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Definition: With the rise of individualism as a social trend and the wide use of the Internet and
social media, today’s customers increasingly want to design and build unique products that fit their
individual preferences and needs. Mass individualization is defined as a manufacturing paradigm
that aims to produce individualized products cost-effectively. This paradigm differs from the previous
paradigms in which the manufacturing company designed and manufactured the products, and the
customer chose a product. In the mass individualization paradigm, the customers will be actively
involved in product design, and the manufacturer will produce a unique product for each customer at
a reasonable cost and of reliable quality. Due to the need for smooth communication and interactions
between the buyer and the factory, new factories for individualized products will be located near
potential buyers, which will have a significant impact on local economies. This entry explores the
relationship between mass individualization and other emerging manufacturing paradigms and
concepts in the Industry 4.0/5.0 era, and discusses how smart factories can improve manufacturing
efficiency and facilitate the realization of the mass individualization paradigm.

Keywords: mass individualization; smart factory; Industry 4.0/5.0; open-architecture products;
reconfigurable manufacturing system

1. Introduction
1.1. Evolution and Trends for Modern Manufacturing

The history of modern manufacturing has experienced several paradigms. These
paradigms are driven by the needs of customers and society in different eras and are
enabled by the scientific and technical developments in the corresponding era. The first
manufacturing paradigm was the craft production paradigm, where products were made
by skilled workers using general-purpose tools and relatively simple machines without
employing a manufacturing system. These products were usually one of a kind. The
invention of the moving assembly line by Henry Ford in Dearborn, Michigan, in 1913 is
usually viewed as the start of the mass production paradigm, where identical products can
be manufactured in the same factory at a high throughput and a low cost. The develop-
ment of the Computer Numerical Control (CNC) machines in the mid-1970s and Flexible
Manufacturing Systems (FMSs) in the 1980s enabled the mass customization paradigm,
where multiple product variants could be manufactured using the same manufacturing
system. However, the structure of FMSs could not be changed in response to the rapidly
changing market demand that began in the last decade of the 20th century, and therefore
the FMS is not appropriate for the auto powertrain industry (that produces engines and
transmissions) or other large industries.

In response to production requirements such as a shorter product lifetime and fre-
quently changing customer demands in a global market, the Reconfigurable Manufacturing
System (RMS) was invented in 1998. Three pioneering US patents (reconfigurable manu-
facturing system, reconfigurable manufacturing machine, and reconfigurable inspection
machine) legally define the RMS invention [1]. The RMS provides exactly the capacity and
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functionality needed, and exactly when needed. The RMS factory is a sustainable “live fac-
tory” that can be reconfigured rapidly and cost-effectively to quickly respond to changing
market demands [2]. By combining the advantages of dedicated manufacturing lines and
FMS, the RMS strikes a delicate balance between cost-effectiveness and the product variants
that the manufacturing companies decide to offer. The customization of RMS is carried out
around a family of products, or generations of products of the same product family.

In the recent decade, there has been an increasing trend for companies to shift focus
from shareholders to customers [3]. According to an industry survey conducted in [4],
involving customers in product design will make end products more creative and inno-
vative, and will improve the motivation and willingness of the customers to purchase
the products. With the rise in individualism as a social trend, today’s customers have
an increasing desire to design and build unique products that can reflect their individual
preferences and special needs. With the wide use of the Internet and social media, it is easy
for customers to come up with new design ideas [5]. With the increased popularity and
affordability of additive manufacturing, many hobbyists today have a 3D printer at home
and can print a product of their own design. However, this can only be carried out for
simple products. The more professional and complex individualized products (e.g., the
ones with high quality or functionality requirements, or those with more complicated
structures) still need to be produced by professionals. To address such a need, a new type
of factory is needed—mass individualization factories that can simultaneously produce a
variety of individualized products at a reasonable cost. In mass individualization factories,
the factory staff should be able to discuss and negotiate with customers on a personal level
to propose better alternatives to the customers’ needs. Consequently, a new manufacturing
paradigm—mass individualization—is emerging [6].

Mass individualization is defined as a manufacturing paradigm that aims to produce
a large variety of “market-of-one” (or “one-of-a-kind”) products at a reasonable price that
are affordable for the general public. From the “product variety vs. product volume per
variant” relationship (as shown in Figure 1), one can see that the societal shift from craft
production to mass production, mass customization, and now mass individualization is
coming towards a full circle, but from market-of-one products for the wealthy to market-of-
one products for an ordinary buyer. Also, compared to the products in the craft production
paradigm that were made by skilled workers manually, mass-individualized products
are usually much more complex and are made in factories with advanced manufacturing
capabilities and automation technologies.

1.2. An Example: Interior Design of Automobiles

The idea of mass individualization originated from the consideration of the interior
design of cars. The Ford Model T automobile that was introduced by Henry Ford in 1908
had seats for the driver and a passenger in the front, and a seat for passengers in the rear.
In the last 115 years, the car engine, transmission, etc., have dramatically changed, but we
still have the driver’s seat and a passenger’s seat in the front, and a bench for passengers
in the back. Why not let car buyers design the interior of their new cars? A driver who
takes his/her two children to school needs a different car interior than a person who drives
100 km every day to work. Therefore, on 5 January 2006, we applied for the patent “Method
and Apparatus for Reconfigurable Vehicle Interior” [8]. Figure 2 is adapted from this patent
application, and it shows how the buyer could use a database for designing a unique car
interior prior to purchasing an automobile. (The patent has 11 drawings to convey this new
interior design.)

The user views an empty space version of the car interior and populates it with
interior components at will through drag and drop operations. A variety of possible
interior components can be selected, with several options for each such component. With
such an interface, the user can design various interior configurations, as demonstrated in
Figure 3.
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Figure 1. Four manufacturing paradigms have been driven by changes in technology and customer
needs (schematic diagram by Koren, adapted with permission from Ref. [7], Copyright 2010 John
Wiley & Sons, Inc., Hoboken, NJ, USA).
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Figure 2. Example of car interior design (adapted from Ref. [8]).
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Figure 3. Several options for car interior design (adapted with permission from Ref. [6], copyright
2022 Taylor & Francis, Oxfordshire, UK).

Apparently, the car interior assembly factory will need to create the new role of Design
Advisor for brainstorming ideas and opportunities with the car buyers. To compromise
between the buyer’s wishes and production limitations, the factory Design Advisor should
have both production engineering knowledge and social negotiations skills [9]. Further-
more, if the buyer’s needs change in the future, or when the buyer sells the car, there is
the option to change the interior of the car. Today, some of these features are becoming a
reality in the auto industry. For example, the XPeng P5 model has an optional full-width
projection screen, rear center console mini-fridge, and 220 V third-party appliances [10].

1.3. Types of Mass-Individualized Products

There are two types of individualized products that differ in their product architecture
and their main manufacturing processes.

For the first type of product, the individualization comes from their manufacturing
operations (e.g., additive manufacturing, CNC machining, die-based manufacturing [11])
within the manufacturing system. These can be standalone products that are manufactured
by a single machine (such as a bone implant or a 3D accessory toy produced by a 3D
printer), or more complex products that need additional operations using other machines in
the manufacturing system (e.g., adding metal fittings to hold the product together, quality
inspection [12]).

The second type of product is built on an open-architecture platform with modular
components that can be added, such as the car interior example mentioned above, where
the individualization comes from its modular design and assembly. Another example
is the production of a modular hospital bed, in which modules that fit the patient’s sit-
uation and illness may be integrated into the hospital bed. The hardware modules may
be manufactured by various companies. Big manufacturing companies can design and
build the open-architecture platform with defined mechanical, electronic, and information
interfaces, while the modules may be designed and produced by small companies (and
even by the customers themselves). The final assembly can either be carried out by the
customers themselves (if there is no safety concern) or by an assembly factory (for more
complex products or products that need more professional operations). These types of
products are called open-architecture products (OAPs) [13]. The software equivalent to
open-architecture products is the smartphone, where big companies develop the mobile
operation system (e.g., iOS, Android) that enables the integration of various apps (i.e.,
software modules) developed by different companies.

1.4. Study Scope

Mass individualization is centered around buyers and can improve their experience.
It can create new jobs for the design and manufacture of individualized products and
for providing services (e.g., maintenance, product upgrades) during the entire life cycle
of new individualized products [14]. New factories (e.g., a car interior assembly factory)
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will be built near potential customers to facilitate smooth and timely communication and
interaction between the customers and manufacturers, which will benefit local economies
as well as innovation ecosystems [15].

Mass individualization factories have already started to appear in industries such as
apparel [16], furniture [17], and electronics (e.g., printed circuit boards) [18]. To facilitate the
realization of mass individualization and make it applicable for more products, there is a
need for further technological developments in their design and manufacture. Due to recent
technological advancements, especially developments in automation and information and
communication technology (ICT), many new manufacturing paradigms and concepts are
emerging. Terms such as Industry 4.0 and Industry 5.0 are introduced to demonstrate how
such new technologies can revolutionize the manufacturing industries to meet the needs of
modern society.

This paper explores the relationship between mass individualization and other emerg-
ing manufacturing paradigms and concepts in the Industry 4.0/5.0 era with regard to
their goals and focus. By discussing the architecture of manufacturing systems for mass
individualization and how characteristics and techniques in smart factories can improve the
cost-effectiveness of individualized production, this paper contributes to the identification
of key enabling technologies that facilitate the realization of mass individualization.

2. Relationship between Mass Individualization and Other Manufacturing Paradigms
in Industry 4.0/5.0 Era

Next, we discuss the relationship between mass individualization and several emerg-
ing manufacturing paradigms/concepts in the Industry 4.0/5.0 era.

2.1. Mass Individualization and Industry 4.0

Industry 4.0 is mainly characterized by cyber—physical production systems, which
are enabled by the development of information and communication technologies and
manufacturing technologies [19]. Some of the key enabling technologies for Industry 4.0
include the Internet of Things (IoT), cloud computing, data analytics, artificial intelligence
(AI), and machine learning. Esmaeilian, Behdad, and Wang [20] reviewed the emerging
manufacturing paradigms that are triggered by data analytics techniques. Smart manufac-
turing is defined by the National Institute of Standards and Technology (NIST) as a “fully
integrated, collaborative manufacturing system that responds in real time to meet changing
demands and conditions in the factory, in the supply network and in customer needs” [21].
Smart manufacturing integrates the manufacturing assets of today and tomorrow with
sensors, computing platforms, communication technology, data-intensive modeling, con-
trol, simulation, and predictive engineering by using techniques in cyber-physical systems
(CPSs), IoT (and Everything), cloud computing, service-oriented computing, Al, and data
science [21]. Note that a similar term related to smart manufacturing is intelligent manufac-
turing. Jardim-Goncalves, Romero, and Grilo [22] reviewed intelligent manufacturing by
addressing areas such as manufacturing system frameworks and modeling, CPSs, semantic
technologies and interoperability, virtual organizations, and the sterilization of manu-
facturing systems. Wang et al. [23] conducted a comparative literature review between
smart manufacturing and intelligent manufacturing in terms of their focus, components,
core concepts, and related concepts, etc. One of the key features that distinguish smart
manufacturing from intelligent manufacturing is that smart manufacturing is usually data-
driven [24]. Cloud manufacturing is a service-oriented manufacturing paradigm based on
cloud computing and aims to provide a platform that aggregates distributed resources from
different manufacturers, and the customers pay for the manufacturing as a service [25].
Zhong et al. [26] compared the characteristics, technologies, research directions, and appli-
cations of intelligent manufacturing, loT-enabled manufacturing, and cloud manufacturing
from different perspectives. Liu and Xu [27] conducted a comparative analysis between
Industry 4.0 and cloud manufacturing and illustrated that both Industry 4.0 and cloud
manufacturing converge to satisfy customers’ increasingly individualized requirements.
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2.2. Mass Individualization and Industry 5.0

Recently, the concept of Industry 5.0 has emerged in the literature. Industry 5.0 refers
to the future of industry that moves towards human-centric, sustainable, and resilient man-
ufacturing [28]. While Industry 4.0 is technology-driven with a focus on using digitalization
and Al-driven technologies to improve production efficiency and flexibility, Industry 5.0 is
value-driven and emphasizes societal needs and personalized value creation [29].

One of the key characteristics of Industry 5.0 is its human-centricity. Humans can
either be human users (i.e., customers) or human operators (i.e., manufacturers). It is
apparent that an individualized product that fits the unique needs of a customer provides
personalized value to that customer. From a product design perspective, the concept of the
Metaverse within Industry 5.0 enables individuals and organizations to collaborate using
a human-centric approach to create personalized value [30]. In terms of manufacturing,
Industry 5.0 sets the worker pillar in the center of the production system by utilizing human
creativity. Humans are an integral part of a manufacturing system where they collaborate
with other resources (e.g., machines and robots). The presence of humans in the systems
brings the system more fault-tolerant capabilities [31]. This is very important in a complex
manufacturing environment such as mass-individualized production.

In addition, Industry 5.0 addresses the environmental and societal needs and chal-
lenges related to emerging manufacturing paradigms/concepts such as sustainable manu-
facturing and social manufacturing.

The goal of sustainable manufacturing is to simultaneously consider the impacts
of industrial activities on the economy, environment, and society [32]. The 6R (reduce,
reuse, recycle, recover, redesign, and remanufacturing)-based sustainable manufacturing
practices can achieve sustainability in systems, processes, and products [33]. Among the
6R-based principles, “reduce” is typically considered a key principle of lean manufacturing,
which is focused on improving the manufacturing productivity and reducing waste [34].
Although the main focuses of sustainable manufacturing and mass individualization
seem different (i.e., environment friendly for the former and unique products for the
latter), these two paradigms share some common characteristics and requirements. Both
require accounting for the manufacturing systems and products during their entire life
cycles. Designing a manufacturing system that is scalable and reconfigurable increases
the lifecycle of the system, thus making it more sustainable. Koren et al. [2] studied the
relationship between reconfigurability and sustainability. Boér et al. [35] pointed out that
mass individualization is a suitable approach to achieve sustainability.

Social manufacturing is a paradigm that allows customers to co-create fully customized
and personalized products and individualized services by sharing and manufacturing re-
sources and information with others [36]. It uses social IoT and cyber—physical-social
system approaches by integrating social aspects into IoT and CPS [37]. Zhou et al. [38]
identified the conditions and situations where social manufacturing implementation is
suitable, and reviewed how the techniques in social manufacturing can realize mass indi-
vidualization. Social manufacturing and mass individualization are closely related, with
the former considered a suitable approach to realize the latter [5].

2.3. Summary

In the discussion above, several manufacturing paradigms and concepts are defined
by their goals/objectives (e.g., sustainable manufacturing, smart manufacturing) or by their
enabling technologies or characteristics (e.g., cloud manufacturing, digital manufacturing).
The technology-driven Industry 4.0 and value-driven Industry 5.0 coexist with each other,
and they emphasize different aspects of the “Techno-Social System”, with technology as the
enabling tool and social needs as the goal [31]. Mass individualization emphasizes the goal
of simultaneously achieving cost-effectiveness (reflected in “mass”) and personal value
creation (reflected in “individualization”). Smart manufacturing emphasizes the use of
Industry 4.0 technologies (especially data-driven methods) to improve the smartness and
intelligence of manufacturing systems so that smart decisions can be made in the system.
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These Industry 4.0 techniques have the potential to transfer the manufacturing paradigm
from mass customization to mass individualization [39].

3. Product Design for Mass Individualization

The involvement of customers in their product design is the primary factor that differ-
entiates mass individualization from its immediate previous paradigm, mass customization.
In the mass customization era, the manufacturer defines and designs all products and all
variants. Customers choose one option from the given options, but do not participate in
the product design process. One common strategy for building mass-customized products
is through assembly (e.g., Dell’s assemble-to-order model for personal computers and lap-
tops). However, in the mass individualization paradigm, unique products are co-designed
by both the customer and the manufacturer.

Although it is easier for today’s customers to come up with unique product ideas,
the feasibility of such ideas should be verified by the design and manufacturing engineers
using their domain knowledge, considering multiple factors such as materials, cost, manu-
facturability, sustainability, and safety. The factory engineers should precisely understand
individual customer’s needs and effectively transform them to the functional requirements,
product features, and design parameters, and then establish the manufacturing plan.

Multiple design iterations might be needed for a design that accurately represents the
customer’s needs, which might be time-consuming and complicated (especially from the
customer’s perspective). The engineers who communicate with the buyers should have
both production engineering knowledge and social negotiations skills. The interactive
design process should be adaptive according to the individual customer’s willingness and
the expertise of the design. Modern visualization techniques such as virtual reality and
augmented reality can be embedded into the design platforms to demonstrate the design
results to customers to ensure that the design meets their expectations.

To reduce the time and complexity involved in the product development and to
efficiently engage customers, new design frameworks, methods, platforms, and toolkits
should be developed. For example, Tseng, Jiao, and Wang [40] formulated a product
ecosystem based on a design platform and active customer participation, encompassing
customer, functional, physical, process, and logistics domains. Tao et al. [41] proposed a
digital-twin-driven design framework to better engage customers by presenting them with
both physical and virtual products. Zheng et al. [42] developed a user-experience-based
product development framework to improve user experience and satisfaction. Zhou, Ji,
and Jiao [43] reviewed affective and cognitive design methods that address individual
customer’s latent needs.

Regarding open-architecture products, methods have been developed to optimize
their design. For example, Barry, Wang, and Hu [44] developed a product architecting
method that integrates personalized /individualized modules, customized modules, and
standardized modules. Tan et al. [45] developed a design framework based on assembly
architecture and cyber physical systems and used it for the design of an individualized
bike. Cheng, Peng, and Gu [46] proposed an optimization method for the adaptable design
of open-architecture products. Zheng et al. [47] developed a conceptual framework for
a personalized product configuration system based on an adaptable open-architecture
platform. Tan et al. [48] proposed an optimization method for determining an open product
architecture design that incorporates individual customer preferences.

4. Smart Factories for Mass-Individualized Production
4.1. Manufacturing Systems for Individualized Products

From a manufacturing perspective, factories with the machines and equipment that
can perform the necessary operations to produce individualized products should be built.
The core of a factory is its manufacturing system. To improve the cost-effectiveness means
to improve the utilization of machines in the system and reduce their idle time. Therefore,
new system architectures that can simultaneously manufacture multiple different products
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should be developed. For example, Gu and Koren [49] proposed a system architecture
for mass individualization that is enabled by flexible routing. Zhang, Ming, and Bao [50]
developed a flexible manufacturing system model based on a multi-module platform,
multi-virtual unit, and multi-production line. Lanz and Tukko [51] discussed other ex-
amples/concepts of factories for individualized production, such as micro- and desktop
factories as well as a competitive sustainable manufacturing hotel (i.e., a platform targeted
toward small and midsize enterprises collaborating under the same factory roof or in the
same area).

Since products are unique, these manufacturing machines and systems need to be
frequently programmed to meet the customer’s requirements. Reconfigurability is a desired
characteristic that can not only provide the required flexibility, but also enhance sustainabil-
ity, and thus should be embedded into manufacturing systems for mass individualization.
Reconfigurable manufacturing systems can be adapted into manufacturing systems for
mass individualization by adding various routings for the manufactured products to travel
flexibly between machines, so a large number of product variants can be manufactured
simultaneously. Note that RMSs are typically easily reconfigurable and scalable (i.e., addi-
tional production resources can be added quickly and cost-effectively) [52]. Two system
architectures are described below to illustrate the idea of using RMSs for the manufacturing
and assembly of individualized products:

e  RMS architecture with a return conveyor

Traditional RMSs consist of multiple stages, with each stage composed of multiple
identical machines and an in-stage gantry that transports parts to the parallel machines
in the same stage. In the US auto powertrain industry, a forward conveyor or a gantry
is built to transport parts between stages (from upstream to downstream). In this case,
the transport of products is unidirectional. We can make such transport bi-directional by
adding a return conveyor (or gantry) to the existing system, as illustrated in Figure 4a,
which shows that three different individualized products are simultaneously produced
in the system by going through different sequences of machines/operations (blocks with
different colors represent different types of machines, e.g., CNC milling or drilling, 3D
printer, assembly station). Such a revised RMS architecture with a return conveyor was
proposed in [49]. With both the forward and return conveyors, a product can be transported
from one machine to any other machine in the system, thereby significantly improving the
system flexibility.

Forward Conveyor

Indvidualized

N,
v

Individualized

[51]

Product I

Product I

=

_  Individualized
/@ " ProductIT
- <
~ 3 > Individualized

Individualized

Product IT

Product 11T

Return Conveyor

Individualized

Product ITT

(addition to a traditional RMS)

(a) (b)

Figure 4. Modified RMS architectures for mass individualization systems: (a) RMS with a return
conveyor (adapted with permission from Ref. [6], copyright 2022 Taylor & Francis); (b) integrated
RMS with honeycomb structure (adapted from Ref. [53]).

e Integrated RMS with honeycomb architecture

Another system that enables flexible routing and the simultaneous production of
multiple product variants is shown in Figure 4b, where there are multiple manufacturing
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cells that have a hexagonal shape and, thus, the manufacturing system has a honeycomb
structure [53]. Each cell has up to six machines. Different cells are connected by convey-
ors/gantries, such that the product can move from any cell to any other cell. Such systems
are easily scalable by adding additional cells, or additional machines to a cell.

One of the main challenges for manufacturing individualized products lies in the
operations of the manufacturing systems. Advanced operational algorithms need to be
developed by jointly considering a lot of information (e.g., system reconfiguration, manu-
facturing process information of all individualized products in the system, and the status
of all machines in the system). The scheduling of customized products in flexible job
shops/reconfigurable manufacturing systems is already a significantly challenging prob-
lem [54]. Several additional challenges are raised in the operations of mass individualiza-
tion systems:

e  Although embedding flexible routings improves system flexibility, it will make the
traffic in the system significantly complicated, thereby increasing the difficulty in
terms of control and coordination. In addition, there are multiple types of operational
decisions to make, such as scheduling, reconfiguration, and maintenance, and these
decisions should be made simultaneously, which makes operational decision-making
extremely challenging.

e  Since mass-individualized products are unique, the operations that are performed on
a new product may not be the same for any of the old products, so uncertainties may
exist in parameter estimations. The incorporation of such parameter uncertainties
into the decision-making process is essential for cost-effectively manufacturing mass-
individualized products.

e Due to the dynamic conditions (i.e., different configurations, different scenarios of
the up/down states of the machines) of the manufacturing systems as well as un-
predictable events (e.g., rush orders, programming errors, random failures of ma-
chines/material handling systems), real-time data collection, analysis, and decision-
making are usually needed. Therefore, the optimization algorithms should have
high efficiency, which is challenging, especially when coupled with the complexity of
the system.

e  Because of the complexity of the tasks, humans will play a significant role in such
systems and are required to responsively change system capabilities by reprogram-
ming machines and adjusting tools. Modeling human behavior and efficiency is
difficult, as they may change over time due to learning (e.g., a worker will be more
and more familiar with the process over time) and are affected by environmental and
emotional factors.

Next, we will review the concept of smart factories and discuss how smart factories
can address the challenges of manufacturing individualized products.

4.2. Concept of Smart Factories

The smart factory represents a factory-of-things and is one of the key initiatives as-
sociated with Industry 4.0 [55]. While a generally accepted definition of the term “smart
factory” is still lacking, the name itself indicates that it is closely related to smart manufac-
turing. Strozzi et al. [56] analyzed the key words of 462 papers on the concept of the “smart
factory” using a Systematic Literature Network Analysis (SLNA) approach, and found that
these key words can be classified into the following five clusters: (1) real-time, wireless
manufacturing, and agent, (2) Radio-Frequency Identification (RFID), intelligent manu-
facturing system, and real-time manufacturing, (3) intelligent manufacturing, ontology,
and multi-agent, (4) smart manufacturing, cloud computing, cloud manufacturing, and
sustainability, and (5) optimization, flexible manufacturing, scheduling, and simulation.
Osterrieder, Budde, and Friedli [57] conducted a systematic literature review and analysis
of 106 papers on “smart factories” and found that these publications can be categorized
into eight perspectives: (1) decision making, (2) cyber-physical systems, (3) data handling,
(4) IT infrastructure, (5) digital transformation, (6) human-machine interaction, (7) IoT, and
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(8) cloud manufacturing and services. There are also reviews focused on the roles of intelli-
gent sensors and IoT in smart factories [58,59]. These key words and themes demonstrate
that the characteristics of smart factories are essentially the enabling technologies for smart
manufacturing. The integration of these technologies and principles forms the foundation
for smart factories.

A smart factory contains the necessary hardware, software, and interface that realize
the “connectedness” among various levels of elements (e.g., sensors, barcodes, RFIDs,
machine tools, robots, material handling systems) so that they can communicate with each
other and make intelligent control actions for each other. It should also be equipped with IT
infrastructures for data collection and storage, and for effective knowledge integration [60].
A smart factory itself can be regarded as a complex smart product system on the shop floor,
as it possesses some key characteristics of a smart product, such as intelligence, connected-
ness, service integration, and being data-driven [61]. For those who cannot fully implement
smart factories due to financial and technical limitations, some affordable choices can be
adopted. For example, Jung et al. [62] discussed the essentials for developing “appropriate
smart factories” for small and medium-sized enterprises (SMEs). Park et al. [63] devel-
oped a digital-twin-based cyber physical production system architectural framework and
demonstrated it in a “micro smart factory”.

4.3. Smart Factories for Mass Individualization

The characteristics and techniques of smart factories can contribute to manufacturing
individualized products in the following ways:

e  Process simulation and planning for individualized production

In an individualized manufacturing environment, each product is unique, and so is its
corresponding manufacturing process. The digital manufacturing techniques embedded in
smart factories (e.g., digital twins) can be used to simulate the individualized manufacturing
process and support the ramp-up phases [64]. The digital twin used for process simulation
can also be integrated with the digital design platform (as mentioned in Section 3) for
visualization purposes, which can engage customers and help them understand how their
design can be manufactured. In addition, it can be used to predict the manufacturing
performances (e.g., cost, completion time), and such prediction results can be used for
production planning and control. Aheleroff, Zhong, and Xu [65] identified cutting-edge
technologies for designing a digital twin reference model for mass individualization.

e  Real-time process monitoring and quality control for individualized production

Smart factories are embedded with smart sensors and modern wireless communica-
tion techniques (e.g., 5G) to enable real-time interaction and cyber—physical integration [66].
For example, RFID tags can be used to record the real-time information of individual
products during production, improving process transparency and traceability. This can
also engage customers by offering them the opportunity to track and see their own prod-
ucts during the entire production process and to propose potential modifications. The
sensors can also collect real-time product quality data (e.g., geometry) and machine health
information. Exploiting real-time data and historical data (and simulated data) will enable
effective process monitoring, anomality detection, quality control, and process adjustment
(e.g., inspection, predictive maintenance), if necessary. For example, Soderberg et al. [67]
developed a digital twin for real-time geometry assurance in individualized production.
Wree et al. [68] conducted real-time image analysis by implementing neural networks in
the controller for individualized production. Zhong et al. [69] developed an RFID-enabled
real-time manufacturing execution system for mass customization production.

Data analytics and machine learning methods play a significant role in exploiting
the patterns in the data. For example, machine learning algorithms can be developed
to discover the sophisticated relationship between production parameters (e.g., machine
status data) and the performance metrics of interest (e.g., product quality) in complex
manufacturing systems. Such a “process—quality” relation enables the early detection of
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anomalies and identification of the root cause. Since the data collected are massive, deep
learning algorithms [70] can be developed to better understand the patterns in such big
data; since the products and their manufacturing processes are individualized, knowledge
transfer techniques [71] that can transfer historical data and knowledge to deal with
problems in the new environment can be helpful.

e  Operational decision-making and optimization in a dynamic environment

Due to the increasing complexity and uncertainties in the factory, the operational
decision-making in smart factories needs to be adaptive to the dynamic manufacturing
environment and to disturbances. Compared to traditional manufacturing systems that use
a centralized control method, smart factories typically use a decentralized control strategy
where smart entities (e.g., machines) can make smart local decisions rapidly. Multi-agent-
based approaches can be developed to facilitate such decision-making [72]. For example,
Leng et al. [73] developed a smart multi-agent system for efficient task coordination under
disturbances. Wang et al. [74] developed a self-organized multi-agent system with an
intelligent negotiation mechanism for agents to cooperate with each other.

e  Human-machine collaboration for complex manufacturing tasks

Using human-machine collaboration that combines the high accuracy and repeatability
of machines (e.g., robots) and the high flexibility and adaptability of workers will be useful
to tackle the complex manufacturing tasks of individualized manufacturing [75]. In smart
factories, smart sensors can not only monitor the machine status, but also provide real-time
information about the human workers (e.g., wearable devices can be used to monitor the
fatigue of a worker). This will help to facilitate the coordination between the machine
and the human worker. In addition, effective human—machine interfaces can be designed
in smart factories to facilitate the interaction between humans and machines [76], and
models that address the co-evolution of human skills and system performance can be
developed [77].

4.4. Smart Collaborative Manufacturing Network

In addition to manufacturing within a single factory, the production of individualized
products may rely on a network of multiple factories. Some companies can outsource
manufacturing to third parties through a cloud manufacturing platform, in which case
manufacturing can be regarded as a service. With IoT and cloud computing, the “connect-
edness” will evolve from a factory level to a network level to form a network of connected
smart factories. A decentralized manufacturing network can be developed, where various
manufacturers can share and integrate their manufacturing resources and information,
collaborate with each other, and connect with customers. Torn and Vaneker [78] proposed a
method that can increase the capacities of SMEs to capitalize on mass individualization via
collaboration in such a network. Qin and Lu [79] proposed the concept of a self-organizing
manufacturing network that has the functions of self-configuration, self-optimization,
and self-healing. Hong et al. [80] studied task allocation among multiple factories that
can respond to dynamic modifications in customer demands. Yang et al. [81] developed
a full-connection model of product design and manufacturing in an IoT-enabled cloud
manufacturing environment.

A significant challenge exists in the storage, sharing, and integration of the massive,
heterogeneous, multi-source data generated during production and interaction in these
networks. Data mining methods, such as industry knowledge graphs [82], can be developed
to generate knowledge and insights from these data. In addition, data security and trust
issues may occur. All parties involved should make careful decisions regarding the types of
data/information to share. Blockchain-based methods can be utilized to improve security
and trust within such networks [83].
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5. Conclusions and Outlook

Mass individualization is a new manufacturing paradigm that will enable manufactur-
ing enterprises to cost-effectively produce “one-of-a-kind” products, where each product
fits the needs and desires of an individual customer. From a product design perspective,
new design platforms and strategies need to be developed to actively and effectively en-
gage customers to identify design solutions that accurately represent their needs. From a
manufacturing perspective, it requires manufacturing systems that can produce a variety
of individualized products simultaneously and cost-effectively, and that can respond to
uncertainties and disturbances efficiently.

In the mass individualization paradigm, smart factories that take advantage of tech-
nological advancements in Industry 4.0/5.0 need to be built. We have discussed the
relation between mass individualization and other emerging manufacturing paradigms
and elaborated on how smart factories can improve the cost-effectiveness of the design
and manufacturing of mass-individualized products. These are the technical enablers and
foundations for mass individualization. Further research can continue to focus on the
improvement of these techniques to further improve the cost-effectiveness of individual-
ized production.

Mass individualization has the potential to enhance customer experience, strengthen
innovation ecosystems, and benefit local economies. Despite these benefits, it is more
complex and requires more effort (in terms of time and cost) from both customers and man-
ufacturers. Mass individualization has been successfully implemented in some industry
and lab case studies, but it is still in its early stage.

It is important to note that mass individualization is not a replacement for previous
paradigms (e.g., mass production, mass customization). All of these paradigms can co-exist
and complement each other. For example, an OAP platform can be a standardized product
manufactured through mass production, while some modules can be customized or indi-
vidualized. Enterprises should make strategic decisions regarding the best manufacturing
paradigm(s) and techniques/practices to adopt by considering factors such as the customer
requirements, product characteristics, return on investment, technology readiness, and
competitive advantage. These factors can vary significantly in different cases. Future
research directions will also involve identifying the key factors that promote/hinder the
implementation of mass individualization in different industries and for different products,
which may shed light on the general applicability of the mass individualization paradigm
and on the most critical resources and capacity in which to invest.
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