taste feedback.
With the recent advances in computer graphics, VR is
becoming a popular technology in many industrial applications
that require a realistic computer—human interface [63]. VR is
gaining popularity in manufacturing as an engineering design
tool and is increasingly used in the product realization process
as a digital test-bed for early product development [64, 65]. The
designer can visualize and interact with 3D models of complex
products using haptics technology to interact with virtual
objects using natural and intuitive human motions to feel the
physical contacts, friction, gravity, and collision detection, and
identify assembly-related problems such as accessibility,
reachability, ergonomics, sequence and path, etc. [64, 66, 67].
The main prerequisite for nearly all VR applications is data
extraction from a CAD system. CAD systems are used to model
physical objects, while VR systems use scene graphs to
animate the motion and interaction of CAD models [10].

A "virtual factory" is a cross-reality environment designed
for simulation, visualization, and collaboration, using a set of
interlinked, real-time 3D and 2D layers of information dealing
with the factory and its processes. Collaborative applications
can be used for tasks such as remote factory observation,
machine monitoring, process/workflow monitoring and
analysis, virtual inspections, mobile/virtual teleportation,
augmented reality, education and training of employees, visitor
tours, and inventory tracking [68]. A typical virtual factory
integrated platform is composed of a database system, a
simulation system, and a three-dimensional scene system. Each
subsystem can communicate information with others to realize
the integration of the total platform. Users can set different
instructions regarding scheduling and process control in the
virtual factory through the input-interface [69].

Augmented reality (AR) technologies allow the user to see
the real environment with virtual objects superimposed upon
the real world [10]. AR is potentially cheaper and a more
realistic tool for assembly design than VR. AR systems can
utilize established techniques in VR and evaluate the assembly
more realistically with a combination of virtual and real objects
in the actual workspace.

4.2. Smart factories

The smart factory concept can be perceived as new
technology which enables the virtual plant environment to
implement integration of methods and tools available on
different levels for planning and testing products and the
related production and operative control of the factory. It can
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also be seen as enterprise and information strategy managing
and collaborating processes of factories in global networks.
The integration of tools for design, planning, simulation,
communication and control is required on all planning and
factory levels [70, 71]. Digital factory technology runs through
the whole product lifecycle product design, manufacturing
process, and production planning can be simulated, analyzed
and optimized in digital factory through data integration with
other information systems [71].

Cyber-physical systems (CPS) - embedded systems with
decentralized control intelligence - can establish
communication through open networks based on internet
protocols [72]. These cyber physical systems have sensors and
actors and can make decisions based on their own intelligence
and partially adapt to changing conditions [73]. All production-
related data, on order and material streams, costs and product
quality from the various IT systems and production sectors and
the shop floor system, are merged and made available in real
time [74, 75]. Design, planning, production execution and
services are collectively implemented in an exciting way.
Knowledge and information are shared across various
departments in a dynamic environment, leading to shortening
the innovation cycle, increasing productivity, minimizing risk,
and enhancing human work experience [61, 76]. A prototype
architecture for assembly-oriented cyber physical systems
includes embedded systems, sensing technology and
networked connectivity. Embedded systems provide devices
with intelligence while sensors provides perception and
networked connectivity gives them the ability to communicate.
A decision support system can process the data and generate
operation orders according to certain rules. It can also generate
alarms for equipment failure or short supply of materials [77].

Radio frequency identification (RFID) is a non-contact
automatic identification technology. It can automatically
identify targets and obtain relevant data through radio-
frequency signals. The RFID technology is currently
expanding to the manufacturing sector, partly due to the rapid
reduction in costs of readers and tags over the last few years.
The technology has rapidly progressed in recent years in the
development of high-performance readers, tags, and
middleware. The value of RFID is evident in transforming real-
time information collected by RFID into intelligence. The real-
time information is used to improve the timeliness and
efficiency of the decision-making processes [78].

In “smart factory”, all objects including machines, devices
and products are smart and networked and can communicate
with each other. They have sufficient computing power and
communication capabilities to allow for autonomous operation.
The smart factory is a representative of the fourth industrial
revolution and a fundamental shift in operating practices that
will change the way manufacturing operates [79]. A true
network era is enabled by smart networked devices. The fourth
dimension follows the introduction of mechanical production
facilities powered by water and steam, the introduction of mass
production based on the division of labour powered by
electrical energy, and finally, the introduction of electronics
and IT, for further automation of production.

Developments affecting factory of the future include [80]:

- Smart devices: devices with a built-in intelligence
networked with other devices via wireless protocols and
can operate interactively and autonomously.

- Everything is networked: everything has an IP address and
can communicate in a very reliable networks.

- Mobility of devices: independent devices with standard
interface to have the ability to work anywhere any time.

- Standards must emerge: standard devices and equipment,
standard software, and standard representations are
necessary for networking and mobility.

Although the vision for future factories exists, the following

problem should be considered [80]:

- Adjusting existing devices and developing new devices for
the industrial use. The devices should be produced
according to defined standards at low prices.

- Identifying the various levels of aggregation of services on
the organisation as a whole.

- Data integration to allow new planning methods and
develop comprehensive device and services models.

- Considering safety and security issues to avoid risks of
criminal attacks in the mobile and wireless devices.

- The role of human in the highly automated environment.

5. Changeable and Reconfigurable Assembly Systems

The iFactory in the Intelligent Manufacturing Systems
(IMS) Center at the University of Windsor, Canada is a state-
of-the-art transformable factory for products assembly [81]. It
consists of modules that can be easily reconfigured to change
the system layout and functionality. Its unique drive
technology, control, interfaces, and modularity are essential for
developing, testing, and demonstrating the innovative physical
and logical enablers of change and products variety
management such variant-oriented orders processing, process
plans, production plans and schedules. All system modules are
equipped with topology feedback so that the control system
automatically recognizes the line configuration. The
continuous material-flow is achieved within each module using
two levels conveyor built into each system module for
transportation. Workpieces are transported via carriers to the
next cell on the upper level and transported back on the lower
level. The cells are equipped with two optical sensors used to
identify their “neighbour”. The upper level sensors send an
on/off signal to identify the existence of a neighbouring station.
The lower level sensors retrieve the identification of the station.
Each cell passes the signals to the neighbouring module or to
the SCADA control system. The stations are connected with an
Ethernet network, and communication is realized using the
Profinet protocol. The Ethernet cable is also fed in with the
multifunctional energy coupling which is equipped with 24V
power supply emergency stop, power supply, potential
equalization, compressed air supply, and Ethernet.

The modularity of the iFactory aids in realizing a diverse
range of system configurations for typical assembly systems
which can be created and expanded by adding/removing and
re-distributing modules in short time as all modules are mobile.
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5.1. Original production line

The first iFactory system configuration is used for
assembling a desk set as shown in Figure 4(a). It has a short
cup, long cup and built in sticky notes holder. The
corresponding system consist of an automatic storage/retrieval
system, a robotic assembly cell, two termination cells, and two
conveyor modules as shown in Figure 4(b).

All cells are networked using the SCADA system (Figure
5(a)). The SCADA system includes a professional PC with
control cabinet. The 'Pathfinder' automatically detects the
assembled i-Factory system topology as shown in Figure 5(b).
Device drivers, human machine interface and database
interface are included. The SCADA system allows complete
supervising, monitoring and operating of the iFactory, in
addition to orders input.

A package (carrier with RFID, palette and workpiece) is
identified at the AS/RS station, and transported to the robot
assembly cell to assemble the two cups. The identification data
of the workpiece are stored directly on the workpiece carrier.
The RFID technology built-in the workpiece holders enables
tracking of each stage of the production process. Desk set
modules are fed to the robot via two trays. The carrier is
released and transported back to the AS/RS station after
assembling the cups. The line-up (LU) termination cell moves
workpiece carriers with a pneumatic lift from the lower to the
upper conveyor system. The line-down (LD) termination cell
moves workpiece carriers with a pneumatic lift from the upper
to the lower conveyor system. These cell have to be placed at
the start and every end of the system respectively.

5.2. New production line

A new desk set is introduced as shown in Figure 6 (a). It has
a short cup, long cup, cover plate, and temperature
indicator/clock. The production line should be reconfigured to
include two new stations: a vision inspection station and a
manual assembly station. The vision station is required to
check the cover plate alignment. The manual station is used to
fix the rejected parts (if needed) and assemble the
thermometer/clock modules. The new system configuration is
shown in Figure 6 (b). It consists of an automatic
storage/retrieval system, a vision cell, a manual assembly cell,
a robotic assembly cell, three termination cells, a branching

cell, and two bi-level conveyor modules. The new system can
easily be configured in short time by adding the new modules
to the initial configuration (Figure 6(b)). The SCADA system
'Pathfinder' automatically detects the reconfigured i-Factory
production-line (Figure 7) and controls it accordingly.

A carrier with a palette and a workpiece, at the AS/RS
station, is identified, retrieved and transported to the vision cell
to check the alignment of the cover plate, and the robot
assembly cell assembles the two cups. The carrier is released
and transported to the manual station to assemble the
thermometer after assembling the cups. The workpiece
identification data are stored directly on the workpiece carrier
at the manual assembly cell. Data is read via RFID technology
at the cell stop position. The assembly steps are monitored and
the operator has to acknowledge the assembly via the touch
panel. The complete assembly is then transported back to the

ASRS station (process finished).
/ Short cup

Long cup

Sticky note holder

(2)

(b)

Figure 4 (a) Original product (b) Original production line (LU = Line up
termination cell, AS = Automated storage/retrieval cell, RS = Robot assembly

cell, LD = Line down termination cell)
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(b)
Figure 5 (a) SCADA System, (b) System topology

Short cup
Long cup

Thermometer

Cover plate
(a)

New module

New module

(b)

Figure 6 (a) New product (b) New production line (LU = Line up termination
cell, AS = Automated storage/retrieval cell, VS = Vision cell, NL = Branch
cell, ML = Manual assembly cell, LD = Line down termination cell, RS =
Robot assembly cell)

Figure 7 System topology

6. Summary and Conclusions

An overview of important advances in assembly technologies
and systems was presented. Flexible, adaptable, reconfigurable
and changeable assembly systems paradigms have evolved to
respond to frequent changes in products and production
volume, and reduce time to market. Research into effective
systems integration, modularization and standardization, plug-
in capabilities and embedded intelligence is needed. Mobile
robots, collaborative robots, and intelligent assist systems
enable the dynamic change in advanced assembly systems.
Reconfigurable and real-time control of such systems needs
further research. Remanufacturing and active disassembly are
receiving more attention to promote sustainability. Although
modern assembly systems increasingly use automation,
human-centered  assembly  systems are  important.
Changeability and reconfiguration calls for more emphasis on
quality assurance and error proofing is critical in view of their
increasingly complexity.

Digital and smart factories are becoming increasingly
important as prerequisites for the anticipated fourth industrial
revolution (Industry 4.0). The automation and control require a
networking technology to enable sensors communication
throughout the plant and the enterprise. Digital manufacturing,
intelligent devices, systems, and automation are necessary and
must be integrated into one world via IT systems to optimize
the use, capacity and responsiveness of manufacturing systems.
Important research topics include modeling of virtual factories,
internet of things and cyber physical systems, and networking.
Integration of various CAD models from various CAD systems
and different file formats is challenging in the virtual world
where reliability, ease of use, and training are a challenge.

Finally, co-development of products and manufacturing /
assembly systems is essential to prolong the life of such
expensive systems for use in many products variants and
generations and ensure their economic sustainability.
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