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Preface

From Mass Customization to Customization 4.0

More than two decades after the inaugural publications and first applications,
Mass Customization and Personalization (MCP) are among the hottest topics of
digital business models today. MCP strategies aim to profit from the fact that people
and businesses are not all the same but different in their needs. Their objective is
to turn customer heterogeneities into profit opportunities by realizing “long tail”
business models with near mass production efficiency.

The MCPC conference series has been following and facilitating this devel-
opment since 2001. Its ninth edition, the MCPC 2017, took place at the RWTH
Aachen University, one of Europe’s leading centers for technology and innovation,
in November 2017. The current trends of Industrie 4.0, digital manufacturing, and
the rise of smart product ecosystems allowed for a fresh perspective on MCP: Cus-
tomization 4.0. A diverse group of delegates from industry and academia explored
how these technological enablers can create a new breed of mass customization
business models.

The conference has also placed a new set of values in the center of the
debate. A world with finite resources, global population growth, and exacerbating
climate change mandates smart thinking and the engagement of the most effective
capabilities and resources. At the MCPC 2017, we discussed how Customization 4.0
fosters sustainable development and how shared value for companies, customers,
consumers, and the society as a whole could be created.

While we devoted the conference to sharing and discussing the latest research
in the field, the MCPC 2017 also had a strong focus on commercial applications
and entrepreneurial ventures. This is what makes the MCPC-conference series
truly unique: Connecting thought leaders, technology developers, and researchers
with corporate entrepreneurs who put these strategies into practice. We organized
the MCPC 2017 as a multitrack conference featuring a combination of high
profile keynotes with expert talks, exhibitions, panel discussions, paper sessions,
workshops, receptions, lab tours, and much more. Three hundred academics,
entrepreneurs, and management experts co-created the conference with their active
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participation. Nearly 100 presentations, exhibitions, workshops, and tours were
offered at the MCPC 2017.

All academic papers have been selected in a blind peer-review process, super-
vised by an advisory board of experienced experts in the field. The collection of
articles presented in this volume comprise an overview of latest research from
the worldwide MCPC community bringing together new thoughts and results from
various academic disciplines within the areas of:

¢ Customization and personalization via smart products and smart services

* Digital manufacturing and Industrie 4.0

e Mass customization and sustainability

* Choice navigation and customer interactions for MCP

¢ Solution space development and variety management

e Mass customization of textiles and fashion products as a special field of
application

We believe that this selection of articles represents the scope of perspectives on
MCP, helping us to better understand the diversity and plurality of this topic. While a
mass produced, hence standardized book on mass customization and personalization
seems to be an oxymoron, we are very sure that you will develop your very own,
individual perspective and “takeaways” from the research and experiences presented
in this volume.

Aachen, Germany Stephan Hankammer
Aalborg, Denmark Kjeld Nielsen
Aachen, Germany Frank T. Piller
Aachen, Germany Giinther Schuh
Aachen, Germany Ning Wang

Aachen, in January 2018
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User-Centered Service Innovation m)
for Commercial Vehicles: Plugging ik
in the Handyman Market

Kate Spierings, Nicole Eikelenberg, Dirk Snelders,
and Froukje Sleeswijk Visser

Abstract There is no vehicle segment where personalisation is as common, as for
Light Commercial Vehicles. These vehicles are used for a large variety of tasks,
supported by an ever-increasing number of new services. For Light Commercial
Vehicles, one of the most interesting market segments from the perspective of
service innovation and product personalisation is the handymen market. Handymen
have a very strong relationship with their vehicle, highly specific mobility needs
depending on their specialisation, and spend a lot of time personalising their vehicle.

This paper presents the Plugs concept. The Plugs concept is a new open-source
approach to deliver personalised services for Commercial Vehicles to the handyman
market. The concept was created based on user research and service innovation
done by the TU Delft Design School in collaboration with Ford stakeholders
from the Research and Innovation Center in Aachen. To deliver a broad variety
of personalised hardware- and software-based services, called Plugs, to small
handyman businesses in a cost-efficient way, Ford should build a strong open-
source platform strategy around the core Ford Transit product, involving third-party
developers and handyman lead users in the creation of these Plugs.

Keywords Service innovation - Light Commercial Vehicles - Handymen - Mass
customisation - Open-source - Platform strategy - Plugs concept

1 Introduction

In one famous moment, Henry Ford said about the Ford model T, one of the first
mass-produced consumer automobiles, that ‘any customer can have the car painted
any colour that he wants so long as it is black’ [6]. As the automotive industry

K. Spierings (P<) - D. Snelders - F. Sleeswijk Visser
Delft University of Technology, Delft, The Netherlands

N. Eikelenberg
Ford Motor Company, Research and Innovation Center Aachen, Aachen, Germany

© Springer International Publishing AG, part of Springer Nature 2018 3
S. Hankammer et al. (eds.), Customization 4.0, Springer Proceedings in Business
and Economics, https://doi.org/10.1007/978-3-319-77556-2_1
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is challenged by trends like digitisation, access over ownership and environmental
concerns [8, 13], this top-down approach of selling one car to all is no longer
realistic, and the pressure to innovate is high. Instead, a focus on product tailoring
and creating loyalty through service offerings and building long-term customer
relationships is becoming increasingly important for automakers [13]. This means
that at the same time, a switch from a focus on products to a focus on services or
service innovation is necessary.

Automakers have started providing a broader variety of options that allow for
the mass customisation of cars and vans. Mass customisation aims to deliver
personalised products that answer real user needs, with the benefits of mass
production for the provider of the goods or services in question [12].

In the automotive industry, mass customisation is still mainly achieved through
assembly line production: a variety of product and service options are assembled
around the core product that is manufactured on a moving production line, not
too different from the original Ford model T production line. During this process,
standard parts and subassemblies can be put together to make more ‘personalised’
offerings: common vehicle platforms and chassis are used, which can be chosen in a
colour of preference and upfitted with certain automotive features or accessories,
picked by the customer. Supply is created through upfront estimates of buyer
preferences. Aftermarket services like maintenance contracts, in-car connectivity,
car insurance and small adaptions to vehicles are provided through dealerships. And
so, automakers can provide customers with more personalised vehicles.

There is no vehicle segment where personalisation is as important as for the
Light Commercial Vehicles market. The Ford Transit range highlights this well,
considering the Transit Custom alone comes in more than 5000 possible variations.

Light Commercial Vehicles are designed and constructed for the carriage of
people and goods and have a maximum mass not exceeding 3.5 metric tons [5].
These vehicles are used by many different businesses and users for a large variety of
tasks, in turn demanding an ever-increasing number of new product variations and
services. Besides choice from a broad spectrum of automotive features, not only
van exteriors but also complete van interiors are adapted through upfitting services
to fit highly specific customer needs. Furthermore, a small range of special services
is available like telematics, leases and maintenance. These services, however, are
mainly focused on big fleets of vehicles, over smaller businesses. This means that
the main beneficiaries of such services are also the fleet or business managers,
over the end users of the vehicle. The Light Commercial Vehicle market, however,
consists of many small market segments [1].

For Light Commercial Vehicles, one of the most interesting market segments
from the perspective of service innovation and mass customisation is the handymen
market. This is a user group that can be addressed through a limited set of
marketing channels, whilst on the other hand, it has a very large variety in terms
of specialisation and thus the needs and wishes for their van. Furthermore, research
by the Freight Traffic Control of the city of London showed that more than 32% of
all Light Commercial Vehicles in Britain in 2014 were accounted for by handymen
businesses: small construction (plumbing, building, plastering and others) and
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electrician companies [1]. As such, handymen form a very interesting and big user
group for service innovation around Light Commercial Vehicles.

Furthermore, many handyman businesses lease or buy their vans from the
secondhand market via dealerships or auctions [1]. As such, handymen and
handymen businesses are a very interesting group to provide services to that enable
customisation of the vehicle, even if they are not the first-time user or owner of said
vehicle.

The Ford Motor Company has a lot of experience in the field of traditional
product innovation. The year 2016 was a record year in number of inventions
that were disclosed by Ford employees. However, with the transformation from
an auto to a mobility company, Ford is looking into opportunities where not only
products play an important role but also services [8]. Service innovation is less well
known inside Ford. To this intent, Ford has recently started collaborating with the
design school at the Delft University of Technology (the faculty of Industrial Design
Engineering) on the topic of service innovation for the Light Commercial Vehicle
market [10]. The aim of this university research project was to come up with user-
centred opportunities for service innovation based on research with end users.

Below, one such service opportunity is presented, as a demonstration of what
service innovation can add to the ever-increasing customised and personalised
offerings of mobility companies like Ford.

2  From User Insights to Service Opportunities

As a first step in this demonstration, insights were collected on the user profiles
of handymen [9]. This has been done through contextmapping. Contextmapping
is a generative Delft design method in which contextual research is done with
real users to gain tacit knowledge about the context and current use of a product
[15]. The contextmapping with handymen included shadowing, interviewing and the
development of personas and user journey maps [9]. The results of the research were
then analysed to find out what is important for this user group when it comes to their
van and their handyman business and to discover differences between handyman
niches.

The contextmapping was done with three different types of handymen working
in small businesses: plumbers, electricians and carpenters. Of each niche two
handymen were followed in their daily work. Some were employed handymen,
others an independent handyman that owned their own business. An example user
journey of a typical electrician’s day and his tasks can be seen in Fig. 1.

Based on this first study, several directions were identified for interesting
service innovations for handymen. The contextmapping research done by Hnatiuk
[9] showed that there are many opportunities for mass customisation services to
support the lives and livelihoods of handymen. To give some insight into interesting
opportunities, the most important research findings are now presented [9].
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Client: "I take a picture of your “I'm designing the logo of my van
van, then | have all contact

by my own. | like doing this. Also
information.” the label is different from the

- other companies.”

"I have a thermos in my van,
when | do a break during work |
use it.”

“ 1
: *" Corporate identitiy

a Break Room Toolbox
| mostly eat while
driving, I'm to busy to
make a break " Roles of a van
Stock Office

Transportation

=

“When we have additional

“We also need to material we us the trailers”

transport rubbish”

Fig. 2 The different functions of a Handyman Commercial Vehicle (Source: Hnatiuk 2016 [9])

A handyman’s van is not only a means to get from A to B; it is also a toolbox,
office, lunchroom, stock room, business card and a source of professional pride and
corporate identity (see Fig. 2). In short, handymen spend a lot of time in or in close
proximity to their vans. Because of this handymen often tailor their vehicles to their
needs and have a very strong relationship with their vehicle. Interiors are custom-
made or chosen after a long period of scrutinising different options, to accommodate
the different functions of the van throughout the day. Van exteriors are often adapted
as well, for instance, with stickers, to display the handyman company information,
or with roof racks to add more stock space. Therefore, supporting a flexible van
set-up through mass customisation services that focus on tailoring and upfitting of
existing vehicles is a key opportunity for automakers.

In addition, there are many opportunities for services that increase handymen
business efficiency through connectivity and automation. Even though handymen
are proud professionals that want to spend their time on their core job — building
and repairing — they also want to stay in control of every aspect of their job
and/or business. This means that throughout the day, they keep track of used
materials, current inventory, working hours, driven kilometres and many other
things themselves. This is often done by hand. At the end of the day, most
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handymen end up ordering new materials and stock themselves and spend copious
amounts of time doing more bureaucratic tasks and desk work, like making
invoices and receipts, and logging working hours. Herein lie many opportunities
for mass customisation services around the digital aspect of the handyman business:
automated tracking and processing of business information through a connection
with the vehicle. An example of this could be to automatically track and process the
driven kilometres and support an easy connection between the collected vehicle data
and the handyman back office. As every handyman business uses different software
or systems for their management processes, a wide range of tools would need to be
supported.

One of the main outcomes of the collaborative sessions was that there is an
enormous potential for the aforementioned connected services that help to improve
handyman business efficiency. All of these services, however, require a certain
infrastructure and connection to the vehicle and/or to vehicle data. This led to the
insight that there is a need for an infrastructure that enables services and smart
hardware to be ‘plugged into’ the vehicle and for a new strategy to enable the mass
customisation of Light Commercial Vehicle services — and so the Plugs concept was
born.

Employees from Ford England and Ford Germany and professors and researchers
from the TU Delft closely collaborated to further analyse and elaborate on the
Plugs concept in several design and prototyping sessions, using different ideation
and storyboarding techniques. The main tool used for ideation and storyboarding
was the Scenes tool, designed by SAP [14]. Furthermore, literature research and
studies of existing similar innovations in different domains were done to identify
best practices, which will be discussed in the next section of this paper.

3 Mass Customisation for Commercial Vehicles: The Plugs
Concept

The Plugs concept consists of a special Commercial Vehicle design that provides an
infrastructure inside the vehicle, to which both software and hardware can ‘connect’.
This means that the infrastructure provides both a data network and a power network
throughout the vehicle.

Third parties can then deliver singular software or hardware solutions to the
handyman end user through the Plugs marketplace. A schematic overview of the
value exchange between stakeholders can be seen in Fig. 3. The Plugs concept
could thus be compared to what an app store is to a smartphone. Users can choose
different add-ons, called Plugs, to personalise their Commercial Vehicle. Through
a combination of smart hardware and software Plugs, live (vehicle) data can be
used to automate, track or help with the aforementioned tasks and problems that the
handyman runs into during the day around his van-based business.
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Fig. 3 Anoverview of the value exchange between involved stakeholders in the Plugs marketplace
(Source: Spierings 2017 [16])

The Plugs concept is backed up by a platform strategy, in which Ford, the
automaker, focusses on the core product, and other parties can provide smaller
software- and hardware-based services, known as Plugs, around this core product
through a development platform. The existence of many Plugs will lead to a higher
value of the core product.

3.1 Involving Third Parties in the Plugs Concept

To successfully build Plugs vehicles, Ford would need to fulfil certain capabilities
that are required when developing mass customisable products and/or services. This
is to provide ‘the capability to manufacture a relatively high volume of options for a
relatively large market (or collection of niche markets) that demands customisation,
without tradeoffs in cost, delivery and quality’ [12]. Logically, then this creates the
need to involve other parties, like technology start-ups and software developers, to
make for more efficient production.

Together with Ford RIC stakeholders, three main benefits in involving third
parties to create the Plugs concept were identified:
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1. Cost and quality effectiveness: each partner/developer works on features in their
area of expertise, leading to higher cost effectiveness in terms of R&D and supply
chain, and a higher quality of the partial solutions that are offered as they have
been created by domain experts.

2. Higher speed of innovation possible: many small solutions and connected
features can become available with a shorter time to market, as many features
can be developed at the same time by different parties who already have expert
knowledge on a topic. This will also lead to a high level of variation in the
features.

3. Democratisation of new Commercial Vehicle technologies: in the case of big
automotive OEMs, low cost effectiveness and low economic viability of working
on services for small user groups mean that services are usually created for big
fleet clients or big generalisable user groups. By creating an open platform,
connected solutions would be available for smaller Transit user groups and
niche markets that would otherwise be overlooked. In the case of Ford, this
democratisation also fits well with Ford’s brand image of accessibility and
affordability: making mobility available to all.

To work together with third parties, the only feasible approach would be to
open up certain company boundaries, to enable the inflow of outside knowledge
and contributions from other parties and domains, defined as open innovation
[3]. The next section of this paper explores how to create a successful open
innovation method around the Plugs concept to achieve high-quality, user-centred
and economically viable Plugs services.

3.2 Creating an Open Platform Around the Plugs Concept

Three business scenarios were created to explore possible innovation models around
the Plugs platform, with the aforementioned storyboarding tool Scenes:

1. A closed supplier relationship in which Ford outsources the creation of previ-
ously defined services to third parties

2. A cocreation partnership in which Ford works together with third parties to create
innovative new services and

3. An online community-led open-source platform in which third parties are free to
develop Plugs for Commercial Vehicle users

In sessions with Ford employees, the different storyboards were evaluated, and
the third scenario, an open-source platform, was chosen for further development.

Given the potential value of the Plugs concept and the hesitance that resides
around open innovation in the automotive sector, the big question then is: how
can Ford set up a platform where third-party developers will start and continue to
provide useful Plugs to handymen, whilst overcoming open innovation barriers and
typical pitfalls in open-source projects?
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A broad study of Ford OpenXC, the iOs app store and literature on open-source
development lead to insights on the failure of Open-Source development platforms.

Ford has some experience with open-source projects. An interesting previous
innovation is OpenXC. OpenXC is an open-source hardware and software platform
that enables the extension of the use of vehicle data beyond common vehicle
diagnostic purposes, as live vehicle data can be used as input for self-built apps
[7]. To access this vehicle data, an OBD-II plug can be used that uses a software
module to enable the extracting, reading and usage of live data from the vehicle
[7]. Users of OpenXC can then incorporate vehicle data in their apps or products
to provide extra functionality. Examples of vehicle data that are available through
OpenXC include driving speed, engine information and brake information [7].

As it appeared through research with Ford stakeholders, OpenXC is not used
that much by external communities or for commercial purposes. It is mainly used
as an internal Ford research tool for new automotive features and in the external
environment amongst a select group of automotive university researchers. Reasons
for low adoption are the limited sets of vehicle data available, difficulties in getting
to know the OpenXC platform and its possibilities online and the small range of
cars and thus users that can be targeted with OpenXC.

Apple’s approach to open-source service development is quite different. The iOS
app store provides clear developer documentation online and heavily shapes the
development process through strict guidelines for developer’s apps and mandatory
tools, hand-in formats and programming languages. However, this approach can
also form a high barrier to entry for new developers due to the level of time needed
to get started and the limited freedom developers have.

Literature research further underlined typical reasons for failure of open-source
projects [4]. All research results have been summarised below.

Open-source platforms often fail due to the following reasons:

 Failure related to product security:

— In the automotive industry, open standards and open software mean that the
CAN bus, the control system of the car and/or certain vehicle data becomes
available or accessible. This poses risks for the hacking of vehicles, something
automakers want to avoid at all costs.

— In open-source development, the lines of who built certain software or
hardware are blurred, as it is built on creative common principles that any
information can be adapted by any active participant of the community and
returned to this community for the benefit of the end product [4]. Software or
hardware solutions are thus often cocreated or coevolved, which can lead to
IP issues and tangled ownership of contributions [4].

 Failure related to business strategy:

— Many open-source projects fail because there is no clear revenue or business
model behind the project. In commercial open innovation projects, it is highly
important that all stakeholders gain from their contributions and work towards
the same goal [4, 11].
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— Marketing can also become a reason for failure in open-source environments
as development thrives when there is a big and active community. Great open-
source propositions can fail if the benefits of participating in the project are
unclear, or it is difficult for potential developers to join, as research into
OpenXC demonstrated [7]. Attracting users and developers to the open-source
product or platform is very important for success [4].

 Failure related to a lack of participation:

— Open-source projects can fail when there is no real user or developer need for
the core product or service around which the project evolves [2, 4]. This is
often the case with a lack of market or end-user understanding [2, 4].

— A lack of a vibrant user and/or developer community is one of the biggest
causes for failure in open-source projects, as the absence of a strong group
of users makes it unattractive for developers to participate in the project and
vice versa. This phenomenon is known as a network externality. Network
externalities come to play in two-sided systems, where the value of the system
increases or decreases with the amount of end users, on the one side, and
services, products or developers on the other side [11].

3.3 Overcoming Open-Source Challenges

To be successful, the Plugs concept needs to overcome the abovementioned
challenges.

Overcoming Product Security Challenges For Ford a certain level of secrecy and
security can be maintained by using Application Programming Interfaces (APIs) to
establish which vehicle functionalities are opened up to developers for the creation
of applications and products. For third parties that want to contribute to the Plugs
platform, clear guidelines and rules around intellectual property of Plugs and access
to the vehicle will be needed. It will be more attractive for third parties to participate
and contribute if they maintain the rights to their own Plug and get a broad level of
access as not to block third-party creativity and allow for more innovative Plugs.

A way for Ford to create clear guidelines on the terms of collaboration could
be through a membership contract, IP Policy and/or EULA (end-user license
agreement), as is common in open-source software settings.

All Plugs should be quality-controlled by Ford in terms of vehicle security and
user data privacy to make sure that security of solutions goes both ways, for the
developer and the handyman end user.

Overcoming Business Strategy Challenges Plugs should provide valuable solutions
to real user needs or problems, to create a vibrant community of handyman end
users. Close collaboration between the different stakeholders during the develop-
ment and implementation phase of the Plugs platform is important to establish a
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strong benefit for each stakeholder involved. Different business and revenue models
would also need to be explored.

Furthermore, strong marketing is needed to attract both developers and end users.
This could be done in the form of initial Plugs showcases. From a user perspective,
it is important to highlight the advantages of a Plugs Commercial Vehicle: a more
efficient and pleasant handyman business. For developers it is important to provide
correct and good APIs and documentation, to make it easy to get started with the
development of Plugs by providing all necessary information and to link to the
end-user group. To make sure developers and the handyman can connect well, a
mediating layer of lead developers is needed on the development platform to aid
in communication. These lead developers can also provide support to developers
during the creation of Plugs.

Overcoming Participation Challenges Attracting initial Handyman users and third-
party developers to the platform is the most important step for the implementation
of the Plugs concept. Before launch a certain amount of ready and attractive Plugs
should be available to attract handyman users. In turn there should be a strong
incentive for third-party developers to join the Plugs platform, to create a vibrant
community of developers. This can be done by showing the interest of the end-user
group, underlining the vast amount of Transit users, making the creation of Plugs
easy through clear documentation and APIs and offering clear monetisation options
for the use of Plugs.

Through network externalities, the presence of a big developer group will lead to
a higher interest of the end-user group and vice versa [11]. So, the Plugs platform
will continuously increase in value once it has more developers, users and Plugs.

3.4 Facilitating an Open-Source Development Process

The proposed approach to create a successful open platform is to involve handymen
and third-party developers in the complete development process of creating, testing
and commercialising Plugs in a Ford-regulated process with clear guidelines.

In the first phase, the problems and challenges handymen are facing can be used
as a starting point to attract developers and create showcase services to pre-populate
the Plugs marketplace. With many Plugs add-ons available, it will be more attractive
for handyman users to adopt the new Plugs vehicle. A lead user group of handymen,
as well as third-party developers, can then be invited into a community to discuss
and explore needs and challenges together. The lead user group, called the 100,
consists of Ford Transit users that have been picked for their profile.

In a second phase, once ideas for apps and add-ons are to be prototyped, the
handymen 100 community can be involved in (beta)testing prototypes and can
provide (direct) feedback to third parties, which should be mediated by a group of
lead developers that are also handyman domain experts, with previous experience
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Fig. 4 Overview of the I:I
collaboration model between

stakeholders on the
open-source Plugs

development platform
(Source: Spierings, 2017) ]

of building Plugs. This group of lead developers, called the 10, is to be scouted and
employed by Ford.

In the third phase, the commercialisation phase, Plugs are offered to the Light
Commercial Vehicle user community through the Plugs marketplace, and every
handyman can use them to personalise his or her van.

Meanwhile, as the Plugs platform matures, it should become increasingly more
open to the broader public: any interested user or developer should then be able
to participate in the development of new Plugs for the Ford Transit. Finally this
will lead to the collaboration model as shown in Fig. 4, where a Ford management
team monitors the overall platform success and steers the platform strategy; where
third-party developers create novel services, in collaboration with the 100 handyman
lead users; and where the 10 lead developers, employed by Ford, moderate the
connection between the handyman lead users and third-party developers and control
the security and quality of new Plugs [2].

4 Conclusion

The best way forward to offer mass customisation services to the Commercial
Vehicle market is to create an open platform on which multiple parties can come
together to create services: end users, third-party software developers and start-ups
and automotive OEMs. There is no other cost- and/or resource-effective way to offer
a broad variety of personalised high-quality services to smaller businesses and user
groups, like in the handyman market. However, for an automotive company like
Ford, developing an open platform is controversial.

To be successful in offering useful Plugs, it is important to attract a large
developer and user community that can easily link to each other to create novel
services. This is most feasible through an open innovation platform.

Involvement and interest of the target group of handymen on the Plugs platform
are expected to be the most important success factor, as this will attract third-party
developers to contribute and develop services, create the basis for a viable business
and revenue model and lead to Plugs services that provide value to the end user.

Ford can focus on the core product — the Ford Transit — and the vehicle’s special
electrical set-up whilst applying a platform strategy. Third-party developers and end
users themselves, who are domain experts, are then invited to develop features and
value-added services for the Transit.
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5 Discussion and Implications

To become a market leader after introduction of the Plugs platform, a future strategy
could be to drive open innovation in the Commercial Vehicle market even further.
However, some organisational barriers may make it hard to do so.

Driving Open Innovation by Eliminating Customer Lock-In One way to increase
attractiveness for third-party developers and end users to join the Plugs platform
could be to remove lock-in effects. In the automotive sector, vehicle standards
are bound in secrecy and incompatibility. By opening up the vehicle system and
providing an open standard, platform fragmentation between new models and/or
brands could be eliminated. For users this would mean that they could use certain
Plugs, even if they do not own a Ford Transit. For developers this would mean that
their potential user group grows vastly, which would make it significantly more
interesting to create car-specific Plugs or ‘apps’. This strategy, however, would be
highly controversial in the automotive sector.

Challenges for Adoption of Open-Source Projects Within Ford As the Plugs concept
is built around an open platform, it is also important to overcome certain internal
company challenges during implementation. It is advised to start a separate business
unit for the Plugs platform, to maintain a certain distance from standard automotive
innovation processes that can be highly monitored, arduous and slow. It will be
important to maintain a strong link between separate business units to feed back
valuable learnings on Commercial Vehicle usage to the Ford mother organisation.

Partially opening up the vehicle to third-party developers could lead to resistance
from the Ford internal community or not-created-here syndrome. Furthermore, a
new separate business unit could be received with great scepticism by internal
stakeholders.

Evaluating Platform Success Another challenge is the perception of the platform’s
success: Ford should make sure the Plugs platform does not get evaluated in the
same way as running projects or current car models. The separate Plugs business
unit should perform as a start-up and should use new and different KPIs to measure
the success of the Plugs platform. Evaluation should avoid quantitative metrics like
direct and immediate profit made through the Plugs platform but focus rather on the
creation of business value with the new open innovation approach.

For Ford one such example of created business value is that the Plugs platform
would be an insightful way to learn more about its Commercial Vehicle users and
their use of the vehicle and existing services. This knowledge could then be used
to design better future Commercial Vehicles and mobility services, targeted at end
users.

Remaining in Control A certain level of control over the actions of third-party
developers, the suppliers of Plugs, would be mandatory to fit with Ford’s strategy
and vision.
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Maintaining an in-vehicle Ford user experience towards users is important in the
current automotive market. To make sure that happens, guidelines for potential user
interactions and interfaces — still to be designed — could be used.

Besides APIs and contracts or agreements, proper moderation of the online com-
munity on the Plugs development platform is also necessary [2]. Lead developers,
the 10, employed by Ford could also filter out irrelevant contributions, potentially
steer the development of certain Plugs to make new innovations more valuable
from a Ford perspective and even scout for popular services to professionalise
them in future Ford Commercial Vehicles. However, these things should be done
very carefully as not to scare away potential developers or cannibalise Ford’s own
business.

Contribution of This Project and Further Development of the Concept The Plugs
platform would make a broad range of telematics services, automotive features and
connected services available to and centred around the end users of Commercial
Vehicles. Currently, connected services are targeted mainly at fleet or business
managers and focussed on staying in control of operations and on monitoring
driver’s behaviour and their performance. However, contextmapping research with
handymen has shown that there are many benefits for end users of Commercial
Vehicles to be gained as well, through connected services.

As automotive companies are shifting from a product to a servitisation approach,
the creation of long-lasting relationships with customers is increasingly important.
Therefore, it is important to also shift away from an automotive sales and after-sales
perspective to a perspective of providing value to users over the complete lifetime of
their vehicle. The Plugs platform would help to provide this value to the end users of
Commercial Vehicles by offering a standardised vehicle that can be upgraded with
new quality automotive features and connected services at any moment.

For successful implementation of the Plugs platform, further development and a
trial should be run on how to collaborate with third parties and how to set up the
open platform in a way that is beneficial for all stakeholders involved. For a trial it
would be interesting to involve start-ups with new technologies to gain insight into
the necessary information and guidance needed to create successful Plugs and to
involve handyman businesses to gain further insight into end-user needs.

After an initial trial and introduction for the handyman market, the Plugs platform
could be expanded to different Commercial Vehicle niche markets and mobility
domains. In the future personalisation options could then be provided for different
van-based professions, ride-sharing services, autonomous vehicles or passenger
cars.

With an increasing complexity in user needs, the need for open innovation,
partnerships and open standards in the automotive sector is growing. Furthermore,
automakers need to gain more experience in service innovation, through trial-and-
error and switching to a user-centred development process. For Ford, the Plugs
platform could be a first step in that direction.
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Design for Mass Individualisation: m)
Introducing Networked Innovation e
Approach

Ravi K. Sikhwal and Peter R. N. Childs

Abstract This paper outlines a nascent field of product innovation, which we
believe will become significantly more relevant in the near future. Product design
for mass individualisation is a new product design paradigm that comprises an
open hardware platform and multiple modules that are integrated with the platform.
It gives freedom to end users to integrate different modules into the platform as
per their choice. Large manufacturers will produce the platform and some specific
modules. Other modules will be invented and produced by smaller companies
and by the user. This type of product integration will be engaged with by the
all actors involved in the design and aims to help them to be more creative and
innovative. Strategic and technological integration of all these actors, which is
also the theme of Innovation 4.0, is the main focus of this work to intensify the
innovation. Key areas which need to be focused on are identified and presented
by an explorative study of existing product design and customisation approaches.
Based on the explorative literature analysis, an industrial questionnaire survey has
been conducted, and results are presented for the industrial implication and insights
on this approach. The findings clearly show that the end product from product design
for mass individualisation will be more creative and innovative.

Keywords Mass customisation - Mass individualisation - Product design

1 Introduction

The need to innovate products has become so intense that traditional product design
and development processes cannot fulfil the requirements. Innovation in terms of
product or process is one of the key concepts to address this issue. A new product
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design paradigm which could serve the need of adaptability, upgradability and
sustainability and meets the exact requirement of the end user has the potential to
fulfil this demand.

Traditionally, most products are designed by professionals working for the
underlying firms in design teams because those people ‘have acquired skills and
capabilities that allow them to perform most design tasks more effectively and at
a higher level of quality’ [1]. However, product design paradigms have changed
significantly over time, led by technological advancement. Innovation technologies
(IvT) [2] have facilitated new strategies for product design and development.

This paper aims to investigate the role of innovation in the product design
process with the theme of networked innovation. The basis for the approach to
networked innovation is the industrial practice of open innovation. Open innovation
is defined as the use of purposive inflows and outflows of knowledge to accelerate
innovation and expand the market for external use of innovation, respectively [3].
The advantages and disadvantages of different forms of openness in firms have also
been investigated in recent research on open innovation. Dahlander and Gann [4]
studied the influence of this openness on a firm’s ability to innovate and appropriate
benefits of innovation. However, this kind of engagement between internal and
external actors for innovation process requires multidirectional management and
strategic integration. The latest practice of Innovation 4.0 addresses this complexity
in open innovation.

2 Product Customisation

The concept of industrial product design has changed significantly over time, from
individually crafted designs to product design for mass production (MP), followed
by product design for mass customisation (MC). These changes are always triggered
either by market conditions or the consumers’ desire for the product offering.

2.1 Customisation Concepts

Up until the industrial revolution, products were designed and made by craftsmen
with a localised design stretching back generations. The concepts and processes
associated with MP revolutionised the way products were designed and manufac-
tured. Technological advancement later made it possible to design and manufacture
products in mass quantities more quickly and cheaply. This is usually attributed to
the early twentieth-century industrialist Henry Ford. His assembly-line approach to
the manufacturing of the Model T motor car reduced the cost of the vehicles to such
an extent that they could be afforded by ordinary working people. The impact on
the market, and therefore on product design, was revolutionary. As society’s desire
to have a variety of similar products to choose from started to change, companies
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introduced the concept of product design for MC by offering them different variants
of the same product. Although MC offers variants of the same product, often the
constrained availability of options limits the fulfilment of the need of the end user
since variants are provided by the manufacturer itself with few actual changes in
design.

2.2 User-Centered Customisation

An emerging literature stream posits that inclusion of users, rather than internal
designers in new product creation, may benefit organisations because it results in
a product which effectively satisfies consumer needs. Current product life cycle
considerations from product conception, design, development, delivery, usage,
service and end of life disposal have not been able to consider customers as
individuals.

New technologies have democratized the tools for both invention and production
[5]. Anyone with an idea can use advanced and accessible technology and turn it
into a product. The user has started to contribute to the design process in parallel to
the professional design teams. That certain users are able and motivated enough
to innovate and are willing to share their ideas with firms is not new and has
been documented extensively [6]. By considering customers as both individuals and
as an integral part of the design process, implicit characteristics such as personal
taste, traits, innate needs and experience become important integral parts of product
design [7]. But recent changes in user aspirations and inclination towards more
individualised product offering have motivated innovators and product designers to
approach a new paradigm. The continuously increased aspiration level of customers
and the growing saturation of the markets are the main drivers for the development
of customer individualised products [8]. Kumar [9] has documented the strategic
transformation from mass customisation to mass personalization.

2.3 Product Design for Mass Individualisation

Figure 1 shows the transition of manufacturing in the last 100 years. The volume of
each product variant is decreasing from MP to MI. At the same time, product variety
is increasing, showing the demand for more individualised products. It tends to reach
a situation of market to one. Only the open platform-type product architecture can
address this demand and will be able to realise this paradigm shift. Initial research
on this paradigm shift has been carried out by Koren, Hu [10], but to realise this
approach and to convert it into industrial practice, much more research need to be
undertaken.

In the last few years, a demand for renewed product personalisation to satisfy
the exact need of the customers has been observed in the market. Koren, Hu [10]
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Fig. 1 Emergence of product individualisation [11]

has named this concept mass individualisation (MI), a new paradigm for industrial
product design. MI is based on the open platform product architecture that is mass
produced by large manufacturers and multiple independent modules provided by
other smaller companies and the end user. In product design for MI, the final product
is the end result of the creativity and innovation of various actors, including smaller
companies, large original equipment manufacturer (OEM) and end users. The open
platform is integrated with different modules as per customer’s need and is selected
using the interactive design programme. Thus the end product, which fits the exact
requirements of the customer, is highly individualised. Figure 2 shows the MI
ecosystem with all of its actors actively involved in product design and development.

The product design for MI provides considerable incentive for the role of
innovation. The future practice of Innovation 4.0, based on the strategy of ‘open
innovation’ first suggested by Henry Chesbrough [12], provides a potential inno-
vation practice for MI. Innovation 4.0 focuses on the strategic and technological
integration of various aspects of innovation [13], focusing more on inclusive
innovation rather than open innovation. It places the emphasis on the networking
of all the areas of innovation, i.e. strategy and methods, technology and products,
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Fig. 3 Roles of different actors in MI ecosystem

processes and organization, society, communication and culture [14]. Connectivity
becomes the central feature in Innovation 4.0. Everybody and everything need to
be networked. By linking all the steps in the value chain, a world of possibilities
opens for companies and other actors. Interactive models that are interconnected
with institutions and individuals which develop, test and distribute new practices
and artefacts via interactive processes need to be developed. This paper investigates
the role and future prospects of networked innovation in product design for MI.

Product design for MI has the potential to create many new jobs in module
production companies. End user’s purchase intention and willingness to buy
products will be enhanced with this product design paradigm. MI has the potential
to address some of the challenges faced by the world today, such as diminishing
natural resources, energy efficiency, demographic change, etc. Figure 3 summarises
the roles of different actors in MI ecosystem.
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3 Methodology

The cross connection between different actors involved in the design process of MI
requires new creative and innovative approaches. It requires changes in the way
traditional product design and innovation are approached. This section explains
the used research design and applied methods, to understand MI and its industrial
implications.

3.1 Overview of the Research Methodology

As described in the previous sections, Product design for MI is a relatively
new and visionary concept. In the absence of existing applications, experimental
research or case studies cannot be applied. Thus, to answer the research question
in this uncertain context, only an explorative study of existing literature and
practical feedback from industry practitioners and experts allows the derivation
of valid conclusions. Therefore, the research methodology combines a qualitative
exploration and quantitative analysis.

For a better understanding of this new paradigm, this paper aims to identify the
key areas which need to be focused on to convert Product design for MI into an
industrial practice. Across many industrial sectors, the end product will be far more
efficient, effective, reliable, reusable and more fully utilized, with conservation of
scarce natural resources such as energy, water and raw materials. An explorative
study of existing product design and customisation approaches has been conducted;
some of them have been included in the last section. Keeping Innovation 4.0 as a
central theme, different areas and components of MI that need to be focused on are
categorized into three categories:

1. Changes in traditional product design and customisation approaches that need to
be focused on

2. Components that need to be focused on

3. Technologies that need to be integrated

Based on the explorative study, an industrial questionnaire survey has been
designed. The findings of this survey were then descriptively analysed and inter-
preted for industrial implication.

3.2 Industrial Questionnaire Survey

The products from MI offer a rich, new set of value creation and innovation
opportunities. A web-based industrial survey constituting multiple choice answers
and text answers questionnaire were developed, based on the explorative study
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of related literature and existing product customisation approaches. Following
the qualitative exploration of literature, the questionnaire was structured in the
following three sections:

* Product design for mass individualisation (MI)
» Strategical and technological integration
* Practical suggestions

Most of the multiple choice question responses were measured using a categor-
ical scale, with a provision of providing additional comments. The scale used five
categories so that middle one represents a neutral stand point with different levels
of agreement and disagreement on both sides. Appendix I shows all the questions,
identified for the questionnaire survey.

Consumer product design companies (350 companies) across the globe were
invited to participate in this survey via invitation email. Figure 4 shows the industry
splits of the survey participants. Before sending invitations to participants, a pretest
was conducted on the questionnaire with participants familiar with the topic, and
feedback was used to improve and adapt the questionnaire accordingly. Responses
have been recorded and then descriptively analysed to present the industrial insights
and implication on key areas of this approach. This will be used to develop the
approach further with practical implications.

Others Aerospace
3% 6% Automobile

2%

Product design

& Innovation Consumer
Consultancy Prodzjcts
37% 23%

Energy & Power
1%
Medical Devices
2%

Manufacturing
16%

Fig. 4 Industry split of the questionnaire survey respondents
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Table 1 Key areas and components identified to be considered for industrial implication

Changes in traditional Technologies that
product design and Components that need to need to be
customisation approaches | be focused on integrated

Context Design and development Data mining
Ecosystem Manufacturing Innovation toolkit
Perspective Assembly Modelling

Vendor After service Product realization
Discipline Sustainability, adaptability and upgradability

Competition
Access

4 Results and Discussion

The explorative study of existing product design and customisation approaches
identified different key areas and components to be considered for industrial
implication. Table 1 summarises the findings of this explorative analysis.

Fifty responses have been recorded and analysed to present the industrial
implication and insights on key areas of this approach. Appendix I summarises the
responses along with the survey questions. Responses to these questions yielded
a sufficient amount of relevant information about the product design of MI. The
following sections present the discussion and insights obtained from these results.

4.1 Changes in Traditional Product Design and Customisation
Approaches that Need to Be Focused on

The explorative study of existing product design and customisation approaches,
identified changes in Context, Ecosystem, Perspective, Vendor, Discipline, Com-
petition and Access.

Unlike traditional approaches to product design, MI consists of horizontal net-
working between different actors. The end product is the end result of the creativity
of different actors. In MI, there are three main actors: end users, large companies,
and smaller companies (includes third-party supplier, independent developers, etc.).
Different actors could be mapped in a multi-level cross connected framework to
simplify and manage the relationship between them. The inclusion of the wide
variety of vendors in all aspects of the final product helps to intensify the innovation
in the process.

Excellence through the interdisciplinary network is the main theme of this
paradigm. Highly complex, socio-technical systems need to be developed which
will require the collaboration of various academic disciplines. To realise the
approach, future engineers needs to look beyond their own specialisation. A healthy
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competition between different actors needs to be encouraged for better design and
innovation. The traditional approach of the close access need to be changed as
networking of all the actors has to be backed by access to all essential information.

4.2 Components that Need to Be Focused on

The explorative study identified design and development, manufacturing, assembly,
after service, sustainability, adaptability and upgradability as the design components
which need to be focused on.

In MI the end user plays an active role in the design process. With the help of
an interactive design platform, the end user selects the modules on the platform
and designs the final product. This work has identified that it will be an iterative
process as an end user will select modules on the platform and will then with the
help of an optimisation tool make the end product more feasible and efficient within
smaller companies and large manufacturer’s constraints. Platform, interfaces and
modules are to be manufactured at different places by different actors. Platforms
are manufactured by large companies with interfaces which could be mechanical,
electrical and software. This type of manufacturing needs advanced reconfigurable
manufacturing systems (RMS) which can produce a variety of products with the
same equipment and accessories.

A new networked assembly system needs to be developed which can assemble
different components on the same type of platforms as per end user requirements.
Smaller companies from different regions of the world will provide modules as
requested and then the final product will be assembled at platform manufacturer.
This paradigm will change the traditional way of after service. A new station or
place has to be developed where platform manufacturer can connect users to module
providers and provide the appropriate services. One of the key advantages of this
new product paradigm is the contribution to the circular economy. As the final
product is highly individualised, so it reduces overproduction of the products. Users
can use the product for a longer time as it is exactly as per the requirements. Users
can change the modules whenever they want. They can upgrade the products just by
changing the updated module rather than changing the whole product.

4.3 Technologies that Need to Be Integrated

The explorative study of existing product design and customisation approaches,
identified the following technologies that need to be focused on: data mining,
innovation, toolkit, modelling and product realization.

Real-time connectivity and fast processing of data are some of the key processors
to enable and realise this new paradigm. Internet-based innovation intermediaries
can help to link different vendors and end user or large manufacturers. Any number
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of innovators and designers are able to collaborate to achieve innovative solutions.
Access to research data and users’ demand pattern are accelerators to the networked
innovation process. A new strategic approach has to be developed for optimised
use of data-mining resources. Innovation toolkits provide a way to transfer design
capability to the end user. Users can use this kind of toolkit to enhance their
understanding of different product scenarios, i.e. Web learning can be used to
educate users in some specialisation needed for the personalised design. In this way,
the user can put forward their latent needs which are not possible by conventional
user research tools. A new networked innovation toolkit could be developed which
can ensure that completed design can be produced on the intended production
systems.

Simulation and modelling will be a very important part of this product design
process. The objective of this system is to provide a platform for experimenting
with products in the design phase. It allows the product to be represented, analysed
and redesigned without going to physical prototypes. A new type of modelling tool
which provides a platform for all the actors to access the design and receive feedback
needs to be developed. Rapid prototyping and 3D printing are some enablers to
realise the product before the final production. However, to realise products from
MI, development of a new product realisation tool is required where the end user
has all the freedom to experience the product and to provide live feedback on that
experience to third-party module manufacturers or platform manufacturers.

4.4 Industrial Questionnaire Survey

Based on the explorative study and identification of key areas and components,
described in the previous sections, a survey was conducted. The responses of
this survey shown in Appendix I have been descriptively analysed for industrial
implication and practical insights. First five questions were designed to obtain
feedback on the existing knowledge and the importance of the new and innovative
product design approach. Responses to Q.1 show that familiarity with the product
design for MI is very limited in the industry. It is evident from these responses
that MI is a relatively new product design approach and a lot of research needs
to be undertaken in this domain. This paper is a small effort in that direction.
Responses to Q.2 indicate that a maximum number of the responses came from
consumer electronics companies. This agrees with assumptions mentioned in the
earlier sections that consumer electronics products could be the starting point for
the application of the product design for MI in the market. Responses to Q.3 are
encouraging and in the line with the aim of this paper that MI would result in
more innovative end products which will be tailored to the users’ exact needs.
Responses to Q.4 provide mix agreement. It could be interpreted in the way that
certain segments of the market will consider MI as more favourable, probably
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Fig. 5 Responses to Q.6, ‘Product design for MI encourages creativity and innovation. . .’
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Fig. 6 Responses to Q.9, ‘This product design paradigm also. ..’

consumer electronics companies as shown in the response of the Q.2. Responses
to Q.5 provide an indication of the application of this approach to industry type.
Twenty-seven percent of responses considered that the product design for MI is
suitable for all industry types, but a surprisingly equal percentage of responses
suggested the fashion industry as one of the main beneficiaries of this approach
and similarly the furniture industry. This result was very insightful as the initial idea
of this approach was to use MI for the consumer electronics product.

Responses to Q.6, shown in Fig. 5, were very encouraging as 76% of responses
are in some degree of agreement with the notion that MI will encourage creativity
and innovation towards producing a highly individualised end product. Responses to
Q.7 are in line with the response to the last question which shows that the inclusion
of so many actors in product design opens the door for innovation opportunities.
Responses to Q.8 were mixed in agreement with the question. However, the
inclination of responses is towards the positive side which provides encouragement
for further research in product design for MI. Responses to Q.9, shown in Fig. 6,
confirm that this product design paradigm will provide an innovative means for
sustainable product design as the end product is adaptable and upgradable, as more
than 50% of responses were in agreement and 27% responses were with neutral
stand point.
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Fig. 7 Responses to Q.14, ‘Networking different actors at. ..’

It can be seen in the Q.10 responses that 32% of the responses agree that the end
users/customers will be able to contribute towards product innovation, as they can
select and develop product modules. But at the same time, 28% responses are in
slightly agree mode, which could be associated with the notion that end users might
not have that skill set and knowledge of accessing requirements and converting them
into the appropriate modules.

Q.11 to Q.14 present the responses to some strategical changes that will take
place because of this new product design paradigm. Q.11 illustrates the mixed
response to the question that MI will induct innovation in organisations in the
form of organizational structure. This could be influenced by the absence of MI
in current organisational structures. Responses to Q.12 indicate that MI encourages
positive competition in module manufacturing companies with a few responses in
disagreement. A possible explanation is that this approach is not yet implemented
in the market. The majority of responses to Q.13 show that access to resources by
cross networking between different actors is very important for product innovation.
Responses to Q.14, shown in Fig. 7, show that more than 60% agreed that
networking between different actors at the same level and guidance by the platform
manufacturers provide the best of the innovative technology available.

Q.15 was a text answer question to explore practical suggestions on concept
benefits of the MI over the traditional product design and customisation approaches.
Responses to this question indicate that MI will provide more flexibility, distinct-
ness, speed, serving to a new customer segment, organisational capabilities and
innovation in terms of the product offering. This response was insightful as it
provides many positive improvements from MI in product design. Responses to
Q.16 listed some of the barriers to achieving the full innovation potential of this
paradigm: complexity, dependence, differentiation, etc. Responses to Q.17 show
that more than 65% of participants agree that MI will create new jobs and more
accessible products. Responses to Q.18 address the issue of intellectual property
rights (IPR). These present the different point of views to handle IPR, i.e., difficult
to forecast, depends on who owns what, etc. It shows that this is an important
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issue which needs careful attention. Q.19 was a general feedback question to know
the other practical impediments overlooked by the survey, as participants were
industrial practitioners with experience in various product design approaches. It
provides many useful insights, as mentioned in the Appendix I. One of the key issues
pointed out by participants was the adoption of this paradigm by senior management
leadership. This could be influenced by the lack of past study and evidence which
proves the significance of this approach in industries. This was a very important
feedback as the absence of past application might cause hesitation in acceptance
of this approach. So further research needs to be carried out. Responses to the
last question give an idea about the potential consumer segment which should be
targeted for initial application of this new and innovative product design paradigm.

In summary, responses to the survey questionnaire provide multidimensional
insights on the approach. It shows that product design for MI encourages creativity
and innovation towards the highly individualised product, for a significant propor-
tion of respondents. However, some of the responses were not in agreement with
this new approach. This inspires to investigate this field further.

5 Conclusion and Outlook

The objective of this paper is to explore the question how does a change in traditional
product design approach help to nurture and accelerate innovation. It explores
product design for MI, which is a relatively new product design approach, for
the most individualised and technologically advanced products to satisfy the exact
needs of customers, in a combined qualitative and quantitative study. Based on the
identification of key areas for the realization of MI as an industrial practice, with
an explorative study, a survey has been designed to get the industrial insights. Most,
more than 65%, of the responses indicate that the end product from product design
for MI will be more creative and innovative. This kind of innovation will lead to the
most innovative and technologically advanced product.

However, some responses question the feasibility of the innovation management
which needs to be addressed in the future work. This kind of product design
approach provides ample opportunities in the terms of product innovation and
upgradable, adaptable and sustainable products, which need to be studied further.
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many practical insights.
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A.1 Appendix I: Questionnaire Survey with Responses

Survey Questions Survey Response

Product Design for Mass Individualisation

1 | Are you familiar with the con-
cept of product design for M1
(Mass Individualisation)?

I Extremely famiar [ Very famibioe [ Moddoratoly famiier [ Sighely famiter [ Not fariiae ot all

2 | What kind of industry are you
affiliated with?

[ | E [ | [ | WFuticn B W Cther

3 | Which statement best describes
how innovative could be the
new product design paradigm
(MI) for product design?

W Extremady onovative [ Veryinovative [l Moderately ineovative [l Skghtly incovative

I Mot inniovative at ol

4 | Which statement best describes

how relevant the idea of product
design for Ml is for your indus-
try?

W Extremely refevart [l Very relevant WSSty a a

5 | What do you think about the
suitability of this product design

concept to a particular type of |
indusu—y? [ ] tpes W W Fashionindustry [ Fumiture industry

¥ ype, ple

6 | Product design for Ml encour-
ages creativity and innovation.
Do you agree with this state-
ment?

WAgee oo I NoRher o e B

7 | The inclusion of so many actors
in product design opens the door
for the innovation opportunities.
How do you agree with this Wigee P T —
statement? AR S——
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10

Different participant companies
with different expertise will be
able to provide their best in field
modules for users which will
make the product most advanced
and innovative? How would you
agree with this statement?

This product design paradigm
also provides an innovative
means for sustainable product
design as the end product is
adaptable and upgradable. Do
you agree with this statement?
End users can develop a product
module for their products and
can contribute towards product
innovation. How would you
agree with this statement?

Wstorgiyagm WAges

sgree [ Neither agr - e

Dissgres Strenglydaagres Ay Comment

Wstonglyagree  @Agree W Somewhatagree [ Neither agree nor dsagres [ Somewtat dsagree

Disagree | Strongly dsagree  Any Comment
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Strategical and Technological Consideration

11

12

13

Product design for MI changes
the industrial structure from
vertical (different actor in a
single organisation) to horizon-
tal (different actors in different
organisations). How do you
think it affects the innovation in
organisations?

This new product design para-
digm helps to encourage a posi-
tive competition between com-
panies by giving them equal
opportunities to invent and pro-
duce modules. Do you agree
with this statement?

Access to resources by cross
networking between different
actors is one of the key ad-
vantages of this product design
paradigm. How important you
think this would be for product
innovation?

Networking between different
actors at the same level and
guidance by the platform manu-
facturers provides the best of the
innovative technology available.
Do you agree with this state-
ment?

s m regative

Any Comment

[ Sightly negative.

Moderately negative 1| Extremely negative

WStongh sgree  WAgren W sges B

Diagres | Suuaghy disagree  Any Comemant

W Estremely important [ Very importast [l Mederatelyimportant B Sightty impertant [ Net st allimgartant

WMot agres nor disagres [l Somehat daagres

Mg

Disagren Strongly daagres A=y Comment
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Practical Suggestions

15 | What would be the concept Flexibility, Agility to deploy new modules and
improvements over current improvements for products wilh‘ the possibility to
industrial product design ap- serve new customer segments. Speed t:})}l!d be an

improvements, Organisational capabilities and
proaches? innovation process (lean, stage/gate, agile, open
innovation, etc.), Distinctness.

16 | What would be the barriers to Complexity, Platform, 1P, People, Capabilities,
achieving the full innovation Dependence, Competitors, Differentiation, Ap-
potential dlthis paradigm? proach to dependence etc.

17 | This product design paradigm
would not only provide innovate 16%
the product design process, but s
also influence the society and
economy in a positive way by S o m—
providing more jobs and more T
accessible products. Do you
agree with this statement?

18 | How do you think firms should | Depends on who owns what, Difficult to forecast,
manage ownership of intellectu- Seems context specific, Hard to generalise, Com-
al property rights when this plex, Capabilities etc.
many actors (other firms) are
involved?

19 | Can you identify any other prac- | Organisational Culture, Senior management leader-
tical impediments overlooked by | ship in adopting this paradigm, Difference between
this survey for this new ap- firms and startup, Product dependent, Revenue
proach? maximisation, Complexity, Who manage the trans-

action ete.

20 | Which consumer segment
should be targeted by this new
approach?

e e b Peption W RuesiPopeation Wanyien W00
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Abstract In this paper, we propose a new concept to provide customized and user-
specific products, utilizing the opportunities of so-called smart products: product
customization in the usage stage (PCUS) with smart products (SPs). Contrary to the
existing concept of utilizing online toolkits to customize products during the time
of sale, a new class of smart products (made possible by recent digital technologies
and the Internet of Things) allows product adaptation and change according to
each individual’s needs in specific usage contexts through a new form of user-
product interaction. This advanced ICT-enabled phenomenon offers many research
opportunities. One of these fields is the perceptions of users of the SP’s smartness,
i.e., a potentially autonomous personalization of the product based on past usage
behavior of a user. While such an autonomous adaptation is convenient and reduces
complexity for users, users may perceive a loss of control. This paper explores the
design parameters for companies to develop user interaction with SPs for PCUS. We
propose that users and smart products should coadapt to better satisfy customization
needs.
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1 Introduction

Mass customization (MC) has been established as an important driver of consumer
value by meeting heterogeneous preference and individual needs in customized
products [16—19]. Customers specify and combine their preferred product options
among a given solution space via computer-based interfaces, which are so-called
toolkits for customer co-design (also configurator, choice board [14, 30, 38, 49, 52]).
Toolkits usually have many features that support a trial-and-error learning process
[19, 50]. After collecting the final design created by consumers when buying the
product, the company produces and delivers the final product with the customized
design for each consumer. We call this conventional customization approach product
customization at the point of sale (PCPS).

However, the notable shortcoming of PCPS is that consumers have to make a
decision about the final designs before they are manufactured. Due to the problem of
low preference insight [16], consumers often have difficulties in evaluating whether
an offering truly fits their preferences at the time of purchase. Moreover, the product
usage context is diverse and changing, and it is impossible to predict every usage
situation in PCPS. Simonson (2005) argues that customers often have no insight
into their true preference or may even have no preference at all, so they “construct”
preferences when they have to make decisions [47]. However, this spontaneous
construction might be unstable or deviate from the true preference function. In such
a case, the self-designed product would then not really generate value for them and
might potentially lead to post-purchase dissatisfaction.

In the era of the Internet of Things (IoT), various smart products enabled by
advancements in ICT (e.g., integrated sensors, microprocessors, big data technolo-
gies, machine learning, etc.) such as smart wearables, smart cookers, and smart
thermostats have entered daily life. The rise of smart products leads to a new
thinking for MC and offers great opportunities for new forms of customization and
data-driven service personalization.

In this paper, we propose a new concept for consumers to achieve customized and
user-specific products in the smart product age that is product customization in the
usage stage (PCUS) with smart products (SPs). Contrary to the existing concept of
utilizing online toolkits to customize products during the point of sale, a new class
of smart products (enabled by recent digital technologies and Internet of Things)
allows consumers to change them and create what they like via embedded toolkits in
the usage stage. This advanced ICT-enabled phenomenon indicates many research
opportunities, especially in the area of user and smart product interaction design
for individualized usage. Therefore, apart from proposing the novel approach to
customization, this study also aims to explore the design parameters for companies
to develop user interaction with SPs for PCUS.

The paper is structured as follows. First, we elaborate on the new concept
for customization — PCUS. Then we try to describe how smart products can
be used for customization in the usage stage. This is followed by a discussion
about user perception of control and autonomy from smart products, autonomous
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customization and theory of user system adaptivity, and user adaptability from
user interface design. There is then a summary of design principles for user and
smart product interaction to satisfy individual needs based on expert interviews
and literature studies. In the final part, we discuss possible implications and future
directions.

2 Product Customization in the Usage Stage (PCUS)

Contrary to the PCPS, we propose a new concept for customization named product
customization in the usage stage (PCUS). It supports consumers to customize
products to adapt to their changing needs and situations after they start to use them.
The original idea for PCUS is to move product development into consumer domain
[38]. For a successful implementation of this idea, the product has to be designed
with the possibility to adjust and adapt to the preferences of a specific customer or
context [25, 38]. So, consumers can, for instance, modify the parameters of the
product attributes to fit with their changing needs, situation, and individualized
usage. PCUS allows consumer learning and preferences to be detected by an
immediate and easy-to-evaluate “trial-and-error” process in reality. Although PCPS
allows for “complete cycles of trial and error” [50], consumers can manipulate the
design over and over again virtually and, most importantly, only once the design
is produced is it defined. According to connectionism learning theory, learning is
an incremental process of creating and changing associations between different
cues in a person’s mind as a result of experiences [13, 46]. In PCUS, preference
insight in a special context can be enhanced by creating a clear association between
an action and result through real experience. Consumer learning can be supported
by experimentation and immediate feedback. Thus, the perceived risk of making a
wrong decision is reduced, and hesitation is taken away by being able to adapt the
product more than once and improve it during usage.

Contrary to the PCPS, PCUS supports consumers and allows them to customize
products to adapt to their changing needs and situations after they start to use them.
The original idea of PCUS is to move product development into the consumer
domain [38]. Manufacturers cannot predict any service that every user may need
in the future because of the limitations of the closed-design mode where a designer
is responsible for product design for users to use and users are passive recipients. In
fact, each user’s needs are highly individual.

3 Smart Products for Customization in the Usage Stage

With the advent of the smart product age, PCUS is becoming reality. SPs are
a core concept discussed today in the context of the Internet of Things [29].
SPs contain ICT in the form of, e.g., microchips, software, and sensors and



40 N. Wang et al.

are therefore able to collect, process, and produce information [42]. SPs possess
different degrees of smartness (capabilities) in terms of, e.g., autonomy, adaptability,
multi-functionality, or ability to cooperate [42].

A new class of SPs is equipped with the so-called embedded configuration
capability, which means that some of the product features are adjustable and
adaptive to the preference of a specific user or context [38]. We see three different
types of SP scenarios for PCUS based on the existing products in the market:

1. Smart adaptable products: Some SPs provide the configuration toolkits (either
embedded toolkits or connected Apps installed in smart devices) to facilitate user
customization in use. For example, the Philips Hue smart light product allows
customers to create different color effect and brightness for different situations
like reading, romantic moments, lively parties, etc. All the light customization
can be completed by consumers in a special toolkit called “Hue system” installed
on a mobile phone.

2. Smart autonomous products: Some SPs are sustained by smartness, such as
adaptability and autonomy, and can automatically adapt to the situation and
reconfigure themselves accordingly without any dedicated user action. This is
the case with the Nest thermostat. It is able to adjust temperatures autonomously
to the preferred temperature based on learning about the home dweller’s living
habits and the conditions it senses. In this way, product smartness is utilized to
save the entire effort of manual configuration. However, consumers perceive loss
of control and risk from high levels of product autonomy [42]. Often, SPs with
high product autonomy lead to perceived complexity since they work silently
and automatically like a black box and are difficult for users to understand
[42]. Furthermore, the self-creative value from self-customization may be lost
by automatic adaptation through a SP [18].

3. Smart adaptive and adaptable products: Some SPs try to balance the benefits
and disadvantages of autonomous automatic adaptation. Take the case of Nike
HyperAdapt. These shoes can automatically lace themselves when the consumer
puts them on, but it also allows consumers to adjust the lacing by the connected
App in mobile devices according to their feeling of comfort.

Beyond that, PCUS with SPs, in comparison with traditional PCPS, broadens the
scope of customization beyond fit, function, and aesthetic customization to product-
related service customization. For example, enabled by sensors gathering and
monitoring usage data, some SPs can report on themselves and their environment in
real time and can tell how the consumers are using them. Many smart sport devices
nowadays like smart balls or wearables are able to proactively provide individual
real-time data and personalized diagnoses and performance analysis.
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4 Theoretical Background for User and Smart Product
Interaction Design

From the above, we can see that not all smart products offering customization possi-
bilities can lead to customer satisfaction. For instance, smart autonomous products
enabled with product smartness and capabilities can provide highly individualized
products/services (i.e., product adaptations, individual interaction, and experiences)
by themselves. But not all are wanted. On one hand, smart autonomous products
can save time and effort for users [3], but on the other hand, they can increase users’
‘perceived disempowerment, thus impact intention to adopt’ [48]. The design of
user and product interaction can take an important part in influencing adoption of
smart products. Therefore, the question lies in how to design smart products and
user interaction in a way that satisfies the customization needs better?

Earlier research in this domain mainly relied on the concept of embedded toolkits
for customization [38], but did not deploy most functions and the abilities of SP (like
autonomy, adaptability, etc.). So, in this part, we try to connect mass customization,
smart products, and toolkits together. Our aim is to systematically explore which
kind of smart products can be utilized for PCUS and how smart products can lead to
higher customer satisfaction by customization. Specifically, we are focusing on the
design parameters of user interaction with smart products.

To explore this question, we rely on the following theoretical underpinnings for
the proposed design principles of user and smart product interaction.

4.1 Product Autonomy

Product autonomy refers to the principle that a product does not need human
intervention but instead takes over on its own [42]. Enabled by the capability of
adaptive autonomy, some products can show proactive and self-starting behavior,
perform physical tasks, and take over (some of) the user’s normal decision-making
tasks. According to Baber (2001) with the example of a washing machine, a
product can be autonomous on four levels: the manual level, bounded autonomy,
supervised autonomy, and symbiosis [3]. The highest level, symbiosis, assumes
ongoing communication between the user and the product to fulfill some common
goal. With the example of the smart washing machine, after all the laundry is put in,
the user would close the door, and the machine would set the appropriate program
and run it automatically. With the application of advanced sensors and ICT, many
smart products are trying hard to reach the highest level of symbiosis where the
users don’t need to intervene at all and SPs sense the context, proactively make a
decision, execute the tasks, and provide individualized solutions by themselves in
the usage process.

In the following section, we discuss the problems related to user perception
coming from autonomous customization enabled by high levels of product adaptive
autonomy.
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4.2  User Perceptions from Autonomous Customization by SPs

Perceived Autonomy

Individual autonomy is identified in self-determination theory as one of three innate
psychological needs promoting intrinsic motivation for activities which lead to
enhanced outcomes. It pertains to the degree to which individuals can feel the
freedom, independence, and discretion to decide what should be done in a particular
situation. In line with self-determination theory [44], when the task offers limited
autonomy, the feeling of self-determination will be undermined, which results
in diminished self-motivation and dissatisfaction of outcomes [34]. On the other
hand, when individuals perceive autonomy, self-initiating and regulating work will
lead to empowerment, and mental health (e.g., satisfaction) will be enhanced.
Feelings of autonomy help individuals to identify with outcomes and perform tasks
out of enjoyment and satisfaction. Previous research has shown that the intrinsic
motivation through higher perception of autonomy is likely to be sustained over
time and enables individuals to continue acting [34].

With regard to autonomous customization by SPs, users are likely to perceive
lack of autonomy because SPs change and adapt to users and contexts automatically
without any user dedication. Also, users cannot identify them as the independent
and causal agents on the results, which is completely dependent on the SPs. This
may lead to dissatisfaction with the performance of SPs that are responsible for
the results. Although autonomous adaptations by SPs can save time and effort
for the user to perform tasks, it also takes over the work done by users before,
such as the freedom to make decisions about product adaptation. Hence the
subjective perception of autonomy, in terms of freedom to act on their own to reach
their personal needs, cannot be fulfilled by SPs with autonomous customization.
Furthermore, the intrinsic motivation to perform out of enjoyment and satisfaction
cannot be achieved.

On the contrary, some SPs allow user participation when producing and deliver-
ing preferred configurations or product solutions in the usage stage. For example,
users are involved in developing their favorite solutions or making some decisions
themselves. This kind of participatory behavior in satisfying the specific usage needs
can be one of the main drivers of customer satisfaction with the performance and
value perception [2, 9]. Continuous perception of self-determination through high
user autonomy would be easily achieved and enable users to continue performing the
product customization in use out of interest and enjoyment. This would enhance user
satisfaction with the outcome, since users would recognize themselves as the cause
of the outcome. In addition, according to a study about perceived autonomy from
app developers, a platform developer will produce apps of higher quality and tend to
continue to develop if they are empowered with a perception of high autonomy [26].
User engagement integrated with high-level product autonomy could be helpful for
continuous co-design or creation with SPs over time. Based on the above, an optimal
level of product autonomy with the option for users to customize for themselves
would be better for perceived autonomy.
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Perceived Control

Except for perceived autonomy, perceived control is also related to SPs for PCUS.
Perceived control is seen as essential for individuals’ general wellbeing and is often
defined as the need to demonstrate competence and mastery over the environment
[54]. It represents the extent to which individuals perceive that they are able to
exert control over the environment and influence the process and outcome and
is responsible for the outcome of a given situation [11, 15]. If the SPs do the
autonomous adaptation and users are not responsible for the adaptation result at
all, users would tend to perceive loss of control.

In fact, the feeling of control is connected to an emotional response of dominance
in environmental psychology. As indicated by Mehrabian and Russell (1974), a
person’s level of control is reflected by dominance, influence, and autonomy [32].
Some previous research states that the concept of control is rooted in the need for
competence in influencing the environment and for autonomy of behavior [7, 15,
54].

Perceived control has also been widely investigated in research about the inter-
action between users and web-based environments or various information systems
[33]. It measures the user’s experience of level of control, frustration, and confusion
during interaction with the system [10]. In web-based environments, the feeling
of control can be present through manipulation achieved by virtual control, which
allows consumers to exert their control over products directly by manipulating
images and operating various functions [22]. When users are interacting with
SPs, they directly manipulate the product, which contributes greatly to product
understanding. In PCUS, product information and feedback are presented through
multiple sensory cues and channels. Any adaptation changes made by users, e.g.,
changing the parameters, adding a new service or function, turning on or off the
automation, etc., can be seen, and the outcome of the product can be easily evaluated
in reality. Product customization by users (e.g., users specify the product changes
at a certain moment) through connected toolkits in PCUS would be able to affirm
their competence and impart a feeling that they are able to influence the product.
In autonomous customization by SP autonomy, the SP completes every change for
users, which does not give users the opportunity to demonstrate their competence
and ability to influence. Furthermore, if the product works autonomously and
makes the ongoing changes dynamically, users can get confused, face perceived
complexity, and will probably reject the result since they are not aware of when and
how the product works [42]. If users try to influence when they are not satisfied
with automatic adaptation but do not have the supporting tools, they are likely to
get frustrated. Therefore, in autonomous customization, users are not enabled to
evaluate and determine but surrender and become a passive recipient.

As is found in previous research, having a sense of control has a positive
influence on the performance of a task [4, 5]. The higher degree of control the
users perceive, the more they are likely to exert cognitive effort, show interest while
problem solving, and continue taking actions even in the face of difficulties and
failures.
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Furthermore, previous studies have found that, when users are granted the
freedom to self-select, self-service, or get involved in the design practices based
on technology such as tools, for example, by specifying their own settings on how
an application should behave, they perceive a sense of control in their experience
with the technology [6, 12]. To enable users to configure the product components or
product-related services is a complex but applicable approach to grant user control.
If users can configure the SPs and related services through embedded toolkits, they
can gain a greater perception of control, which promotes the user’s development
and design activities, further enhancing consumer enjoyment and satisfaction with
the outcome.

Moreover, Furby (1978) argues that the more a person is able to exercise control
over an object, the more they will experience this object as part of the self and
evolve a sense of ownership [20]. If users cannot attribute the outcome to themselves
at all, the feeling of accomplishment and subjective contribution to the self-design
process will be missing [17]. This proud feeling of accomplishment serves the need
for feelings of competence and efficacy deeply embedded in human nature [21, 55].

We can assume that autonomous customization by SPs diminishes users’ per-
ceived control and would thus lead to a negative influence on satisfaction with the
process and outcomes from SPs. The feeling of control can be achieved during
the design of a system or the way users are integrated. However, if the user
tries to extend or specify everything, they might be overwhelmed by the complex
configuration process. So, there is a trade-off between smart product autonomy and
user control complexity.

4.3 User Adaptability and System Adaptivity

In the area of adaptive user interface design, Bunt [8] says there are three different
potential solutions to manage the complexity problem of interfaces: (1) an adaptable
interface that allows users to customize the application to suit their needs, (2) an
adaptive interface that performs the adaptation for the users, or (3) a combination
of adaptive and adaptable solutions, which is an approach that would be suitable in
situations where users are not customizing effectively on their own.

System adaptivity is defined as the ability of a system to adapt automatically
to different users according to the context with respect to functionality, content
presentation, content selection, and user interaction [23, 37, 45]. This system
predicts the optimal product configuration or service and automatically adapts based
on comparison of the customer’s profile to certain reference characteristics [1, 43].
User adaptability places users in control of customizing or tailoring the system
according to their individual needs and situational requirements [8, 31].

As we can see from the definitions, these two approaches keep the system
adaptable and changeable during usage. However, the adaptive approach can suffer
from some users feeling a lack of control over the process, a lack of transparency,
and a lack of predictability [8, 37]. In addition, human preference is heterogeneous,
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and the situation changes over time so that it is impossible to anticipate the
requirements of all users and always provide the best configurations. Therefore, it is
necessary to allow a coexistence of automatic system adaptivity and user-controlled
adaptability resulting in a flexible system through shared initiatives [37, 45]. An
example of the combination of these is the auto-correct function. Users are able to
switch off this function when auto-correct does things to the text that the user does
not want. Fischer proposed shared decision-making between purely adaptive and
purely adaptable systems, in which users and system components contribute to the
modification of a system [45].

Actually, this applies to PCUS with SPs as well. System adaptivity is quite
similar to autonomous customization by SPs, in which SPs supported by sensors and
advanced data analysis that can detect the surroundings personalize content, change
the product function or form, or come up with great suggestions for the service
in different contexts. However, it is difficult to anticipate every usage situation.
For personalization without users by SPs, the actions done by algorithms may not
exactly fit with user preference, which requires a thorough understanding of the
users’ context and habits. This becomes especially difficult when situations are
constantly changing. In the end, it is the user who knows best. Moreover, automatic
personalization might not always be sufficient. End users might want not only to
reconfigure the product, but they might also want to add new a behavior such as a
new service or applications specific to their needs.

We propose that there should be a coadaptation between user and smart product,
which means a trade-off between SP automatic personalization and user-controlled
customization. By means of coadaptation, this can enhance user productivity,
optimize workloads, and increase user satisfaction with increased control and
autonomy.

An illustration for the coexistence of SP adaptivity and user adaptability is the
Nike smart shoe. It provides consumers with the option to customize after they have
bought it in a way that the shoe itself can do itself automatically and personalized
tying. The consumer can also adapt the tying according to their preferences via the
connected toolkits.

5 Design Principles for User and Smart Product Interaction
Design for PCUS

Complementing the theoretical discussion in the last section, we conducted a num-
ber of semi-structured interviews to derive additional insights into the research topic.
Our objective was to learn from designers and product developers commissioned
with developing smart products about how smart products enable our idea of PCUS.
We were especially interested in the design parameters companies follow when
developing the user interaction with SPs. We conducted five expert interviews
with experienced smart product designers (Table 1), which helped us to suggest
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Table 1 Semi-structured expert interviews

Interview no. | Company Area

1 Ambihome, product designer Smart home

2 Philips Hue, product designer Smart light

3 Physiosense, product designer Smart chair

4 Vestel, product designer Smart TV

5 University of Southern California, professor | Product development engineering

three preliminary design principles to develop SPs for PCUS. These principles are
proposed to elevate the feeling of autonomy and control through certain user and
smart product interaction designs.

5.1 Cooperative Adaptation: Shared Control Between Users
and Smart Products

5.1.1 User and SP Coadaptation: Cooperation Between Users and SPs
to Better Fulfill Customization Needs

According to theory of system adaptivity, a system can perform tasks for all
stages from observing communication, deciding whether to adapt, generating and
evaluating different variants, to finally selecting and executing one of these options
[36]. User adaptability and system adaptivity should compensate for each other due
to the shortcomings of each approach [28].

SPs that customize products to specific user needs should be under user control.
Smart, connected products can be controlled through toolkits embedded within them
or that resides in the cloud. Users have an unprecedented ability to tailor product
functions and personalize interactions as they wish [39]. It is also confirmed in the
interviews that it is important for users have the option to reconfigure automatic
adaptation by SPs (Interview 3,5). Users should always have easy access to self-
controlled customization (Interview 1,2).

In the early usage stage, users should be more active in specifying their
preferences, and SPs need to be talkative to gather more usage data and lead users
to express their preferences themselves (Interview 3). At this stage, default starting
solutions can be provided to reduce user effort in specifying the product at the
beginning. Self-customization could be dominant at this stage. In the mature usage
stage, SPs could play a more active role. Based on the learning of user habits or
preferences and continuous improvement, the SPs could provide adaptive solutions
to users. Therefore, users don’t need to expend effort on always controlling the
product but still adapt the product in accordance with their preferences (Interview 2).

Even during the mature usage stage, the user’s involvement is important to fulfill
needs in specific situations. When the SPs recognize missing values or capabilities
to perform the task automatically, the users should be informed to take action.
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5.1.2 SPs Perform Routine Tasks to Reduce Effort for Users and Prepare
Support and Suggestions for Users, but Users Are Empowered
to Make Decisions [39]

The experiment by Opperman et al. in evaluating adaptable and adaptive software
systems showed that users prefer to deal with systems based on shared decision-
making: the user can act on their own and get support from the system whenever
they like. Based on this, the adaptive SPs should do more of an assisting job
than an executing one. That means SPs are responsible for preparing support
and suggestions for the users, but users have the freedom to accept or reject the
suggestions [37]. Whenever possible, more than one adaptation suggestion should
be offered, as SPs are usually not able to identify the users’ needs precisely. The user
should have the freedom to select from a number of different adaptations suggested
by the system.

The automation capability of SPs should be utilized to enhance the work of users,
making users more capable and effective [39]. As discussed in robotics design,
automation should be used to augment human abilities by taking the dirty, dull,
and dangerous tasks and assisting users to finish exciting, creative works [35]. For
example, user-controlled SP adaptation should allow the user to take the initiative
and issue the demand. Specifically speaking, SPs should take care of the routine
tasks (proposal and execution) and entrust the creative tasks (initiative and decision)
to the user.

When we design tools for PCUS, we should think of users and SPs as col-
laborators, not as replacements. To realize this, there should be shared control
and collaborative work on the product adaptation between SPs and users. SPs can
provide users with personalized solutions, suggestions, and feedback, and users can
decide what the smart products should do and select their own content via embedded
toolkits. However, suggestions or feedback from the SPs should not disturb the user
unnecessarily in their work. SP automatic adaptation features are only aids to the
user, and suggestions should not take the user’s attention away from the real task.

5.1.3 Provide Possibilities for Users to Override or Change an Autonomic
Adaptation from SPs

The feeling of user empowerment derives from flexibility in defining their own
choice [53]. Therefore, users should have the possibility to control the autonomous
choice set composition via self-choice. This means that users have the ability to
reconfigure and adjust actions from SPs.

In addition, the user should always have complete control over product smart-
ness. There should be an option to stop the work of the SP or interrupt actions of
SPs at any time, so that users feel they are in control of the product. For example,
users are provided with a switch to turn the automation function on or off. If the
SPs are doing something that users don’t want them to do, users can disconnect the
service, and SPs lose control over the outcome [56, 40].
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5.2 Empower Users with Control by Product-to-User
Communication About the Product Progress

Unlike with PCPS, users have to translate their needs into virtual product design.
In PCUS with SPs, the interaction of the product and user can be both direct and
mutual. It is more like a “communication.” In PCUS not only do users directly
communicate with SPs by transferring their preferences into the product and
controlling the product via embedded toolkits (user to product interaction), but also
SPs can present information to users in different ways (product-to-user interaction)
[36]. This makes SPs dramatically different from traditional products. To create
high-quality product-to-user interaction, embedded toolkits play an important role.
The toolkits are the intermediary medium for users to collaborate with SPs based
on the output from SPs and should be designed to reduce user customization
effort, empower users with control by improving product transparency, and convey
individualized feedback to users.

5.2.1 Present Sufficient Indicators and Feedback About the Product
Progress, so that Users Can Feel in Control of Smart
Product Actions

A good design provides users with a conceptual model for what is happening,
with feedback and visibility that promotes product understanding and a feeling of
control. Except for enabling users to self-select content, which is realized in the user
customization we proposed before, delivering feedback to users is also identified
as one main source of user empowerment [51]. For autonomous smart products
that operate automatically without direct input from the user, some actions may be
unwanted or illogical from the user’s perspective, so it is important to inform users
about why the product performs these actions. By equipping users with feedback on
what the product is performing at a certain moment, the visibility of the SP’s actions
will be increased [40, 56], and the perceived complexity from not understanding the
product functions will be reduced [41].

5.2.2 Increase the Process Transparency of How the Different
Product/Service Adaptation Is Generated

The transparency of the service process in smart service products is proposed to
positively influence users’ attitudinal and behavioral responses to these services
[56]. Users want to know not only what actions the product has taken but also why
and how an outcome is generated. This kind of transparency is also proven to be
able to improve users’ perception of control [56].

Especially when generating individualized services, different sources of usage
data are collected and integrated by the SPs autonomously. Users can easily feel
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loss of control not only in the function of the product but also in the data usage.
This perception of control over the process will improve if the transparency of data
usage is available to users when they want to know. One example of the transparency
would be that users are able to be informed about what kind of data is collected
and how the data is transmitted and integrated. Users therefore not only see the
aggregated data or personalized suggestion but also feel in control of how the
solution is generated. The transparency of the process can be reflected in the form
of the protocol or working documentation stored as a feature in the service system
[56].

5.3 Trial-and-Error Learning by Both SPs and Users

In the smart product age, the trial-and-error learning process applies not only to
users but also to SPs. One of the big advantages of SPs is the ability to learn
actively from users about their needs by collecting, integrating, and analyzing daily
usage data. Trial-and-error learning processes are experienced by both users and
SPs. Since the product functions are changing dynamically to fit with different
environments and users, users have to learn not only about their preferences but
also about the SP’s actions and processes via interaction with toolkits as mentioned
in principle 2. In addition, a lot of in time usage data is generated. Users have to
learn to interpret the data and understand the meaning behind it.

5.3.1 SPs Learn to Continuously Adapt to Users and Provide Exciting
Features for Users

Adaptability is an essential capability for smart products to continuously offer
customized products/services to users. Enabled by adaptability, SPs can improve
themselves by learning from the user’s profile, usage pattern and habits, and so
on. For example, if the SP has noticed that the users don’t like a certain kind
of activity at all, the smart product will not make proposals about what the users
don’t like any longer. With the advanced intelligence embedded into SPs, the age
of symbiosis is arriving. Smart products are working together with users to achieve
the same goal. With learning and the error process, SPs stay flexible in gathering
and processing information, making decisions and thus providing individualized
solutions dynamically.

Moreover, SPs can be used by a manufacturer as a means to collect usage data
on users’ everyday activities. Utilizing this daily usage data, SPs can continuously
provide exciting features to users to satisfy the unmet but not noticed needs of
specific users (Interview 5; Lu 2016). As is stated in Kano model, exciting features
are those that are unseen by users but, when implemented, will yield increased user
satisfaction [27]. This distinguishes PCUS in the smart product age from traditional
mass customization where it is impossible to get information about usage behavior
and only performance features can be provided (Interview 5, Lu 2016) [24].
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5.3.2 User Learning About the Meaning and the Value of the Data

The special problems coming from PCUS with SPs are information overload due to
the large amount of behavioral data and understanding the information. If the data
are not presented to users in an appropriate way, confusion and loss of control would
likely result and thus decrease the value SPs create.

To facilitate user learning about usage data, it is necessary to provide users with
high-quality data interpretation. This must be easy to understand, insightful, user-
friendly, and presented with the aim of helping users truly understand the meaning
of the data and how to improve [49, 51].

5.3.3 Smart Products as Tools to Facilitate the Trial-and-Error Learning
Process of User Co-creation in the Usage Stage

SPs are not finished products that are just for users to consume but rather unfinished
and open products allowing users to become both consumers and producers. Based
on the embedded toolkits or interfaces that are part of SPs, users are enabled to
create the extension of the SPs according to their needs and experiences. Take
the example of the Philips Hue, which provides modules for users to develop
their own apps connected to the product system or program to add new functions.
These modules consist of end user-friendly navigations, programming language, and
programming examples as starting points to help users to explore their co-design
activities (Interview?2; [37]). In addition, the user community can be included in the
toolkits to learn and exchange knowledge and experience with others, so that users
can be empowered to resolve their own problem. Users feel empowered. Through
the learning and trial creation process supported by smart products, users not only
achieve the preferred products and services but also achieve creative value [16].

6 Conclusions

This paper discusses users’ perceptions of control and autonomy in situations of
autonomous customization with a smart, i.e., adaptable, product (SP) in the usage
stage. To enhance users’ positive perceptions and reach higher consumer satisfac-
tion, our research strives to understand how smart product can realize the idea of
PCUS and which design parameters in the interaction process between users and SPs
support this process. Based on theoretical foundations and semi-structured expert
interviews, three preliminary principles to develop SPs for PCUS are proposed.
Especially, we propose the concept of user and smart product coadaptation, which
means that user participation is included to complement autonomous customization
by SPs.

This research connects the fields of mass customization, toolkits for user co-
design, and smart products enabled by the IoT by proposing a new customization
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concept to be realized in the smart product age. PCUS with SPs extends our
traditional understanding of customization into a new horizon. This research
provides a different perspective for companies to transfer NPD especially to the
users. It also explores how smart products can be used for customization in the usage
phase and how smart products can lead to higher customer satisfaction through the
design of user and smart product interaction. Specifically, it could be insightful
for companies to design SPs for offering better customization or service-driven
personalization.

PCUS with SPs provides a new opportunity for user co-design, where the design
process is not just based on the ability of expert designers. In the conventional
toolkit-based customization approaches (PCPS), novice users lack knowledge about
product characteristics and hence are dependent on what the provider has suggested
before. In the new customization approach proposed in this paper, however, they
become able to experiment with real feedback during the usage stage and build
consumption competence that then enables them to complete a more meaningful
customization. However, the proposed principles of the design parameters for smart
and user interactions still need to be tested in a larger empirical study. A special
focus should be how consumers react to the shared control and collaborative
adaptation in different usage contexts.
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Abstract Product-service systems (hereinafter referred to as PSS) are a hybrid
combination of products and services. They are problem-oriented solutions which
address the individual needs of customers. To fulfill these individual needs, a
customer-centric development of PSS is necessary. Therefore, a customizable
product is essential, which can be designed with parametric and knowledge-based
models.

One of the biggest advantages of a PSS is at the same time one of the biggest
challenges: addressing current requirements of customers during the life cycle.
This results in the need of modifying the product during its use. In view of the
existing hardware, an arbitrary modification is in contrast to product development
not possible, which calls for refinement and adaption design.

In this paper the idea of a variable product model — parametric during the
development and case and rule based during the life cycle — is discussed, to show
the advantages and assign different models to the phases of the life cycle.

Keywords Product-service system - Parametric model - Knowledge based -
Rule based

1 Introduction

In today’s world with globalized markets, it is more and more difficult for
companies to distinguish themselves from competitors only by technical product
characteristics. This is, among others, due to the rapid dissemination of knowledge
and the international harmonization of standards.

One way of avoiding total comparability is to combine product and services to
integrated problem solutions. In order to fully benefit from the advantages of the so-
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called product-service systems (PSS), an integrative relationship between product
and service needs to be created [30].

According to the existing literature, the quality of a PSS is influenced by the
setup of its development process, which requires service and product components
be treated equally. The resulting PSS is a solution which fulfills the individual
customer needs. Whether the value proposition and revenue is primarily achieved
by the product or service components is only a secondary aspect [31].

The customer needs result in individual requirements that lead to customer-
specific solutions, which calls for individually configured development processes.
Literature agrees on that, but the identified approaches remain mainly vague and
conceptual. Furthermore, the approaches are discussed on very simple or very
special examples which makes the transfer to relevant use cases difficult [8].

PSS design cannot be seen as a research stream per se [2]. In case of the lack
of evaluation of the existing approaches, it is impossible to use one of them as a
generally accepted and standardized approach for the development of PSS [11].
The number of papers, which focuses only on design, is very limited because most
publications focus primarily on their predominantly field of research and discusses
the development of PSS as a secondary field of interest [2]. This paper focuses on
the development of PSS and the models which are needed for this process. Topics
that exceed this, such as life-cycle assessment, are not examined in this paper.

The paper is structured as follows, first a brief overview of the used research
methodology is given and the solutions presented in this paper are sorted into
it (Sect.2). Afterward an overview of basic informations of PSS and existing
approaches to the development and configuration of PSS is given (Sect.3). Sub-
sequently an approach with parametric models for the customized development of
PSS is presented, and its limitations are shown in Sect. 4.3. Based on this, the need
for the extension of this approach is explained and the potentials of the adaption of
approaches from mass customization (MC) are shown (Sect. 4). Finally, an outlook
at the next steps and future research is given (Sect. 5).

2 Methodology

The work on which this paper is based follows the design research methodology
(DRM) from Blessing and Chakrabarti [4]. The DRM is a framework for research
in design methodology and is divided into four main sections (stages) which are
shown in Fig. 1. The first stage, the research clarification, leads to the identification
of the research gap on basis of a comprehensive literature research. The descriptive
study I (stage two) includes an empirical data analysis, further literature research
and results in a deeper understanding of the research gap and the current situation
of the research field. The results of the first two stages are presented in Sect. 3.

The findings presented in this paper in Sect. 4 are part of the third stage of the
DRM (highlighted in gray in the figure). In this stage the development of methods
and tools takes place with the help of prescriptive studies. For the descriptive study,
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Fig. 1 DRM according to Blessing and Chakrabarti [4]

the shown research lack (based on the first two stages, Sect. 3) is compared to similar
problems in other research fields (in this case the classical product development),
and the possible solutions and methods were adapted and transferred to the problems
of PSS development.

In the last section of this paper (Conclusion and Further Research), an outlook
is given on the following evaluation of the developed methods, which in the DRM
framework sorts in the last stage (the descriptive study II) [4].

3 Product-Service Systems (PSS)

Literature discusses various characterizations and approaches for development and
configuration of PSS. Tukker [33] analyzed the existing literature about PSS and
asserted that in the period just after the year 2000 the most common concepts of
PSS were defined, for example, Mont [20], Morelli [21], and Meier [19]. In the
current literature, authors repeatedly present their own characterizations of PSS, but
they do not differ significantly from the already existing concepts[33].

From the authors’ point of view, it can be seen that there is no generally
accepted definition of PSS. Even though many researchers refer to the approach
of Tukker, there are always attempts to redefine PSS. This can be partly attributed
to the heterogeneous research community, which includes members from various
disciplines. Furthermore, the current literature emphasizes that further research is
needed to achieve an efficient PSS design methodology [35].
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In 2004, Tukker [32] developed a characterization which is often used for
PSS descriptions. He uses three main categories which are product-oriented, use-
oriented, and result-oriented (shown in Fig. 2), with eight subcategories to classify
different PSS.

With regard to the existing characterizations of PSS and the presented theses on
design research, the following major characteristics of PSS can be named:

— coequal development of product and service components

— integration and addressing of individual customers and their need in the develop-
ment process

— monitoring and addressing of the customer requirements during the whole life
cycle of the PSS

These characteristics are the basis for the understanding of PSS in this paper.

3.1 PSS Development

An important point named before is the coequal and integrated development of PSS.
The approaches which can be found in literature are mostly restricted to partial
aspects of the development process or concentrate only on single domains of PSS
development [3, 35].

Steinbach presented an idea based on the Characteristics-Properties Modeling/
Property-Driven Developments (CPM/PDD) approach of Weber [29]. Here, Weber
[38] distinguishes properties, which describe the behavior of a product, and
characteristics, which capture the shape of a product, defined by the structure, the
arrangement of the components, as well as the parameters of shapes, dimensions,
materials, and surface. Characteristics can be determined directly by the developer
in contrast to properties, which can only be influenced by change of the correspond-
ing characteristics.
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These properties and characteristics are used by Steinbach [29] to characterize
his PSS development process. He integrates service development and modeling and
uses the properties to represent the result dimension of services (and the whole PSS).

Miiller [22] presented a process-oriented approach of “layer-based PSS devel-
opment” from the point of view of system engineering. The approach is adapted
from the V-Model® XT and combines the different perspectives “development
and management,” “life cycle,” and “architecture” of PSS. The basic framework
is presented as a 150% process. This process must be tailored for each new PSS
development task, depending on the scope and requirement of the intended result.

The idea of “blueprints” presented by Morelli [21] shows processes for the PSS
development based on various already successfully planned PSS. This is similar to
the strategy of using templates in product and software development.

3.2 Computer-Aided PSS Design

The approaches described so far consider PSS development from the product or sys-
tems development perspective. In the classical product development, the mechanical
computer-aided design (MCAD) is already far developed. The computer-aided
development of services (SCAD) has not yet the development status of MCAD. In
the service development, there only exist individual approaches for computer-aided
design solutions.

With the service explorer, Sakao et al. [28] introduce such a SCAD system.
In the context of this approach, service is seen as something a provider does to
get the recipient from a status to a new status that he desires. For this purpose,
the requirements and status of the receiver are initially modeled. Afterward,
transformation rules are developed, which are implemented as elementary units
similar to the feature-based modeling in MCAD systems. The network of states
and transformation rules adapts the structure of functionality known from physical
products (e.g., Roth [26]) to service engineering.

Akasaka et al. [1] presented an approach in which they developed a service
design catalog for the service explorer. The catalog is a system which provides
service modules for functions to be implemented, based on a merger of service parts
for a PSS. This catalog should extend the service explorer with a KBE (knowledge-
based engineering) tool. According to the authors, the design catalog developed
by Roth [26] as a knowledge base for design knowledge is the basis for their
development. Here, it has to be mentioned that the typical setup of classification
part, main part, and selection characteristics is not used.

Based on case-based reasoning, Kuntzky [15] presents an approach for a
knowledge-based development system for PSS. She uses the formulation of require-
ments, knowledge about the composition of specific PSS and a modular design of
PSS components. It is possible to configure PSS in the early development stage if
the same or similar PSS and the associated requirements can be found and adapted
in the case base.
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Yang et al. [39] presented the idea of knowledge-based assignment of service
modules which is the basis for a life-cycle-oriented approach. These modules are
released based on data monitored during the product use. They describe a possible
application scenario in their publication, but no information is provided on the
necessary knowledge base and evaluation of events or their design. Furthermore,
no details are given on reasoning mechanisms, which are typical for knowledge-
based systems. Until now there is no documented connection of SCAD and MCAD
in one solution.

In the context of PSS development, Klein [13] presents a KBE modeling
language (KbeML) as a standardized representation for codified engineering knowl-
edge. In his point of view, KbeML, which is based upon a formal machine-readable
representation of knowledge, is an enabler for making development-related rules
and algorithms accessible for different CAx systems. The advantages over existing
modeling languages such as MML (MOKA modeling language, invented by
Brimble et al. [7]) and the general applicability have to be shown.

3.3 Computer-Aided PSS Configuration

Besides the coequal and integrated development of PSS, the other important point is
the integration and addressing of individual customer requirements, not only in the
development process but also during the whole life cycle of PSS [19, 20]. To address
this issue, configuration and later reconfiguration of PSS are beneficial. Therefore,
in the following section, the approaches of configuration of PSS which are discussed
in literature are presented.

Laurischkat [16] concentrates on the configuration of service components of PSS.
According to her, a generation of PPS (which she uses equal to a configuration)
can be made based on five basic criteria of PSS. The criteria of value proposition,
life-cycle phase, reference and allocation, legal liability, case distinction, remote
support, degree of automation, and accountability determine whether a service
component has to be included or not. This is modeled by decision tables or
production rules.

Bochnig et al. [5, 6] published an approach of integrated PSS development
including the possibility of configuration. They introduced a CAE tool, based on 16
modules, designed to extend and link existing development tools from various dis-
ciplines (mechanics, electronics, software, and service). In the tool PSS variants are
generated by combining existing PSS modules. The tool furthermore implements
services by symbols in the CAD environment and displays the interdependency
among different elements. Until now, no documented modification in the physical
product model through different services could be found.

Aurich et al. [3, 27] identified modularization as a promising approach for the
integration of product and service design. In the approach, the configurability of
PSS is considered, focusing on the possible product and service structures for PSS.
Both process modules for product and service design must be linked, parallelized,
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and integrated with appropriate inputs and outputs and the incoming and outgoing
information. Aurich et al. [3] use combination matrices in his approach focusing on
possible product and service architectures for PSS.

Mannweiler [18] presents an approach with predefined blocks, which are pre-
dominantly product components. It is an approach for industrial PSS based on
customer requirements which the designers attempt to fulfill by aggregating these
building blocks. Subsequently, the degree of fulfillment is evaluated.

3.4 Modularization

Since modularization seems to be a promising enabler for configuration (according
to individual approaches), a more detailed view of the possibilities of modularization
will be provided in the following.

Modular products are machines, assemblies, and components that fulfill various
functions through the combination of different functional units (modules) or
assemblies [23]. The modular design is degenerated as combining and implementing
functions of a technical system in independent, functional modules. Standardized
interfaces are a requirement for the interaction of different modules. A disadvantage
of modular products is the higher production effort due to these additional interfaces
[14].

As an advantage, the customer can benefit from the flexibility resulting from
the exchange of modules during the life cycle. This can be the upgrading of
a product through higher quality of individual modules, the simplified repair
of the entire product or system by the exchange of individual modules, or the
adaptation of the product to changed application and ambient conditions. In this
way, modules can be further developed during the product life cycle in order to
allow technical modifications to be incorporated into the product and thus to react
to new technologies as well as new or changed standards or laws[14].

So far, the focus has been on the modularization of products. Modularization
of immaterial offers has been discussed by Lubarski et al. [17]. They consider
the modularization of service components in the field of PSS. For creating their
framework, they analyzed existing modularization methods by discussing which
method is localized in which phase of modularization related to the structure level.
Discussed phases of modularization are information capturing, decomposition,
structuring, module creation, interface definition and testing, and the structure level:
logical, temporal, and combined/complex structure.

But like in the computer-aided development, until now there is no documented
connection of product and service modularization in one solution.
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3.5 Intermediate Result

There are many documented approaches that are neglecting the planning and design
of configurability and reconfigurability from PSS over the product life cycle, even
though the reconfiguration of PSS during the life cycle reflects a key advantage of
PSS and is contained in the second basic characteristic of PSS.

Referring to the first presented characteristic of PSS, a combined development
and therefore a combined modeling of product and service parts represented by a
joint parametric data model have not been documented so far. There are, however,
very few approaches for rule-based and case-based configuration (e.g., in the work
of Laurischkat [16]), but due to the absence of parametric models, no model-based
configuration has been presented.

The potentials resulting from the targeted modeling of a solution space in the PSS
development have already been described by Gembarski et al. [8]. Such solution
spaces for physical products have already been described in the area of mass
customization (MC) by product configurators. Since parametric CAD systems offer
a great potential for (automated) variant design, such approaches for PSS design
would be highly beneficial, which will be discussed in the following (Sects. 4.1, 4.2,
4.3, and 4.4).

Besides different development and configuration approaches, the topic of mod-
ularization was discussed. In product development modularization is an enabler for
variable and during the life-cycle configurable products [14, 23].

That the theory of modularization can also be applied to services has been
shown by Lubarski et al. [17]. Gembarski et al. [8] have already shown that the
development and configuration of PSS can benefit from MC techniques. In the field
of MC, Pine also describes modularization as an important enabler.

Pine et al. [24] are also convinced that the company’s own processes, adminis-
trative or directly related to the provision of services, must also be developed as
a modular building block system. These are configured specifically for a customer
solution as required.

The transfer of the idea of modularization to PSS is considered in more detail in
Sect.4.5.

4 PSS Modeling Principles

In addition to the classical geometric models, the development of physical products
also includes parametric and feature-based models. In current CAD systems, all
common modeling techniques of parametric, feature-based as well as knowledge-
based design are available [9].

As these models are already established in conventional product development,
the CAD and the underlying data models for physical artifacts will be used as
a reference to derivate models for the PSS development. In the following the
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correlation and background of the CAD models are presented in the context of
product development and then transferred to the field of PSS research.

4.1 Modeling Principles in Product Development

Models of products picture real or planned product characteristics in a formal way
[10]. They separate what is essential for the respective task from the unessential
and are thus task-specific and purpose-oriented. Product models can be perceived
by several people and used for communication between the parties involved. The
models serve as prerequisites for the development and design of a system [25].

Like mentioned above, parametric, feature-based, and even knowledge-based
modeling is state of the art in the product development of physical components.
These techniques are built on conventional CAD systems (shown in Fig. 3) and have
an inner connection [34].

Parametric models have, in contrast to conventional (rigid) ones, no fixed
values (length, angle, etc.) in their geometry representation; they are substituted by
formulas and constraints. In feature-based systems, the models include additional
informations (e.g., in terms of production characteristics) besides the geometric
data. The basic elements of these systems need to be parametric to be flexible
and adaptable to their environment. Due to this, feature-based systems can be
understood as an extended parametric system [34]. Aspects of the design process
can be automated by knowledge-based design using the ability of reasoning and
drawing conclusions in the system [8].

Fig. 3 3D modeling based

on VDI 2209 [36] Knowledge-based CAD

Ability to draw conclusions from the current design
situation (geometrical and also background
information)

Feature-based CAD

Recording and processing of geometry and
stored information (semantics), such as function,
production technology

CAD (parametric)

Recording and processing of geometrical

elements with variable references:

a) Chronology-based: Editable modelling
history

b) Constraint-based: Editable equation
systems

CAD (conventional)
Recording and processing of geometrical
elements with fixed values
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Vanja [34] points out that incomplete models or the skipping of models leads to
the situation that the techniques quickly reach their limits, and the corresponding
solutions cover only a very limited scope.

This statement is very interesting, especially with regard to the awarenesses
gained during the analysis of existing approaches in the PSS development and
configuration. It was found in the analysis that none of the existing approaches are
based on a parametric model, despite the fact that a parametric model releases the
developer completely from predefined blocks and is thus a very powerful tool in
product development.

4.2 Parametric Models in Product Development

In development of physical products, parameters are used to characterize the
properties of a system by referring to geometry, kinematics, tensions, deformations,
dynamics, or other aspects. In the common CAD product development process,
numerous parameters are defined “directly” by the developer, which can be auto-
mated by the parametric modeling [34].

CAD systems reduce the number of independent parameters by establishing
relationships between directly defined parameters and system elements. The defined
mathematical and logical constraints represent mathematical models with parame-
ters which usually have a hierarchical structure [34].

The parameter-based relations in a product structure of an assembly design are
shown in Fig. 4.

Fig. 4 Relations in
parameter-based assembly
design based on Hirz [12]

|Product structure

-| Main parameter level

-| Skeleton (adapter) model

H Component (1)

H User-defined parameters (1)

H Geometry elements (1)
H Other elements (1)

Parameter control

Component (2)

1

H User-defined parameters (2)

H Geometry elements (2)
H Other elements (2)

1

Component (x) |

H User-defined parameters (x) )/
H




Datamodels for PSS Development and Configuration: Existing Approaches and. . . 65

The parameterization of geometrical data requires a separation of geometry
representation and its controlling parameters. This results in a broad field of
application for problem-specific design tasks, in which the parameter-based control
can be used. Today data interfaces, the integration of catalog and knowledge-based
functions, and the possibility of macro-based procedures are state of the art in
CAD programs. Based on parametric product models, a highly flexible development
process is possible in product development [12].

These presented parametric models have so far been used primarily for physical
products and have not yet been applied to PSS. A complete and equitable integration
of service into the models is a major challenge, but it is necessary if a parametric
model should be used for the model-based configuration of PSS.

For the implementation of a parametric PSS model, it is promising to examine
the approach of Steinbach (presented in Sect. 4.3) in detail.

4.3 The Extension of Steinbach’s Approach

Steinbach’s work [29] is based on the objective of describing PPS in a way that
both the requirements of the customer and the needs of the developer are respected.
To achieve this, a structure must be established in which the PSS is depicted in
such a way that both product parts and service parts are consistently described on a
common basis.

Therefore, the definitions of characteristics and properties from Weber’s [37, 38]
Characteristics-Properties Modeling/Property-Driven Development (CPM/PDD)
approach are adapted to PSS. The approach of Weber models products from a
developer point of view (the characteristics (C;) level) and from a customer point
of view (the properties (P;) level). These are connected by relations (R;) which are
restricted by external conditions (EC;) (schematically shown in the upper part of
Fig.5). Figure 5 shows besides the schematic representation of Weber’s approach
an example which is used in the following to explain the idea of the CPM/PDD
approach.

The example contains a hollow shaft which is assumed to be supported at
both ends and is loaded with a force. The properties, which contain the important
information for the customer, model the product from the customer point of view.
Properties in the example are the force (F) on the shaft, the deflection (W) of
the shaft, and the weight. They are only indirect influenced by the developer.
The characteristics model the product from the developer point of view and can
be controlled directly by the designer. In the example the characteristics are the
length (!) of the shaft, the inner (d), and the outer diameter (D). The properties and
characteristic are connected by the relations, which are represented in the example
by the equations for the deflection (W, Eq. 1) and the weight (G, Eq. 2):

F-I?

W=—"
48 E -1

&)
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EC,

Fig. 5 Example for the CPM/PDD model

D\? [d\?
G=m- <<E> - (E) ) -l Pmaterial (2)

For the deflection the inertia (/) is needed which is calculated with Eq. 3.

=5 ((3)-6)

F.I?
W = “4)

865 (D) - 9))

The last part of the CPM/PDD model is the external conditions which model the
given parameter and the boundaries of the solution space. External conditions in the
example are by norm given diameters, so the developer is restricted in his choices.
Another external condition in the example is by norm the given materials for shafts
which influence the density (omaterial) and Young’s modulus (E) in the equations
and due to this the relations. The diagram of the example is shown in Fig. 6.

Of course the assignment of properties, characteristics, external conditions, and
relations can shift, in case of changing scenarios. For example, the length of the
shaft could also be a property (if it is important variable for the customer), or the
length can be given by external conditions (if the position of the bearing is fixed).
So the CPM/PDD is a tool which has to be adjusted for the particular scenario.

[



Datamodels for PSS Development and Configuration: Existing Approaches and. . . 67

characteristic (C) level relations (R) and property (P) level
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Fig. 6 Diagram of the described example

Steinbach transferred the CPM/PDD approach to PSS to define and visualize the
differences between customer requirements (properties) and controllable parameters
(characteristics) as well as their relations. He extends the model with the idea of
internal relations of product and service parts which could also be visualized. A
schematic representation of the PSS model can be seen in Fig. 7; the figure already
shows the extended representation with the parametric CAD model.

On the left side, the diagram shows the information for the parametric model,
which are mainly the relations between different product and service parts. These
parts are shown in the second column, followed by the column containing the
relations among characteristics and properties and external conditions. The diagram
is completed by the properties, which are displayed on the right-hand side.

This property level includes the customer requirements and is divided into dif-
ferent property classes. They are partly linked by relationships to the characteristic
level. The property classes are influenced by the characteristics and process classes
of the characteristic level. In addition, the relations can also be influenced externally.
This is included in the model by the external conditions (EC). EC formalize
restrictions of the possible solution space, e.g., due to technical requirements or
economic considerations. The characteristic level includes product and service parts
in which product parts are subdivided in characteristic classes and services in
process characteristics. The internal relationships of the PSS exist among product
and service parts, as well as among their characteristics [29].
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. characteristic level . property level
parametric model (view of the developer) relations (view of the customer)
product part 1 property class 1
characteristic class 1 EC1
- P1
0 c1 v
o characteristic class 2 R1
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Fig. 7 Concept of a PSS model based on the approach of Steinbach

With this representation, an abstraction level can be found on which the entire
system is mapped. In addition, relationships between different product and service
elements are identified and documented as internal relationships [29].

For a better understanding, an example of a PSS will be described related to
this model. As the example an assembly line PSS is used. In this PSS the supplier
provides the customer an assembly line, including the monitoring of the continuous
work and the responsibility for the repair and maintenance. The production line
is delivered with parts and ends up delivering the assembled and ready-packaged
products.

On the property level, the PSS is presented due to different property classes
which include the customer requirement like operating costs, the output per hour, or
a guaranteed maximum downtime in case of technical problems. The characteristic
level consists the product and service parts of the PSS and their characteristics. The
characteristics of a product part is, for example, defined by the used components for
the machines and how they are assembled as well as characteristics like the output
per hour (which is connected through the relations to the property level and through
the internal relations to other product or service components).

For describing the relations, external conditions and internal relations, the event
of a technical problem is used. In case of a technical problem, the supplier
guaranties maximum downtime. This is related to different product and service
part characteristics, and these relations are influenced by external conditions. For
the product part, for example, the used components for the machines (which have
to be exchanged) are related to the downtime, and this relation is influenced by
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external conditions like part availability and delivery time. For the service part, for
example, the man-hours or the level of education of the service technicians (working
speed on complex problem) is related to the downtime, and this relation is influenced
by external conditions like the maximum available man-hours or a maximum time
during the day in which the service technicians have access to the machines.

The last part of the model which is explained in an example until now is the
internal relations (D, ) between different products and service parts of the machine.
These internal relations are very promising as a starting point for a parametric
CAD solution for PSS. In the given example, the internal relations are connecting
dimensions between different product parts but also relations between service and
product like the correlation of the complexity of the used components for the
machines and how they are assembled and the level of education of the service
technicians.

The implementation in a data model that is comparable to models of current
CAD systems is missing or at least not documented. Since Steinbach has already
published his approach 15 years ago, one reason for the lack of implementation
could be that the CAD systems at that time had not reached the current standard
and an implementation was not possible. Moreover, the application of the approach
is documented only in a very simple and theoretically constructed example, which
leads to the question whether the approach can also be applied to examples with
higher complexity or other areas and thus can be used as a generally applicable
approach.

The approach provides a good theoretical foundation for further research on the
representation and modeling of PSS. It helps to capture the PSS system and to sketch
it in an integrated way.

4.4 Limits of the Approach

The developed approach can be used for the initial development of a PSS because
it supports the developer to document the entire system of a PSS and allows the
developer a free parameter-based solution space design. Thereby the approach
supports a coequal development of product and service components according to
the first basic requirement for a PSS formulated at the beginning of the paper. Also
the second basic requirement for a PSS, the integration and addressing of individual
customers in the development process, can also be achieved by developing a
configurator based on the model.

However, when considering the third basic requirement, the monitoring of the
customer requirements during the whole life cycle of the PSS and the adaption of
the PSS with respect to changing customer requirements, the approach could be
used, but with respect to economical reasons, an adaption and extension could be
useful.

The limit of the approach is reached when, during the use of a PSS in the life
cycle, the system no longer exists purely virtual, but also a real PSS in addition to
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the digital twin (the digital/virtual image of the PSS). This real PSS often contains
not only the service but also physical product parts, which can with respect to
economical reasons not be unlimitedly modified. In case an unlimited modification
is not economical, these physical components can only be configured restrictively.
This requires the system to be modified and the constraints imposed.

A possible solution to this problem is to transform the PSS model after the initial
development into a model, which is no longer completely parametric, but rather a
rules-based and modular model. The approach of Weber already provides with the
external conditions (EC) a promising possibility to model such restrictions.

According to Krause [14], the flexibility of modular products during the life cycle
resulting from the exchange of modules can be an advantage for the customer. This
statement agrees with the part of the second basic characteristic of PSS, which has
brought the parametric approach to its limits. Therefore an idea is presented below in
order to extend the approach of the parametric model that the model is transformed
into a modular model during the life cycle.

4.5 The Extension by a Modular Model

In the development the PSS is built as described in the parametric approach. Once
the initial development has been completed and the PSS is implemented, the digital
model is transformed into a modular product structure. The representation of the
modular structure can be seen in the Fig. 8.

To get to this, the figure which displays the parametric model can be rotated
ninety degrees, so the property level corresponds to the PSS main block because
the appearance of the PSS level will still be described by the property level. This
level is linked to the characteristic level through the relationships (influenced by the

PSS property level
(including different property classes) (view of the customer)
2 ..o [R ]
i — T — —]
! P . i
I'| productpart1 || || servicepart1 product part 2 I'| productpart3 |
| | |
| |
| | |
| a |
! L | |J prl J I | |
! ol £ ! |
| 1 2 ——mM8M 9 } 1
! ! internal relations Dx £ ! |
. gy S
parametric model
(free solution space modeling) e — module boundary

Fig. 8 Modular representation of PSS
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external conditions, EC). In this level are the modules of the PSS located, which can
consist of several or single product and service parts. The individual modules span
separate solutions spaces for themselves in which parametric models can be used
again.

The internal relations from Steinbach’s approach will also continue to exist
when several products and/or service parts are combined into single modules. If
the internal relations cross module boundaries, the interfaces between the modules,
which were already described in Sect. 3.4, must be defined at these points. These
interfaces are important limitations for the solution space of the respective modules.

Transferring this approach on the used example of the assembly line, one part
of the line (including the machine as well as the associated monitoring of the
continuous work and the responsibility for the repair and maintenance) could be
seen as a one module. This module can be modified in case of changing customer
requirements or external conditions. In the example the last module contains the
packaging section of the assembly line. The case of a changed marketing strategy
of the customer (changes on the property level) or new legal requirements (change
of the external conditions) leads to a need of an adjusted module. With the defined
modules, it is possible to build in such a module a new parametric solution for the
individual needs of the customer in a free solution space which is only restricted by
the boundary condition of the interfaces to the other modules of the PSS.

5 Conclusion and Further Research

In conclusion, the research results presented in the paper are briefly summarized,
and a subsequent outlook on further research is given.

5.1 Conclusion

In this paper existing approaches of developing and configuration of PSS were
analyzed. Furthermore aspects of parametric models and modularization were
discussed, and the need of a parametric model for the PSS development was
shown. Based on this an existing promising approach was presented; two essential
extensions for this approach were discussed. Thereby an approach of a PSS
development based on a parametric model was created and extended with a modular
model for the using phase. This approach was explained on a theoretic example of
an assembly line. The research results presented here represent the current state of
research, which must be continued by further deepened.
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5.2 Further Research

In the beginning of the paper, it was shown that the presented research takes place
in the third stage of the DRM. In the fourth stage of the DRM, the evaluation of the
developed methods takes place, which must be done in any case in order to prove
the established theses.

However, further steps should also be taken in method development to detail the
models and standardize the procedure of the model use. Furthermore, for example,
a CAD support for the PSS development has to be worked out, and the translation
of the PSS into a modular structure must be deepened and evaluated by means of
more examples from different application areas.

Since the MC’s research field already contains deeper insights into modular
product structure, it is also necessary to examine in more detail how far PSS research
can benefit from MC’s awarenesses.
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Demand Engineering in Mass )
Customization Using Data-Driven S
Approach

Rui Xu, Shuhui Qu, Ying Liu, and Jie Wang

Abstract This paper proposes a general process framework of demand engineering
as a significant platform of connecting requirements specification as one side and
smart factory as the other, which can be applied to all industries. Our framework
performs a sequential methodology to solve existing and prospective mismatching
problems between two sides. This mismatching misperceives requirements of the
market and simultaneously induces huge waste of manufacturing resources, thus
severely hampering the industry transformation into Industry 4.0. Affected by the
diversity of industries, the requirements to what degree of transformation also varies.
Therefore, different industries must clarify their demand for demand engineering.

Keywords Demand engineering - Industry 4.0 - Mass customization - Process
framework - Mismatching - Requirements - Smart factory

1 Introduction

Recent research in the consumer market has shown that a large and growing
population of consumers desire customized product that not only with higher
quality but also meet their exactly need. To fulfill the requirements desired by
the customers, and thus be competitive in the marketplace, companies strive to
differentiate their product and believe that a product family with larger variety is
more likely to dominate the market than the others [1]. However, customization
(individually, precisely) contradicts mass production (quickly and inexpensively)
when they are implemented in traditional factory. As a consequence of fulfilling
mass customization, the conceptual model of smart factory is developed, which joins

R. Xu (?<) - S. Qu - J. Wang
Stanford University, Stanford, CA, USA
e-mail: ray 1993 @stanford.edu; shuhuiq@stanford.edu; jiewang @stanford.edu

Y. Liu
University of Chinese Academy of Sciences, Beijing, P.R.China
e-mail: liuy @ucas.ac.cn

© Springer International Publishing AG, part of Springer Nature 2018 75
S. Hankammer et al. (eds.), Customization 4.0, Springer Proceedings in Business
and Economics, https://doi.org/10.1007/978-3-319-77556-2_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77556-2_5&domain=pdf
mailto:ray1993@stanford.edu
mailto:shuhuiq@stanford.edu
mailto:jiewang@stanford.edu
mailto:liuy@ucas.ac.cn
https://doi.org/10.1007/978-3-319-77556-2_5

76 R. Xu et al.

the idea of Industry 4.0 and the recent technological achievements of intelligent and
automated production systems, with an aim to improve the efficiency and reduce the
cost [2].

The realization of Industry 4.0 is through the technological evolution from
embedded systems to cyber-physical systems [3]. While this process requires the
most advanced technologies of automated production, big data processing and
modeling, the integration of different activities of the whole market and effective
communication between requirements specification and smart factory are also the
necessity that prepares the arrival of Industry 4.0. After years of effort on the
discussion and the development of smart manufacturing and Internet of Things,
which are the major components of Industry 4.0, several models and frameworks
have been proposed to solve problems, nonetheless, only focusing on either side of
the two sides [4]. Although a few techniques have been developed to try to build the
connectivity between two sides, their domain is constrained to specific industry and
not feasibly extended to the scope of all industries [4, 5].

As a consequence of implementing the collaboration platform for both sides,
demand engineering is developed to assist smart factory to precisely perceive and
classify individual requirements. Since demand engineering can avoid mismatching
problem at the beginning, it secures correct inputs of the product configuration
and manufacturing process in a factory. Furthermore, the subsequent matching and
optimization process have been carefully engineered to significantly reduce the
waste of manufacturing resources and maximize the satisfaction of the market,
and therefore common issues in the factory caused by mismatching, such as
excess capability, high inventory level, and over-competition, can be alleviated or
completely solved as the technology of demand engineering matures.

Our members in the Center for Sustainable Development and Global Competi-
tiveness (CSDGC) reach a consensus that the proposed framework must be flexible
and efficient enough to fit the context of all industries and correspondingly fulfill
the variants of requirements rather than one that is strictly determined and extremely
narrowed. Additionally, it must be capable of not only understanding the customers’
expectation for existing product but also predicting demand of future product.

2 Related Work

Przemystaw Zawadzki and Krzysztof Zywicki [2] present concept of smart design
and production control, which could potentially improve the efficiency of smart
factory and thus the competitiveness of an enterprise. Most attention is drawn on
the techniques for rapid design and production, as well as the cost reduction of
mass customization. The authors fully understand the risk of investing on advanced
technologies such as dynamic scheduling on production control and CAx,VR, and
RP on product design, whose improper implementation or failure will result into
serious loss of manufacturing resources. Hence, a company-level knowledge-based
systems is highlighted as the backbone to support the implementation of advanced
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technologies. Despite the knowledge-based system is likely to avert failure in the
smart factory with the support of previous experience, it cannot correct the error if
the initial inputs such as customers’ expectation for the product is misunderstood
by the supplier and thus mismatching problem occurs. One thing worth noting is
that the authors assume their systems must be capable of processing large amount
of data and synchronizing material flows during the production, which are the same
assumptions that we made for our framework [2].

Requirements engineering is a set of systematic approaches that help software
engineer to identify and communicate the requirements (purpose) of a human-
centered dynamic system that collaborates and integrates hardware and software
(software-intensive system) and the contexts in which it will be used. That is,
requirements engineering, similar to demand engineering, performs as platform
connecting real-world needs of users, customers, and other constituencies affected
by a software system and the capabilities and opportunities afforded by software-
intensive technologies. While requirements engineering build a basic structure
that specifically but narrowly focuses on clarification of requirements with user
involvement in the domain of software-intensive system, its requirements refinement
driven by viewpoints of different stakeholders inspired us to carefully engineer
the inputs obtained from requirements analysis into the process of design and
production in smart factory [4].

Following the basic structure of requirements engineering, a process framework
for requirements analysis and specification is proposed by Enrique Garcia Alcazar
and Antonio Monzén [5]. It can be used as a reference for driving concrete require-
ments engineering process. Realizing the flow path of requirements engineering
activities is not a linear but cyclic and iterative process in a loop of requirements
elicitation, specification, and validation, building a problem domain and fitting the
user demand in that context become the foundation of the process framework.
Typically, static object-oriented models are used to capture the information that
build a common understanding of the problem domain, and facet model, which
are borrowed from the field of domain analysis, is performed to graphically
represent the structure of problem domain. A great contribution to information
capturing and problem representation has been made by the proposal of the process
framework, whereas it is still constrained to the field of software engineering.
Furthermore, it is not vigilant and flexible to evolution of requirements even in a
single domain because the static representation cannot keep tract of the change of
context information. Suppose new information with different structure or context
feeds into the system, the information capturer which only fits the older model is
more likely to misinterpret the structure or context of the requirements. Hence, there
is no chance for such method to predict the requirements of future product, which
are subject to change dynamically.

The previous studies are biased to either prospective of smart factory such as
mass customization or the other side, for instance, requirements engineering in a
single industry such that mismatching issues inevitably and consecutively occur
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during the implementation of Industry 4.0 in practice. The induced problems by such
discrepancy will be settled by applying the process framework in the next section.

3 Methodology (Framework)

In order to support demand engineering regarding to mass customization of
products, we thus propose a process framework. The framework was inspired
by requirements specification by software engineering projects [5]. This frame-
work, however, is not only limited to the analysis of software product but, more
importantly, also acted on physical product, in which software serve as one of
the components. Moreover, the framework analyzes the requirements through the
entire life cycle of mass customization [6]. In manufacturing area, products, which
need to be customized to maximize the fulfillment from different stakeholders, have
the large dispersion in the objectives and styles. Thus, this demand engineering
framework aims to systematically describe the requirement as well as demand
from different stakeholders and provides solutions to find customizable product
design with appropriate, feasible technologies to serve these requirements and
optimize the products. The development of demand engineering is not a one-shot
process. Instead, it is developed iteratively in a spiral model with a sequence of
waterfall increments. Thus, in this work, we present this framework, which is
divided into four processes for product development, ranging from the demand
identification of current market, matching current available techniques with different
demands, product design optimization based on currently available resources, and
the validation of the products design. With each process, we suggest the techniques
that we have found most useful to obtain good results, as well as the way to apply
them in practice. Obviously, there also exists other methods could be used. However,
the key point is to illustrate the objective of each process instead of the detail of each
technique (Fig. 1).
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3.1 Demand Identification

In general, for demand engineering activities, there are two possible scenarios:

(a) For an existing product, customers require modification on different parts
and expect improvements on several aspects. Engineers need to find reviews,
comments, and trends to understand customers’ expectations.

(b) For a potential, non-existing product, engineers need to understand pain
points of customers and provide feasible solutions based on current available
technologies and resources.

Both cases could apply our proposed framework, with slight modifications. Thus,
the demand identification could explicitly recognize demands from a diversity of the
sources of demands, cluster these demands, and organize the demand information
in a formed way, which provides great benefits for further demand management.
For instance, the contribution from each stakeholder could be identified; conflicts
between stakeholders could be easily found.

Viewpoints The idea of viewpoint-oriented approaches, originated in software
engineering, is a way of organizing the requirement from different viewpoints
[7]. These approaches try to tackle requirement analysis from different perspec-
tives and provide a more comprehensive understanding of people’s need. By
analyzing the ideas, perspectives, and relationships at various levels of detail, the
viewpoint-oriented approaches support manufacturers/designers explicitly recog-
nize the requirement from different perspectives, which provides possibilities to
management and organize the diverse information.

There are typically two types of viewpoints [8]:

(a) Direct viewpoints that represent customers or other systems that interact
directly from the system and send information, such as reviews and other data
back to the system.

(b) Indirect viewpoints that represent stakeholders who do not interact directly with
the system but would have influence in some or all of the services to be delivered
by the system.

Each indirectly viewpoints may have a relation with the system based on its needs
and interactions with the system. Based on our understanding, we identify several
contingent perspectives in both direct and indirect viewpoints. In the industry, these
perspectives include (1) direct customers, (2) the manufacturing companies, (3)
designers, (4) social culture environment, (5) policymakers from politic as well as
financial side, etc.

Identity Product Demand from Heterogeneous Data Sources In this step, we
gather information regarding the proposed and existing systems from different
viewpoints.

The direct viewpoints could be obtained from the critiques, verified customer’s
review, and feedback on previous products or similar products. However, in
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manufacturing area, depending on the industry, this information might be hard
to widely obtain. Also, potential or target customers’ expectation is concealed
and focuses on different aspects of a product. However, as the development of
technology, microblogging and social networking services, which has become
popular recently, provides an alternative to gather information. In the USA, more
than 160 million users around the world are using Twitter to remain socially
connected to people [9]. In PRC, it is estimated that more than 130 million users
are active on Weibo everyday [10]. These tools enable rapid news information
publishing and propagation, especially for the news information. Various works
have been done toward trending topic analysis that could understand hot topics
related with specific products, as well as technologies to understand and predict
the demand of a products. One of the most important works is latent Dirichlet
allocation (LDA) that is widely applied for topic modeling [11]. The original LDA
is independent with time. Thus, several topic models with temporal information
are proposed. Blei and Lafferty [12] further proposed discrete-time dynamic topic
models (DDTM) by using variational approximations based on Kalman filters and
nonparametric wavelet regression to perform approximate inference on topics. By
using this model, they successfully analyze the trend of research in several important
journals. Compared with DDTM, continuous time dynamic topic model further
applied the Brownian motion to model the latent topics through the sequentially
collected documents [13]. Wang and McCallum [14] presented a “topics over time
method” (TOM) based on LDA that considers the mixture distribution over topics
along with time. Grant [15] further proposed an online inference model depending
on the time frame of tweets for topic modeling on Twitter that could be used
for real-time Twitter trend analysis. By using existing topics, Lu and Yang [16]
applied moving average of convergence-divergence as an indicator to predict the
trend of topics. These methods thus generate a pool of demand for products. To
be mentioned, there already exist various works that use customer’s review only to
improve their service and product design.

Apart from the stakeholders, there are many sources for indirect viewpoints.
Here, we list a few: the company’s operational report, political factors, financial
support, domain standard, as well as competitor’s strategies. Depending on the
complexity and difficulties, various methods could be applied to retrieve these types
of information. The information should not limit to text, but other formats, such as
graphs and references, should be captured as well.

Demand Classification and Organization The demand documents are collected
from different sources and various stakeholders with focuses on diverse aspects.
Thus, before we start to provide a solution for the product. One of the key steps
is to clarify the problem by distilling the information relevant to the product,
cluster information and organize them into an understandable representation. Also,
in some cases, stakeholders always express requirements in their own terms [4]. It
is thus important to clarify the common understanding of expectations, problems,
concepts, characteristics, as well as relationships. Also, unifying the vocabulary
and definition with regard to these objects is important as well. There are several
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language processing tools to aid information classification. For instance, Word2Vec
is proposed by Mikolov [17] to learn distributed vector representations that could
capture syntactic and sematic word representations. After that, word embedding
is used as an enhancement for those nature language alogirthms dervied from
ditrbuted vectors to better represent sentence/phrase correlation [18]. By using the
representation learned from these methods, the demands could be further classified.
This step helps to group related or similar demand and organize them into coherent
clusters. The classified demands then are organized and put into an object-oriented
model [19], which provides great convenience for management.

3.2 Product Function/Matching

The demand list provides the description of what the product needs to be fulfilled,
and its specifications. Not all demands on the demand list, in most circumstances,
could be accomplished. In practice, demands from different stakeholders may
conflict with others, which provide both opportunity and challenges. Decisions
have to be made under these circumstances, such as tradeoff across selection of
specifications. Also, some demands are not realistic and can hardly be fulfilled due
to the restriction of technology, cost, production limit, etc. Thus, under the matching
step, demands from various perspectives are prioritized and would be transited into
required functions to be fulfilled based on currently available technologies. This
matching process between the demand and functions needs to be defined explicitly
since the demand usually has multiple perspective of view which can be reflected
on the number of dimensions of required functions.

With viewpoints captured from a large variety of direct and indirect data sources,
the volume of product variants in a demand list can never be underestimated. It is not
hard to imagine the total number of product variants increases exponentially with
each added class of variants. For instance, 30 classes of variants of an arbitrary
mode of Ford in a demand list, which is tiny compared to the number of most
common features of a car, would result into one trillion possible variants with the
assumption of only two variants of each class. This number is obviously much larger
than any mode of Ford sales. While higher variety of products would potentially
increase sales, manufacturing process prefer fewer classes of variants. In machine
learning area, class of variants is known as dimension. A dimension-reducing
technique is entailed on the mapping process from demand list to the domain
of required functions. To further remove the less important classes, prioritization
process could be done either before or after the mapping process. It is worth
noting that the representation of variants in demand list is a mix of words and
numbers so that regularization needs to be performed beforehand. Since importance
ranking is associated with supervised learning, a supervisory signal or response is
needed to indicate the contribution of each class of variants. We suggest to use the
latest sales data of existing product which can fulfill the variants of demand. By
using matured unsupervised learning method such as principal component analysis
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(PCA) in mapping process, a subset of correlated variants can be obtained instead
of a full demand list of variants. However, we must interpret the derived subset
via recovering the meaning from the original demand list. Ideally, the elements
in the domain of required function are the subset of PCA mapping from the
demand list. But they are hardly matched in reality. Therefore, representation
of the elements in subsequent domain or mapping function should be carefully
engineered. Considering the technical feasibility that reflects back on the domain
of required function, the mapping of some variants that are more preferred than
expected but not realistic is likely to fail. Without removal of such redundant
variants, erroneous information would propagate through the process of subsequent
demanding engineering framework. To secure a valid information propagation, the
mapping result must be fed back into the original demand list to eliminate the
unexpected variants that are not acceptable to the system. Iteratively conducting
such corrective action can significantly reduce the error in following operation.

3.3 Design, Process, and Logistic Optimization

In previous step, the matching process generates solutions in the form of specifica-
tion of functions that meets the most important stakeholders’ expectation. Based on
the specified functionality, the main focus of this step is to find technical feasible
design parameters that could fulfill these functions. This is also called as platform-
based product family design. This step involves typical decisions regarding product
family design and configuration.

Along with decision with regard to the design parameters of the product, the
processing variables and logistic variables could also be considered as part of the
design phase since the demand from production and logistic stakeholders also need
to be considered. The mapping from design parameters to processing variables deals
with the process design task, which could facilitate the analysis of the influence of
current production on the manufacturing and production planning within existing
process capabilities and utilize repetitions in tooling, setup, and equipment [1].
The mapping from design parameters and processing variables to logistic variables
handles the supply chain management, which could address the supply chain-
related issues of product production fulfillment, such as supply chain configuration,
resource allocation, supplier management, and supply contracting [6].

3.4 Verification

The design phase helps to connect each stakeholder’s demand to design parameters
that could technically fulfill the demand, processing variables that enable the
product being processed successfully as well as logistic variables to ensure the
supplies as well as deliveries. In order to confirm that most required demands
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and their related functions have been adequately taken into account in previous
processes, verification needs to be performed after the design to allow retrospect
of decisions [5].

During the demand engineering process and system development, the demands
from some stakeholders might change. Also, during demand identification process,
information is inevitably incomplete and inconsistent, new demand might emerge
during the process as business needs. Thus, the demand engineering process is not
a linear but a spiral process. After each time, all activities’ process needs to be
performed iteratively.

4 Scope of Use

The goal of demand engineering is to improve the efficiency of mass customization
for all industries and fulfill their customers’ need, whereas not every industry
has a strong desire to mass customize. This is because, for certain markets, the
requirements of product never change or change periodically or geographically
which are very predictable. Industry in such locally and temporarily stable markets
generally has no desire to develop strong supply chain since factory is built close
to local market. For instance, the product of cement industry is the necessity for
modern urbanization, specifically building construction. Although requirements for
cement change passively with the living environment, such as local precipitation,
temperature, inland, or coastal which set different standards for cement, they are
stable and determined in a geological time within which the living environment
is not likely to change. Hence, implementation of demand engineering has little
benefit in cement industry. Conversely, furniture industry, which is associated with
cement industry to make real estate, has high demand for mass customization.
People evaluate the value of furniture from different perspectives, for instance,
functionality, esthetics, material adoption, or even the fame of designer. These
requirements are unstable with different groups of population. Even for a single
person, his/her taste of furniture is unpredictable for various periods. Those various
and dynamic factors contribute to the high demand of mass customization in
furniture industry and therefore induce an effective use of demand engineering.

We present the customization needs of several industries on a graph regarding
their proportion of overall GDP of China in 2016 and level of the technical
development in a 3D plot in Fig. 2. For convenience, the axis of “proportion of GDP”
is simply divided into three quadrates highlighted with color black, blue, and red,
respectively. Note that the GDPs of industries in the same quadrate are not exactly
the same rather they are closer to each other compared to other quadrates. “Technical
development” is not strictly defined or quantified, primarily taking new technology
adoption rate and R&D investment ratio to revenue. “Customization need” is mea-
sured with number of demand variants from the perspective of customer. At current
stage of this research, we are meant to show the relative importance and overall trend
of industries rather than quantitative analysis. Interestingly, customization needs are
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not related to either one of the factors, while we discovered that industries such as
mining, petroleum, machine, and tobacco have lower level than the others. Similar
to furniture industry, the requirements of product in such industries are relatively
stable, whereas industries like retail, tourism, and media have higher level due to
the unstable preference of customers. However, this plot cannot portrait the MC
potential in a foreseen timespan. For instance, demand of environmental industry is
imposed by government agency, which not only raises the bar for existing pollutant
but also keeps adding new pollutant into its demand list every year. The number
of yearly added regulated pollutant is especially large in developing countries like
China due to the increasing concern about environment protection. In addition,
environmental concern is expected to be a driven force of increasing customized
needs across all industries. That is, the pattern learned in environmental industry
can be transferred into other industry and plays an important role in the future.

5 Conclusion and Discussion

This paper proposes the concept of demand engineering and provides its flexible
and effective process framework as a key element in a smart factory to support the
realization of precise and efficient MC production by primarily using data-driven
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approach. Without correctly using it on each transition step between two conceptual
domains derived from product family design, a high risk of unexpected waste of
manufacturing resources and customer loss could be taken and hence severely
harms the competitiveness and hinders the transformation into Industry 4.0 of an
enterprise. While demand engineering framework is aimed to prepare a tool box of
modified data-driven approaches to solve the real problems occurred on the entire
value chain of MC, integration of temporal widely used rule-based approaches such
as modular product architecture is still beneficial and essential at current immature
stage.

Regarding the techniques of data-driven approaches, further research could be
conducted in developing a general standard of performance measurement that fits
the domain knowledge of MC rather than the conventional statistic test used in
machine learning. Leveraging the cost of iterative adjustment within each step and
the framework itself, which, as a whole, is a cyclic system, is essentially concerned.
Furthermore, the cost must be carefully defined and quantified in terms of not
only computational loss but also opportunity cost through the entire value chain
of MC. Scalability of the framework is another concern that is not possible to be
determined in short time period. With stable performance during a reasonable period
of operation on a single smart factory, the framework is then believed to be reliable
to deal with multi-factory scenarios in which aggravated discrepancy of the market
would significantly affect its performance. Last but not least, a great effort has been
made on building pilot research platform with our collaborated partners in different
industries so that we can collect real data in the future that is helpful to analyze the
performance of the current framework. Only then will it be fully possible to refine
the framework according to the result of performance analysis in real situation.
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Adapting Product-Service System )
Methods for the Digital Era: G
Requirements for Smart PSS Engineering

Simon Hagen, Friedemann Kammler, and Oliver Thomas

Abstract In the past a lot of work has been spent on creating and improving
methods to develop integrated systems consisting of products and services, named
product-service systems (PSS). Due to the different disciplines involved in creating
and maintaining these systems, e.g. service engineering, product and production
engineering or information systems, the interfaces between the stakeholders have to
be defined to integrate them and to make them work seamlessly. However, in recent
years the concept of PSS shifted, influenced by the still growing impact of smartness
and intelligence in the domain of information and communication technology (ICT).
The rise of smart products and services led to the enhancement of “smart” product-
service systems (smart PSS). This paper identifies, based on recent work and a
literature review, methods developed for designing PSS. The main characteristics
of the methods found are then analysed with regard to the affects smartness has on
them. Knowledge about the smartness aspect is taken from descriptions of smart
PSS. The findings are used to derive evidence about the transferability of PSS to
smart PSS development methods.

Keywords Product-service system - PSS - Smart PSS - Smart engineering -
Smart product - Smart service

1 Introduction

1.1 Motivation and Research Approach

The evolution in value-creating systems has changed a lot in recent decades. The
development reaches from separate product- and service-oriented systems to today’s
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integrated product-service systems (PSS), which do not consider the separation
of products and services anymore [46]. Consequently, not only business models
but also methods to develop such value-creating systems changed. However, even
established PSS currently are in a new phase of evolution. Due to the continuously
growing digitalization, especially in business environments [2], new aspects such as
“intelligence” or “smartness” supplement them. Therefore, new terms like “smart
PSS” [51] or “smart service system” [33] have been established. However, further
research needs to be conducted on the design and engineering of smart PSS [50].
This work contributes to the discussion on the development of smart PSS engi-
neering methods, by analysing existing methods from the field of PSS engineering.
In a second step, identified methods are compared to the characteristics of the
still increasing “smartness” and “intelligence” in the domain of ICT and deriving
indicators about the transferability of PSS to smart PSS development methods.

1.2 Research Background
1.2.1 Product-Service Systems

PSS are rooted in the product engineering and construction theory of the 1950s.
During the 1970s and 1980s, the first scientific attempts of service development
called “new service development” (NSD) and “service design” were made [11].
Levitt commented [21] “everybody is in service”. However, he beard on product-
related services, which were additionally offered by companies [12].

With the advent of “service engineering” during the 1990s, the discussion on
service development became more important, especially in Germany [11]. During
the mid-1990s, the scientific development in German-speaking countries was done
in parallel to the American NSD-term but was focused solely on the service, not
on the combination of a service with a (physical) product [47]. Nevertheless, the
methods used in service engineering research are also rooted in product engineering.
This changed during the turn of the millennium when the integrated development
of products and services, named “PSS”, appeared. While both partial aspects were
viewed individually before, it transformed into an integrated view [47]. Figure 1
shows the development schematically.

PSS can be characterized as a marketable bundle of product(s) and service(s),
which in combination serve the demands of the user. They can be offered by a
single company or an entire group and do not have compulsory, definite product
or service components [14, 36]. This fluent transition is shown in Fig. 2. Therefore,
the aim is not the one-time sale of a physical product, but rather the provision of
a customer solution, which consists of a combination of products and services.
The development of PSS is also referred to as product-service systems engineering
(PSSE, cf. [11]).
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1.2.2 Smart Products and Smart Services

In their papers Porter and Heppelmann name digitalized products “smart, connected
products” which consist of three characteristics, a physical, intelligent (smart)
and connected component. In contrast to traditional products, they add sensors,
processors, software and control units. Traditional products only consist of the
physical component, which does not enable their own decisions (“‘smartness”) or
a connectivity to other systems enabled by components such as antennas, protocols
or ports [39]. The author’s description is not embedded into a superordinate, result-
oriented system. Therefore, there is no direct relation to the PSS definition given
in the previous chapter. Anderl, Picard and Albrecht [3] have a similar approach
for the description of smart products and appoint cyber-physical systems (CPS) as
their predecessor where they emerged from. CPS consist of sensors, actuators and
embedded intelligence. The last one is the most important for smart products; it
enables them to react autonomously within the communication with other smart
products, in particular via Internet technologies [3].

Wellsandt et al. apply the PSS concept to services, which require a supply of a
demand-actuated combination of Internet-based and physical services [55]. These
are also called “smart service”, and sensors and actors of embedded systems are
used, whereby the contractor bears the responsibility for the operation of the whole
service system during its life cycle. With regard to the authors, the concept of smart
services is usually used in product-oriented offerings where a service- and result-
oriented offering should be transformed [55].



90 S. Hagen et al.

1.2.3 Smart Product-Service System

The term smart service system or smart PSS describes the development of integrated
products and services as well as the digitalization across the system. Valencia
et al. explain the new level of PSS, to which they refer as smart PSS, with
the “advances in information and communication technology (ICT)” [51]. The
“smartness” originates by the use of “microchips, software and sensors, which
allows them to connect, collect and process information” [41]. The National Science
Foundation (NSF) defines smart service systems [33] as a “[ ... ] value co-creating
configurations of people, technologies, organizations and information that are capa-
ble of independent learning, adapting, and decision-making. Smart service systems,
therefore, possess self-detecting, self-diagnosing, self-correcting, self-monitoring,
self-organizing, self-replicating, and/or self-controlling functions and capabilities
based on data that has been received, transmitted, and/or processed”. Abramovici
et al. specify smart PSS [1] by means of five main characteristics, namely, a high
degree of autonomy, strong human centration, openness and variability of smart
PSS solutions along their life cycle, innovative business models and a very high
degree of complexity. They describe it as a networked combination of smart service
systems and smart product systems, which arose from conventional PSS with their
characteristics (sociotechnical system to fulfil customer needs; [1]).

All of the definitions cited above identify the autonomy, driven by data and
enabled through ICT, as one key component of smart PSS. This is, beside the
diminishing barrier between products and services as shown in Fig. 1, the main
advancement from today’s PSS. Following Thomas et al. [47], who state that the
dichotomy of products and services has been overcome, and Abramovici et al. [1],
who claim that smart PSS arose from conventional PSS, smart PSS can be added as
a fourth step in Fig. 1. Now both components, smart products and services, should
be integrated seamlessly and are enabled and supported by smart and intelligent
ICT.

2 Analysis of Methods for PSSE

2.1 Recent Work and Literature Review

During an initial literature review, two publications, which build upon each other,
could be identified. The first one already aggregated methods for PSS development
from the literature [15], and the second one listed newer ones (up to 2015) and
used them to develop a specific framework [30]. Both publications will be used as a
starting point to do a literature research to close the gap between the submission of
the latter publication (2015) and today. In total 21 process models were considered,
14 resulting from the publications named above and 7 in the literature research.
Both contributions featured few more models, which could not be examined due
to missing access or were duplicates. We conducted the literature review analogue
to [54]. The search term is composed of the terms PSS in various forms and



Adapting Product-Service System Methods for the Digital Era: Requirements. . . 91

Table 1 Findings of recent literature and literature review

Source Author of model Publications
GribBle et al. [15] Aurich et al. [4-6]
Lindahl et al. [22-25]
McAloone et al. [27, 28, 45]
Mont [31, 32]
Rexfelt and Af Ornis [40]
Spath and Demuf} [43]
Thomas, Walter and Loos [47]
Weber, Botta and Steinbach [8, 44,53, 52]
Metzgeret al. [30] Boughnim and Yannou [10]
Isaksson, Larsson and Ronnbick [16]
Lee and Kim [20]
Maussang et al. [26]
Niemoller et al. [35]
Literature review Boucher et al. [9]
Kim et al. [17]
Kumar et al. [18]
Mengoni and Peruzzini [29]
Pezzotta et al. [37, 38]
Song and Sakao [42]
Tran and Park [48]
Zine et al. [56]

is combined with synonyms for “development” which are used in the scientific
environment in English and German. Hence we applied the following string to the
databases SpringerLink, Web of Science, Emerald, EbscoHost, Wiley and AISeL
[13, 54]: “(“Smart Service” OR “Product-Service System” OR “Produkt-Service
System” OR “Dienstleistung”) AND ((Engineering OR Development OR Design
OR Modelling) OR (Entwicklung OR Modellierung OR Konstruktion))”

As mentioned before, the period is limited to 2015-2017 as well as a limit to
“peer-reviewed content” to ensure the quality of the literature. Furthermore, non-
accessible sources were left out, too. The results achieved by the mentioned method
were brought together in a list and were consolidated step by step. Double entries
were deleted after the elimination of remaining articles by title and further on by
abstract. The final contextual view yielding the result of the systematic literature
research is shown in Table 1.

2.1.1 Result Matrix for PSS Development Methods

In order to compare the identified methods, we used a concept matrix [54]. Table 2
shows the findings, their origin and characteristics.

The criteria are partly taken from GréBle, Thomas and Dollmann [15] and Langer
et al. [19] and complemented by characteristics we identified during the analysis
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Table 2 Result matrix comparing different PSS development approaches

Zine et al.
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of the methods. The selection of criteria used in this work is limited to the most
essential ones, due to their crucial part in enhancing PSS to smart PSS. If the used
ones cannot be transferred for smart PSS, the ones left out are needless to consider.

The degree of interaction describes how the producer of the PSS is interacting
with other partners during the development. This is specified by means of the
considered stakeholders, which are involved in particular. Which part of the system,
product or process or both, is focused in the model is stated by the domain
characteristic. If the method proposes a defined queue of processes rather than a
loose set of steps or even no guidance in tasks, it is shown by ‘“defined process
sequence”. If a certain sequence exists, the process sequence lists in which order this
is proposed. The customer integration specifies whether they are actively integrated
into the process or just considered as a stakeholder. Whether the process is revised
and documented and if intermediate results can be reused in following projects, it is
shown by the next criteria. The assembly of a collection of predefined processes,
built in previous projects, can lead to an increased efficiency by recombining
prepared components. The last two characteristics consider the recommendation of
specific methods for developing the product or service part of the PSS and whether
the documented results are persisted digitally and can therefore be further used in
the execution of the PSS.

3 Results and Discussion

3.1 Influence of Digitalization on Characteristic Occurrences

When comparing the features of smart PSS and smart products with the charac-
teristics of the PSS development methods identified above, several requirements for
changes within the methods for purposeful use in smart PSS design can be identified.
As a basis for the comparison, we use the characteristics identified in the matrix
and the summary of smart PSS from section “Analysis of methods for PSSE” and
apply them to the characteristics. The changes described imply by the means of their
occurrences. This lets us evaluate the differences on a less abstract level.

The degree of interaction will gain in importance, especially due to the increasing
complexity of smart products and services. Therefore, appropriate methods for
collaborative working will be needed to merge more complex components to one
integrated product. Nevertheless, the individual or cooperative methods need to
improve as well within one stakeholder, because the development of the specific
part gains complexity, too. But, the rising complexity might be reduced by using
ICT for the development, when it is already present for the product/service.

The main stakeholders considered in the PSS methods will stay the same;
eventually the amount of additional stakeholders will increase a bit due to new
partners in ICT and their importance. The same applies for the domains considered,
all of them stay important, and solely the integrated view might gain importance.
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In addition, the defined process sequence used for PSS can stay the same, only the
tasks within the processes will change due to shifting requirements, and the amount
of iterations increases because of the rising complexity. But this has no effect on the
processes themselves.

Integrating the customer in the development process is not mentioned often in
the examined PSS design methods. This is due to the customer-oriented focus of
PSS astonishing. Therefore, the relation to the customer and his integration into the
design process have to be increased, as Botta stated [8] especially for smart PSS.
Due to the increasing individualization of the systems to the needs of the customer,
his role in the design process gains importance.

Revision of the creation process, assembly of reusable building blocks and the
further digital use of results will stay the same or increase a bit in terms of
meaningfulness and process steps. But the increased use of ICT, primarily in the
new products and services, will support them and make them more efficient. The
revision can be seen as some form of documentation, which becomes easier, if
the intermediate artefacts are persisted digitally. Copies for further steps can be
made, and analysing the progresses can be done automatically. The intermediate
artefacts can also be seen as building blocks for further developments. For example,
CAD (computer-aided design) data of products or digital and executable modelled
processes can be seamlessly applied on new projects. The same applies to the digital
use of results. Digitally stored process sequences (e.g. in the form of BPEL) can
immediately be used to support the execution of tasks, for example, by using them
in information systems to support service technicians with process guidance [34].

The last aspect, recommendation of methods for developing the specific artefacts,
is not, as shown in the matrix, fulfilled by many methods up to now. By the
increasing complexity of the products and services, it will be even more difficult
in the future to propose suitable but generic methods for product and service
engineering in one integrated development method.

3.2 Conclusion

Following an overview of PSS, related terms and their history, we prepared a
concept matrix showing PSSE methods and aspects they consider based on previous
work in PSSE research and a literature review. Using the matrix and the emerging
smartness and intelligence in the field of ICT, we discussed the transferability of
PSSE methods to develop smart PSS, adapted from PSS criteria and the influence
of the emerging technologies, which enable smart PSS.

Based on the identified characteristics of PSS development methods and the
influence of smart technologies, we can in general conclude that most of the
characteristics and therefore the methods relying on them will change. Although the
capabilities and chances of the new systems depend mostly on the new technology,
its influence on the methods to develop the systems is not all-embracing. If a
company is using a method to develop their offerings, they do not have to switch to
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a different approach in general. However, especially with the influence of intelligent
technologies, specific aspects have to change.

First, the interfaces between the service and the product need to be extended, to
increase the abilities to communicate and collaborate. This is not only important
for the artefacts of the system but also for the development process, since it
applies analogue for the developers of the artefacts (product and service). However,
sometimes the interfaces are not even implemented in the superior PSS method.
Therefore, new or improved methods for collaboration for the engineers of the
system have to be developed.

Second, the last three characteristics show that beside the effort one has to put
into improving the developing methods in some areas, this effort can reduce the
work needed in others. In this example the ICT parts are, due to their digital nature,
suitable to support the development without additional activities. For physical
products the development artefacts usually exist in a digital form [49], in contrast to
the service development. In addition, specific methods for developing the product
and service share of the system need to be implemented. Referring to Anderl et al.
[3], no specific models exist for smart products.

Third, the integration of the customer into the development process needs,
in comparison to today’s PSS methods and with the substantial role of smart
technologies in mind, to be improved. Even more specific configurations, enabled
by technology, are feasible but also need to be managed and determined by means
of the customer.

Beverungen et al. propose in a recent publication [7] an approach for developing
service systems or PSS, called recombinant service system engineering. They
suggest creating new systems, with a special scope on the value proposition as well
as the system characteristic, by combining features of different existing systems.
This method goes in line with the separation of this paper in PSS methods and the
smartness aspects and needs further consideration.

Summarizing we can say that smart product and service engineering is progress-
ing. However, the current problem with PSSE, a not fully integrated development
of the system with the purpose to offer solutions to the customer, seems to proceed
in smart PSS development. According to our results, the underlying methods and
frameworks are in general transferable and complementable to smart PSS, but
the specific requirements, especially by ICT, need to be integrated with proper
methods. With this paper we contributed an overview of scientific PSSE methods
and statements regarding the possibilities of enhancements from PSS to smart
PSS developing methods. A limitation of our research is that statements about
occurrences of the PSS method characteristics are hypothetical and not based in
real-life findings.

In our upcoming research, we therefore want to compare our findings with
actual systems in practice by conducting interviews with companies, who are in
the manufacturing and machine engineering, and offer a value-adding system of
their products and services. The goal is to learn more about the as-is situation in
practice, derive their criteria for smart PSS and develop a support tool for smart
service system engineering.
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Managing Variability of Products and Factories

Deepak Dhungana, Alois Haselbock, and Richard Taupe

Abstract The need for product variability to satisfy the needs of customers means
that the process of manufacturing these products must also expose a similar degree
of flexibility. In this sense, production facilities (factories) can be seen as product
lines of manufacturing services. The focus of this paper is on modeling variability
of the products in association with the variability in production requirements — the
interplay of which gives birth to a smart production ecosystem. We describe an open
marketplace, where product sellers can offer their products with variability, end
customers can configure these for their needs, and factories can offer their services
to manufacture these customized products. Typically, the equipment used to build
up the factory also offers variability; therefore the ecosystem also encompasses
equipment vendors and the variability of this equipment. We attempt to bring
together stakeholders of a production ecosystem in a marketplace that exploits
product line engineering techniques.

Keywords Product and factory configuration - Factory as a service

1 Introduction and Motivation

With the increasing demand for individualized products, the need for flexible
production processes, modular factories, and intelligent production infrastructures
is also increasing. A smart production ecosystem is a collaborative network of
product designers, factory equipment vendors, factory operators, and consumers
of the products. The common environment is a marketplace which enables the
required interactions. We have outlined the vision of smart production ecosystems
in a previous paper [8], where the overall methodology is described as PROFACTO
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Engineering, i.e., Product and Factory Line Engineering. In this paper, we focus on
the marketplace of such an ecosystem — in particular the development of models and
configuration processes required for the operation of such a marketplace.

A smart production marketplace can be seen as a prerequisite for enabling
“anytime anywhere production facilities” of the future. Many research initiatives
in this area aim to revolutionize the future of industrial production, e.g., the Smart
Manufacturing Leadership Coalition (SMLC),1 the Industrial Internet Consortium,?
Industrie 4.0, etc.

Product configuration is a well-established methodology for generating/building
individualized products (see, e.g., [12]). Typically, product configuration tools
ensure feasibility of the resulting product, i.e., its configuration must be consistent
and complete. In this paper, we extend the role of product configuration to
encompass the production process and ensure producibility of the resulting product.
This guarantees the existence of a production environment (factory) providing
all necessary equipment and manufacturing services to actually manufacture the
product. Our vision of a common marketplace for products and production facilities
foresees a realization of the ideas based on variability modeling and configuration
technologies.

This paper reflects our research in an ongoing effort of establishing a smart
production ecosystem which is a prerequisite for a smooth transition toward
Industrie 4.0. In particular, we provide solutions for research challenges described
in our vision paper [8]:

— An approach to model factory equipment based on their production capabilities.

— An approach to model smart products considering both product variability and
production requirements.

— An approach to model and configure smart factories based on the availability of
factory equipment.

— An approach to guide a factory configuration based on the configuration of the
products to be manufactured.

We define the notion of a marketplace as a common environment for interaction
among factory equipment vendors, factory operators, product sellers, and end
customers. The artifacts/models that are shared through the marketplace and their
relationships among each other for coordinated activities are described from the per-
spective of the responsible stakeholders. We extend traditional product configuration
approaches to consider variability of available factories and ensure producibility of
the configured products.

This paper is organized as follows: Sect.2 describes our vision of a smart pro-
duction marketplace by introducing its main modeling and configuration concepts,
which are described in more detail in Sects.3 and 4. In Sect.5, we evaluate this

Thttps://smartmanufacturingcoalition.org/
Zhttps://industrialinternetconsortium.org/
3hitps://www.plattform-i40.de/
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Fig. 1 Overview of the smart production ecosystem depicting the role of a common marketplace
for products and production facilities. The actual production process is out of scope of this paper

approach by application examples. After a discussion of related work in Sect. 6, we
conclude the paper and describe ongoing and future research activities for smart
production ecosystems.

2 Smart Production Marketplace

A smart production marketplace is a common environment enabling the interaction
between stakeholders in a production ecosystem (cf. Fig. 1). Such an ecosystem
typically involves factory equipment vendors, factory operators, product sellers, and
end customers.

2.1 Marketplace Artifacts

Interaction between stakeholders occurs through the publication and sharing of
artifacts (models) to the marketplace. In particular, the following artifacts are
relevant in our approach:

Capability ontology refers to a common vocabulary used in the marketplace.
The operator of the marketplace defines this model and makes it available to other
stakeholders as a common language used to model production capabilities provided
by equipment and required for manufacturing products. Examples for production
capabilities are supply, transport, fastening, drilling, etc.

Equipment models refer to formal descriptions of the factory components that
can provide production capabilities in a factory. Equipment sellers publish the set
of capabilities provided by their equipment as equipment models. Each concrete
equipment is a self-contained modular unit that can execute production operations
autonomously. The capability ontology in the marketplace is used to describe the
skills of the equipment available in the marketplace.
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Factory models refer to formal descriptions of the production facilities. A
factory is seen as a specific configuration of the set of equipment deployed in
its premises. In the marketplace, factory models are created though the selection
and configuration of available equipment models. Typically, a factory consists of
production equipment, storage systems, and transport systems in a specific topology.
The topology of the factory is an important aspect to consider during factory
configuration (cf. Sect. 4.2).

Product models refer to goods that are put for sale to the consumers. Products
are seen as digital first-class citizens that maintain their bill of material (BOM)), their
bill of process (BOP), information about their variability as feature models, and a
mapping between the customer view and manufacturing view (cf. Fig. 9 depicting
the mapping between feature variability and BOM variability). The materials of
the product’s BOM use this information to steer their own production and their
stepwise transformation toward concrete product instances or product batches
(smart products [8]).

Order models are output of the product configuration process carried out
by the product consumers. The marketplace configurator presents the features
to the consumers and generates manufacturing orders for the factories based on
the mappings in the product models. Order models are therefore factory-agnostic
descriptions of how the product should be manufactured and can be accepted by all
factories that pass the producibility test (see Sect. 4.3).

2.2 Marketplace Services

Various Services are made available to the ecosystem’s stakeholders, enabling them
to create and maintain the different artifacts.

Modeling service The marketplace keeps track of the capability ontology created
and maintained by the marketplace operator. This ontology is provided as a service
to product modelers and equipment modelers as the vocabulary understood by the
marketplace, e.g., the ontology is used as a service when defining the services
provided by factory equipment or when the product is modeled.

Producibility queries are services provided by the marketplace to factory
operators and product sellers, enabling them to answer two basic queries: Q1: Given
a configured product (order model), find all the factories that can manufacture the
product. Q2: Given a factory, find all products that can be manufactured in that
factory. One of the key services required for producibility tests is the capability
matching service, which can be used to semantically identify matches and gaps
between services provided by the factories/equipment and capabilities required for
manufacturing a product.

Reconfiguration recommendations can be used both by product designers and
by factory operators to learn about potential changes improving their products and
services by obtaining answers to two basic queries: R1: Given a product model
(BOM and BOP), and a factory where it “should” be produced: If the factory is
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currently not able to produce the product, what are the recommended changes to
the product design enabling the factory to produce it? R2: Given a factory model,
and a product model which it should produce: If the factory is currently not able to
produce the product, what are the recommended changes to the factory enabling it
to produce the product?

3 Modeling for the Marketplace

In order to enable smart products and smart factories, they need to be equipped
with machine-understandable background knowledge about their properties, their
capabilities, and their environment.

3.1 Ontology Creation and Maintenance

The marketplace operator defines the vocabulary to be used by product and
equipment sellers as a common language for factory and product specification.
Figure 2 shows a (simplified) meta model of factory and product in UML notation.
The main connection between these two parts is the concept of capability (often
also referred to as skill), where capabilities required for manufacturing a product are
to be matched against capabilities provided by production equipment of a factory.
Because of space restrictions, we can only sketch the main abstract concepts of
the meta model in this paper. All of the classes have various properties and a deep
inner structure. For instance, a production operation consists of the following model
elements: commands, events, preconditions, postconditions, parameters, materials,
constraints, settings, and status.

Figure 3 shows an excerpt of the capability ontology as part of the marketplace
vocabulary. The capability ontology contains declarations of all potential capabil-
ities of production equipment. A capability declaration consists of the main parts
configuration, constraints, commands, and events. Figure 3 shows an exemplary
declaration of the fasten capability, comprising all properties provided by such a
skill and, hence, describing its basic functionality and behavior. A fasten capability
description is therefore a list of parameters, data types, etc.:

— Type of fastener: {screw, nut, bolt, washer, ... }

— Type of head: {flat, oval, pan, ... }

— Type of drive: {Torx, slotted, ... }

— Type of washer: {flat, fender, finishing, ...}

— Screw thread diameter: {3mm, 4mm, Smm, ...}
— Screw thread length: {10mm, 20mm, 25mm, ...}
— Torque of fastening:3.INm - 17Nm

- etc.
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Fig. 2 UML meta model of products and factories, depicting the stakeholders who create the
partial models. The marketplace operator models the capabilities, which are the bridge between
products, factories, and equipment

Note that these capability declarations do not contain any concrete values, but
declarations of such values only and the possible range of values, if it makes sense
to specify these. As we describe in the next section, those values are specified in the
equipment modeling phase.

3.2 Equipment Modeling

Production equipment such as 3D printers, robots, vacuum or pneumatic grippers,
hot-wire cutters, conveyors, drillers, etc. are resources that can be offered in the
marketplace and sold as a service. The equipment seller is responsible for specifying
all offered production equipment using the vocabulary of the marketplace ontology.
The equipment model is therefore another model layer, subclassing the meta model
as sketched in Sect. 3.1. It describes all offered production equipment types and their
capabilities.



A Marketplace for Smart Production Ecosystems

Capability Ontology

>

<Capability 1> l

_,[

<Capability 2> ]

Re

Fasten ]

Fig. 3 Sketch of the capability ontology and example of a production capability declaration

b{ Configuration ]
+»  Available [bool] |

Static configuration
parameters of a capability,
like if it is available in an

‘| equipment or the average

duration of service operation
in seconds.

! p[ AverageDuration [float] ]

o

Constraints ]
-
>

Tolerance [float]

Material [string]

4

Constraints along with the
list of capability parameters
that can be used in
constraint expressions.

>
o

—b{ Commands ]

o

Torque [float]

Drive [string]

Run ]

Ready [bool] ]

!

Events

o

»

<Capability n> ]

List of commands that could
be executed by the

~| corresponding production

operation.

List of events that could be
sent by executing the

| corresponding production

operation.

109

Each equipment provides a set of production and/or transportation capabilities.
Capability matching is one of the crucial tasks in computing a workflow plan for
processing all production operations of a BOP: for each required capability, at
least one matching provided capability must be found. Equipment capabilities are
aggregated to manufacturing services provided by the factory. Figure 4 shows the
parameter values and constraints of a fasten capability provided by a robot of type
XYZ. Concrete values, value ranges, and constraints are specified for each property
declared in the capability ontology (cf. Fig. 3). For example, the torque force of this
robot type could be adjusted within the range of 6.5-13.4 Nm:



110

D. Dhungana et al.

Robot XYZ e Equipment
1—»[ Capabilities |
4>[ Fasten } 5a Capability
+[ Configuration ]
—){ Available [bool] ] = | true |
){AverageDuratinn [float]] = ‘ 5 [seq] |
~»  Constraints |
->[ Tolerance [float] = | this > 0.1 (%] |

N )

>[ M aterial [string] this € { "plastic”, "wood"}

|l

b-[ Torque [float]
> Drive [string]

this 2 6.5 Athis £ 13.4 [Nm]

this="Torx"

) )
I

n

Keyword this refers to the
corresponding property

Fig. 4 Example of a fasten capability of an equipment model

- Type
- Type
- Type
- Type

of fastener: {bolt, washer}
of head: {oval, pan}

of drive: {Torx}

of washer: {flat, finishing}

— Screw thread diameter: {4mm, Smm}
— Screw thread length: {20mm, 25mm}
— Torque of fastening: 6.5Nm - 13.4Nm.

Typically, a manufacturing service is an aggregation of capabilities which col-
laboratively implement a complex manufacturing functionality. Modular machines,
for instance, offer sequences of associated production steps realized in an optimized
way. Another example is human-in-the-loop functionality where production seg-
ments are provided by collaboration of human and machine.
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3.3 Product Modeling

The product model includes both the problem space view (customer-facing features)
and the solution space view (BOM + BOP).

Feature modeling: Feature models [16] are a well-studied, standard way to
represent the problem space, and reasoning techniques are provided for configuring
individualized products from a product line. The feature models for the products
in the marketplace are created using traditional software product line engineering
modeling tools.

BOM/BOP modeling: From the solution space point of view, the product model
consists of a configurable BOM and a configurable BOP. A BOM consists of
materials which are typically organized in form of a partonomy. A BOP is a
set of production operations specifying all necessary steps for manufacturing a
product. A production operation acts on input materials and results in one or more
output materials. A production operation may have associated a set of alternative
capabilities required for performing the production step.

Such product families are conveniently represented by a tree-shaped structure
as shown in the right part of Fig.7. Each node represents a material, having a
sequence of production operations associated. Structural and consistency constraints
restrict the potential solution space of concrete products. The production operations
specified in the BOP follow the same structure as the description of the services
provided by some equipment, with the difference that these capabilities are specified
as required capabilities. For example, if a fastening capability is required by a
product, the parameters may be specified as:

— Type of fastener: {bolt}

— Type of head: {oval}

— Type of drive: {Torx}

— Type of washer: {finishing}

— Screw thread diameter: {Smm}

— Screw thread length: {25mm}

— Torque of fastening:9.3Nm - 11.2Nm
- etc.

Now it is the task of the capability matching service to decide whether the service
required by a product is fulfilled by any equipment. This operation is an ontology
mapping problem which is described in Sect. 4.

Mapping problem and solution spaces: To allow for the automatic derivation of a
concrete product based on a given variant configuration, a mapping between features
in the problem space and their implementation in the solution space is required
[13]. Several approaches (e.g., [6]) are available for establishing general traceability
among all artifacts in both problem and solution space, which includes variability
information in software product lines.
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Fig. 5 Schematic representation of a mapping between problem space and solution space
variability

In our approach, we use a straightforward method to establish traceability
between features and variability in the hardware parts. The feature models are
arranged in a way such that all their leaf nodes represent the variability of the
customer-visible features (see the example in Fig.5). All variable parts of the
configurable BOM are mapped against leaves of the feature model in a matrix, where
the impact of hardware parts on corresponding features is documented.

4 Configuration Activities

Configuration is the derivation of an individualized product from a component
inventory such that various restrictions and dependencies are satisfied and the user
requirements are fulfilled. In the context of the smart production marketplace, both
the products and the factories need to be configured.

4.1 Product Configuration

The task of a conventional product configurator is to guide a customer through the
derivation of a concrete product from the product family representation such that
the concrete product meets their requirements [20]. Based on the product feature
model, the customer is presented with a set of decisions, which are used to generate
a valid combination of product features representing the desired end product.

The process of configuring a product is usually a semi-interactive procedure,
where the customer selects required features from the feature tree, and the con-
figuration tool automatically adds features that are consequences of currently
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selected features and disables those features for selection that would contradict
some constraints. There are many extensions to standard feature models, improving
their expressiveness. To mention just one, cardinality-based feature models allow to
assign cardinalities to features, specifying the number of instances of a feature in a
final configuration (e.g., a car has four wheels) [7].

The result of product configuration is an order model (cf. Fig.1). The order
consists of a 100% BOM and a 100% BOP, listing all materials and production
operations necessary for manufacturing the concrete product, serving as input
specification for production. These descriptions serve as input to the manufacturing
execution system (MES) in the factories during physical production.

We propose to integrate within the configurator a producibility test (cf. Sect. 4.3)
that checks whether the current configuration can be produced by a factory at hand.
To answer this question, the configurator has to find a witness, i.e., a production
workflow that shows how the product can be produced. A production workflow is
a concrete, timed specification of when and which machine of the factory performs
which production and transportation step.

4.2 Factory Configuration

Just like products, factories can be offered in the common marketplace, and factory
models result from a configuration step. All equipment models available in the
marketplace form the input to a configuration task.

A Factory consists of production and transportation equipment, like robots,
CNC machines, or conveyors. The fopology of the factory, not shown in the
UML model in Fig.2, is typically specified by connection associations between
neighboring equipment. Materials can only be routed from one machine to another
if a connection path exists in the topology of the factory. Such routing information
restricts the possibilities of valid assignments of production operations to equip-
ment. Such an equipment is a self-contained and intelligent production resource
that is able to execute a defined set of production operations autonomously in
cooperation with other equipment and the products to be produced. An equipment
offers its production capabilities as services and can be added (plugged) or removed
(unplugged) dynamically to and from the factory.

During factory configuration, the configuration service discovers the production
and transportation capabilities that are offered by the equipment in the factory.
Composite production capabilities between equipment based on their automation
behavior, e.g., a 5D robot collaborates with a 3D-CNC machine to emulate a 5D-
CNC machine, can be defined and offered as a new manufacturing service of the
factory.

Factory models resulting from the configuration can be updated any time when
new equipment is added or existing equipment is removed. These models serve as a
basis for the product designers to decide where their products could potentially be
manufactured.
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4.3 Producibility Tests

Among the many services provided by the marketplace, we describe in detail one
that is a backbone for many other services. We extend the task of conventional
product configurators to a smart production environment, meaning that producibility
must be taken into account during product configuration. The goal is to make the
dependencies between products and factories transparent so that the factories can
adapt themselves to changing products in the marketplace and, similarly, product
designers can react to capabilities of available production facilities.

At the heart of producibility tests is a capability matching step, where ontology
mapping [10] techniques are used to determine whether the production capabilities
of a factory are enough to cover the production requirements of a product. An
example is to determine whether the capability requirement description of the
product in Sect. 3.3 is covered by the equipment capability description in Sect. 3.2.
Inputs for a producibility test are a product model and a factory model. Producibility
test (Algorithm 1: PRODTEST) consists of three major steps:

(i) Capability matching looks into the structure of products and factories: Produc-
tion of a product is based on production operations, which need to be assigned
to capabilities offered by a factory’s equipment (cf. Fig. 2). By matching each
production operation to sets of capabilities offered by the factory that are in
principle able to execute this production operation, domains for the constraint
satisfaction problem (CSP) constructed later are prepared.

(i) Routing constraints are preprocessed to eliminate further invalid equipment
from the domains of the production steps. This can be achieved by methods
similar to arc consistency (or, more generally, k-consistency) from CSP [17].

(iii) From the remaining domains and constraints, a constraint satisfaction (or
optimization) problem (CSP) is generated and solved to check whether the
product defined by order model o can be produced by factory f. This encodes
a complex decision problem comprising routing and other constraints.

Algorithm 1: Producibility test: PRODTEST algorithm

Data: Order Model o, and Factory Model f.
Result: True iff o is producible in f, else False.
Capability matching
Preprocess routing constraints (arc consistency)
Construct constraint optimization problem CSP
if CSP has solution then

| return True

else
L return False
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In each of these three steps, we may recognize that the product cannot be
produced by the factory currently under consideration. In this case, it may be
desirable to compute recommendations how to reconfigure product or factory
to make the combination producible. It may become possible for a factory to
produce the product when new equipment is added to offer missing capabilities;
and a product may become producible if, for example, some constraints on its
specification are relaxed. Such recommendations are beyond the scope of this paper
and will be addressed in future work.

Algorithms 2 and 3 answer the two queries already posed in Sect. 2.2, namely:

— Query 1 Which factories can produce a given product?
— Query 2 Which products can be produced by a factory?

They iterate over all known factory models/order models and call PRODTEST
(Algorithm 1) to determine whether the corresponding product/factory combination
is feasible. This actually offers a simplistic view, because insights gained in one
iteration of the loop may also be relevant in other iterations. Therefore, an algorithm
combining Algorithms 2 and 3 to take the whole problem into account at once may
pay off and is therefore subject of future work.

Algorithm 2: Producibility test: Query 1

Data: Order Model o, and set FM of Factory Models.
Result: Subset prod C FM s.t. f € prod iff o is producible in f.
prod <
foreach fin FM do call Algorithm 1
if producible(o,f) then
L prod < prod U { f}

return prod

Algorithm 3: Producibility test: Query 2

Data: Factory Model f, and set OM of Order Models.
Result: Subset prod € OM s.t. o € prod iff o is producible in f.
prod <
foreach o in OM do call Algorithm 1
L if producible(o,f) then

L prod < prod U {0}

return prod
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5 Evaluation of the Approach

Currently, our research is in an experimental phase. In this section, we describe
our approach to self-assessment including stakeholder evaluation as part of our
internal validation of the approach. To this end, we are piloting the marketplace
approach in a production facility in Vienna, Austria. The purpose of this pilot study
is to evaluate the overall design and to collect data for further enhancements of the
approach at a conceptual level. The implementation of the local pilot enables us to
identify locally relevant evaluation questions, to improve accuracy and relevance
of the concepts, to empower participants, and to build capacity. Through the pilot,
we aim to gather better data and better understanding of the data, to generate more
appropriate recommendations, and to ensure better uptake of findings.

5.1 Marketplace Implementation

A prototype of the marketplace as described in Sect.2 has been developed to
demonstrate the feasibility of the approach. It is a web application allowing different
roles to define capability ontology, equipment models, and product models. The
application also allows the definition of new factories based on the configuration
of available equipment, the configuration of products based on feature models, and
producibility tests from the perspective of both factories and product sellers.

5.2 Example Capability Ontology

As indicated above, one of the crucial modeling challenges is the representation of
capabilities and the definition of a standard vocabulary for specifying their behavior,
properties, and restrictions. In our evaluation study, we have chosen an excerpt of a
capability ontology based on the DIN 8593 standard [9] from the German Institute
for Standardization (see Fig.6), which shows a taxonomy of different types of
manufacturing capabilities. Each capability in the ontology is described in detail
as shown in Fig. 3. The example in Fig. 6 is only to give the reader an idea of what
other capabilities are present in such an ontology.
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5.3 Product Modeling

For evaluation purposes, we have chosen the product to be a low-voltage power
controller module called Psupply XC.* The product seller in this case is Siemens
and the consumers are building businesses. The product comes in multiple variants
based on customized housing (colors, labels), various qualities given capabilities of
electronic parts, energy efficiency, etc.

As depicted in Fig. 7, the product consists of a printed circuit board (PCB) and
its cover box, where different variants of the lid are possible. Different electronic
components that can be welded to the PCB result in different features provided by
the product. Variability in the hardware can be seen in the right part of Fig.7. To
the left, production operations are shown that map to individual material parts in the
BOM.

The variable parts of the BOM are then mapped to the product’s feature model
shown in Fig. 9. Each leaf in the feature tree is associated with the hardware parts
that are necessary for providing the specific feature. For example, if the feature
leakage current O0.7Ais selected, then only the hardware part Chokel can
be selected because Choke?2 and Choke3 do not provide this feature.

4 Psupply XC is not a real product name but a pseudonym for illustrative purposes.
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Fig. 7 Configurable BOP and BOM of the selected product in our pilot study. This is a simplified
view of both BOM and BOP as the real models would cover several pages
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5.4 Equipment and Factory Models

In order to demonstrate the complete cycle from product design via configuration
to production, we modeled a set of factory equipment that provide the necessary
manufacturing services for our selected product.

As shown in Fig. 8, we have modeled five different types of factory equipment.
They provide a range of production services required by the product Psupply
XC used as an example in our evaluation study. For demonstration purposes, all
available equipment were selected to be part of the example factory.
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Fig. 9 Mapping between feature model at the top (problem space) and the variable parts of the
configurable BOM hardware parts at the bottom (solution space)

5.5 Product Configuration

After the product model (excerpts in Figs. 7 and 9) is published to the marketplace,
end users looking for a power supply can start a configuration process to define the
features they are looking for. The system presents the feature model of the product
in a nice user interface enabling users to select desired features while enjoying auto-
completion and automatic filtering employing a constraint solver integrated in the
back-end.

After the configuration is done, the marketplace generates the order models, trim-
ming the configurable BOM to a manufacturing BOM automatically by removing
the variant parts of the BOM based on the user selection and the mappings to the
feature model (Fig.9).

Producibility tests are run on the order models to see whether the product
currently configured can be manufactured by the factories available in the market-
place. In our experimental setting, the example factory can produce the example
product (as it was designed to fulfill this criterion). Nevertheless this process clearly
demonstrates the workflows in the marketplace, which was the primary goal of our
evaluation.

6 Related Work

Traditional product line engineering provides a lot of insights into how variability
of the products must be managed, which processes must be followed in a proper
product line engineering organization, etc. Apart from that, many tools for modeling
products [1, 3, 23] and deriving customer-specific variants [19, 21] are already
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available in the market. These tools and approaches, however, do not integrate
product and production modeling and do not follow the idea of an open marketplace,
where product sellers and production service providers can collaborate.

The idea of a marketplace/app store as a collaboration platform for software-
driven ecosystems is not new; this has been defined and discussed by the research
community, e.g., [15]. Our approach can be compared to an app store in the sense
that the services provided by different parties can be “bought” through this platform.

A step toward considering manufacturing during product configuration was
made by Campagna and Formisano in [5], who combined product and production
process modeling in their framework ProdProc. ProdProc provides constraint-
based languages both for product modeling and specification of process steps for
production. Coupling constraints connect these two aspects that correspond to a
product’s BOM and BOP. Our approach of smart production ecosystems goes a step
further by taking configuration and capabilities of the factory and its production
equipment into account.

Flexible and autonomous manufacturing systems play a special role in mass
customization-based production models [18]. Without a transition to a flexible
production environment and the integration of production engineering into product
configuration, increase in product variability and customization would result in
tremendous increase of production costs. Small lot sizes and high variability in a
multi-product production environment require the ability of easy reconfiguration of
production facilities [2]. Thomassen and Alfnes study in [22] the major challenges
when adopting mass customization principles in engineering-to-order manufactur-
ing. Bossen et al. developed a conceptual model in [4] to extend the scope of product
architectures and platforms to incorporate production architectures and platforms.

Configuration of cyber-physical systems has to deal with new kinds of variability,
such as the variability of topological abstractions [11] and variability of runtime
capabilities. Modularity is a key principle in the SmartFactoryXt project [14],
defining a modular architecture of production facilities to make it possible to
produce different product instances on the same production line. For that, fast
reconfiguration of the production line is necessary. Also, e.g., [24, 25] emphasize
that flexibility and changeability in manufacturing are a key issue for future
factories.

The idea of Manufacturing-as-a-Service (MaaS) is also gaining popularity in the
context of production service management. A concept and architecture for dynamic
customization of products based on production network availability presented by
Yip et al. [26] is an interesting approach in this context. Similar to our approach,
Yip et al. propose components for product configuration, manufacturing service
management, and the integration of factory IT systems. However, the marketplace
as a collaboration platform for ecosystem participants is unique in our approach.
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7 Lessons Learned and Future Work

Variability in products and the resulting complexity of manufacturing processes
have enforced our idea that the factory itself should be seen as a product line
of manufacturing services. A common vocabulary is needed to bridge the gap
between product configuration and production configuration where we propose
the use of an ontology describing the production capabilities. Our research so far
has shown that this common vocabulary needs to be very flexible, extensible, and
reusable for a common agreement between product designers and factory operators.
Standardization of such a vocabulary would be essential in the long run.

Our experience in modeling the products and factory equipment so far has shown
that the data required for such modeling tasks is often available in existing PLM and
PDM tools. Tool support and connectors to PLM tools are therefore a crucial part
for the success of this approach. Many production tasks cannot be automated, and
it is important to consider human workers involved in the production processes.
We are currently working on ways to “model” human beings as an important part
of the factory that also provides production services. This adds another dimension
of complexity: safety of the human beings in an automated factory needs to be
addressed separately. We aim to continuously improve our approach. Some of the
inevitable next steps are to address the following issues.

Privacy Preserving Ecosystem Interactions: Product design specifications, fac-
tory capabilities, and details of factory components typically represent crucial
intellectual property of their owners. For a smooth operation of the smart production
ecosystem, all these entities must be formally modeled and shared between the
stakeholders by publication to the marketplace. However, due to the crucial nature of
the information, voluntary sharing of such models and information is very unlikely.
New concepts and tools are required in this area (e.g., based on blockchains).

Reconfiguration Recommendations: As already mentioned in Sect. 4.3, it is not
unusual that a given product cannot be produced by a given factory, in which case the
producibility test fails. In this case, diagnosis and recommendation techniques may
be able to suggest reconfigurations to product or factory to establish producibility.
This is explored in our ongoing research. Improvements in this area may go hand
in hand with improvements to Algorithms 1, 2, and 3, such as exploiting structural
properties by examining the whole problem at once.

Composite Skills and Machine-Machine Collaboration: So far we have addressed
production services fully offered by one equipment. However, we have been con-
fronted with situations where one production service is the result of a collaboration
between multiple factory equipment (e.g., two robots working together). Modeling
such composite services and enabling them to be offered in the marketplace is part
of our future work.

So far, our approach looks promising, as we have demonstrated its feasibility in
pilot settings. Nevertheless, an ecosystem lives and dies with the commitment and
engagement of the individual players. A marketplace is simply a “tool.”
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Exploring Barriers Toward )
the Development of Changeable ik
and Reconfigurable Manufacturing

Systems for Mass-Customized Products:

An Industrial Survey

Ann-Louise Andersen, Jesper Kranker Larsen, Kjeld Nielsen,
Thomas D. Brunoe, and Christopher Ketelsen

Abstract Cyber-physical reconfigurable manufacturing systems that are able to
efficiently produce customized products in lot sizes of one have the potential to
significantly advance mass customization. Necessary enabling technologies are
fast developing; however, the fundamental enabling principles of changeability
and reconfigurability are still far from being reality in industry. Therefore, this
paper explores organizational prerequisites and barriers for the development of
changeability and reconfigurability, as well as significant differences regarding
their presence in various industrial settings. The findings indicate that important
prerequisites are only rudimentarily developed and that knowledge regarding recon-
figurable system design is limited. Additionally, a long-term view on investments
in production capacity and a strong coordination between production and product
development were identified as prerequisites which existence are contingent on the
industrial setting. The findings provide valuable insight into how to support an
industrial transition toward changeability, in order to create the foundation for smart
mass customization manufacturing.

Keywords Changeable manufacturing - Reconfigurable manufacturing - Mass
customization - Smart factory - Industry 4.0

1 Introduction

With increasing heterogeneity of markets, decreasing product life cycles, and
rapidly emerging new product features and materials [1], the development
and implementation of industrial cyber-physical reconfigurable systems appears
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promising in terms of greater resource efficiency, shorter time to market, higher
value products, new business models, and affordable product customization [2].
Essentially, these cyber-physical systems that merge the physical and digital
world and vertically integrate the factory capture the essence of the fourth
industrial revolution and mass customization manufacturing, enabled by (1)
interoperability of system modules, machines, devices, sensors, and people; (2)
transparency of information, e.g., virtual twins, real-time data on operations, or
information related to suppliers or customers; and (3) autonomy in, e.g., system
reconfiguration, scheduling, failure recovery, or performance improvements [3-5].
Factories of the future are expected to have these features, being reconfigurable,
autonomous, and self-adapting; however, they are still far from being reality in
industry [6]. Organizational and change management-related aspects of this remain
challenging, e.g., integrating new technologies with existing systems, simultaneous
consideration of production and products, identification of suitable application
fields, and adjustments of organizational structures [3, 7]. On the contrary, the
technological aspects of these systems are either present or advancing very quickly,
e.g., wireless sensor networks, big data, and cloud computing [5, 7]. Therefore, well-
designed manufacturing systems that have fundamental features of changeability
and reconfigurability, e.g., modularity in both physical and logical design features,
plug-and-play machines and controllers, and reliable flexibility for anticipated
functional requirements, have been emphasized as being likely to evolve into smart
and networked manufacturing systems with high degrees of autonomy [5, 6].

Thus, the vision of cyber-physical, autonomous, and reconfigurable manufactur-
ing systems being self-adapting and self-organizing can be viewed as an extension of
the reconfigurable manufacturing system (RMS) concept proposed in the late 1990s,
providing increased levels of manufacturing flexibility, product customization,
and lot sizes of one [8, 9]. Yet, the successful realization and development of
manufacturing systems that possess the fundamental characteristics of changeability
and reconfigurability appears to require a paradigm shift in industry, as dedicated,
rigid, and static systems are traditionally designed and operated [10-12]. At
present, research on changeability and reconfigurability focuses widely on technical
dimensions, e.g., reconfigurable tools [13], reconfigurable controllers [14], and
reconfigurable machines [15], whereas limited research addresses organizational
and management-related prerequisites and barriers in the path to realization of the
benefits of changeability and reconfigurability [16] and eventually cyber-physical
systems [7]. Furthermore, significant differences in the readiness and qualifications
of different industries and company types are expected toward the realization of
changeability and reconfigurability as a foundation for future smart systems, e.g.,
between large and small enterprises [17] or industries with different degrees of
required product innovation and customization [3]. Consequently, a viable first
step toward realizing an evolutionary path toward cyber-physical, autonomous,
and reconfigurable systems that enable high levels of affordable customization and
personalization is to support the industrial development of fundamental changeabil-
ity and reconfigurability characteristics, considering important differences across
industrial settings, by focusing on organizational and change management-related
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aspects rather than solely addressing technical aspects. This leads to the following
research question: What are critical barriers in industry toward the development
and realization of changeable and reconfigurable manufacturing systems, and can
significant differences regarding their presence in different manufacturing settings
be identified?

2 Related Research

Changeable manufacturing is widely acknowledged as the manufacturing paradigm
of the future, defined as manufacturing systems that respond to change on all
levels in an economically feasible way [18]. Changeability can be realized through
various physical and logical enablers embedded in the manufacturing system,
e.g., scalability, convertibility, mobility, modularity, etc. [11]. Reconfigurable man-
ufacturing systems that provide capacity and functionality as needed through
modularity, integrability, convertibility, customization of flexibility, and scalability
enable changeability on system, cell, and workstation level [12].

The technical features of the changeable and reconfigurable manufacturing
system differ from traditional manufacturing systems, being either dedicated for
a few products or designed for preplanned flexibility [11]. Technical barriers related
to this are widely emphasized and addressed in previous research, e.g., developing
the control system, controlling process variation, establishing interfaces, developing
appropriate tooling, etc. [16]. However, the design and development of changeable
and reconfigurable manufacturing has in research been emphasized as challenging
in numerous ways, going well beyond technical dimensions. Likewise, regarding
a production system purely as a technical system neglects critical social, human,
and organizational dimensions, as system design is a “double-task” covering both
planning and conducting the design process and the actual design itself [19].
Thus the ability to create an organizational foundation and process for actually
designing changeability and reconfigurability should be considered as well, which
is dependent on company culture, traditions, readiness to change, way of working,
etc. [20, 21].

As changeability is a life-cycle and nonfunctional property in a manufacturing
system that can be realized in various ways and manifests itself after the system has
been put into use [22, 23], its design is more complex than in cases of traditional
manufacturing systems [24]. In previous research, the following fundamental
elements of design for changeability and reconfigurability have been emphasized:
(1) anticipation of requirements of scalability and convertibility throughout the sys-
tem’s lifetime, (2) conceptual and detailed design of a system with the right degree
and enablers of changeability, and (3) continuous selection of configurations and
changes in the systems’ operating time closely integrated with product development
[24]. As these design tasks advance the design and development process, additional
organizational capabilities are necessary prerequisites for success. However, this has
only received limited attention in previous research. Malhotra et al. [16] evaluate
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Table 1 Design prerequisites for changeability and reconfigurability [27]

Prerequisites

A life-cycle perspective on production systems [25]

Coordination between production system design and the product portfolio development [25]
Having long-term view on investments in production capacity [26]

Having a structured production system design process [26]

Having a holistic perspective on production systems [26]

Having staff that is skilled in system design and have knowledge of reconfigurability [26]
Existence of product families for customized flexibility in production [26]

numerous barriers related to the successful implementation of reconfigurability,
however, primarily being of technical nature. R6si6 and Jackson [25] address
important preconditions for designing changeable manufacturing, having a life-
cycle perspective on production systems and correlating product and production
design. Likewise, R6si0 [26] emphasizes certain organization-related preconditions
that should be considered prior to design of reconfigurability, e.g., applying a
long-term view of the system, the ability to integrate the system design with the
product portfolio, staff skill and knowledge of reconfigurability, a structured system
design process, and readiness to have life-cycle perspective in production and
investments. Andersen et al. [27] summarize these prerequisites for development
of changeability, recited in Table 1, and conduct a case study for examining their
presence and potential actions that will lead to these. The work presented in this
paper is built on the premise that if the various factors identified as preconditions
for successful development of reconfigurability are not present in a manufacturing
company, this should be regarded as a critical barrier in the transition toward
changeability and reconfigurability. Their findings indicate that the investigated
prerequisites are not largely present and that various challenges exist in this regard
[27]. However, there is still limited generalizable empirical evidence going beyond
case studies, regarding the presence of these prerequisites, as well as potential
industrial differences in the readiness toward development of changeability and
reconfigurability.

3 Research Method

In order to address the research question stated in Sect. 1, a questionnaire survey
has been conducted. The empirical inquiry is primarily descriptive and exploratory,
aiming at determining critical barriers toward the realization of changeability and
reconfigurability and exploring any significant differences across different industrial
settings. Thus, a larger sample representing various industrial settings is required,
in order to provide more generalizable empirical evidence, which is the reason why
the survey method has been selected as the appropriate research method [28, 29].
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3.1 Questionnaire Design

Based on the prerequisites presented in Table 1, which have been identified as
critical preconditions for development of changeable and reconfigurable manu-
facturing in previous research, a questionnaire survey has been developed. The
questionnaire survey was designed in two sections to reflect the unit of analysis
being the manufacturing company: (1) background questions on the company,
the products, and the production setting and (2) questions regarding barriers
toward development of changeability and reconfigurability. The questionnaire was
developed and published in both an English and a Danish version in SurveyXact
[30].

In the first part of the survey, essential characteristics of the manufacturing firm
were addressed, e.g., organization size and the country and industry in which the
organization operates; the type of products offered, e.g., degree of variety and
customization; and the type of production being utilized, e.g., degree of automation,
the annual production volume, and the extent to which different production policies
are utilized. For the second part of the questionnaire, all prerequisites in Table 1,
representing the latent variables, were operationalized as readily understandable
statements that could be assigned numerical values. A five-point ordinal Likert
scale was used (1 = strongly disagree, 2 = disagree, 3 = neither disagree or
agree, 4 = agree, 5 = strongly agree). Respondents were also given the possibilities
to indicate uncertainty about each question. In Table 2, the latent and measured
variables of the survey are presented.

Table 2 Latent and measured variables of the questionnaire survey

Latent variable Measured variable Variable ID
A life-cycle perspective on production | We are focused on reusing production | PRE1
systems Having a holistic perspective lines and equipment across the product
on production systems program or for new generations
Coordination between production In our development activities, there is | PRE2
system design and the product strong coordination between
portfolio development production system development and

product portfolio development
Having long-term view on investments | We apply a long-term view on PRE3
in production capacity investments in production capacity
Having a structured production system | We apply a structured and PRE4
design process well-documented production system

design process
Having staff that is skilled in system We have sufficient knowledge on how | PRES
design and have knowledge of to develop reconfigurable production
reconfigurability
Existence of product families for Families of products and parts can be PRE6

customized flexibility in production

identified within our product program
based on various similarities
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3.2 Data Collection and Respondents

Prior to publishing the questionnaire survey and starting the data collection, the
questionnaire was pretested in a closed forum of experts from academia, in order
to test the appropriateness of questions, terminology, and questionnaire format.
Less than 5% of minor changes were made in terminology and in questionnaire
setup. Hereafter, the questionnaire was emailed to an initial target group of 128
individuals representing different manufacturing companies, which were selected
based on a qualitative screening of suitable potential respondents in each authors’
network of connections in manufacturing companies. The individuals were targeted
only if their positions in the manufacturing companies appeared to represent both
detailed knowledge on product and production development activities and general
knowledge about the company and its activities. Thus, the initial target group
covered production specialists and engineers, operations managers, plant superiors,
as well as other types of managers with production-related responsibility.

From the initial target group of respondents, 39 full responses resulted. In
order to increase this response rate, follow-up mails and phone interviews were
conducted. Furthermore, the questionnaire was distributed in a newsletter for Danish
manufacturing companies to increase the sample size. In doing this, the sample was
increased to 60 full responses. In Fig. 1, the distribution of responding companies is
categorized by their size, industry, country, and annual sales volume.

In addition, as part of the background information on the responding companies,
the following characteristics were indicated: the percentage of production processes
that are manual, semiautomated, and fully automated, the percentage of products
that are customized or more standard offerings, and the percentage of production
being make-to-stock, assemble-to-order, make-to-order, or engineer-to-order. The
distribution of the sample across these characteristics is presented in Table 3.

The responding companies were primarily located in Denmark, and half of
the responding companies are characterized as being small- and medium-sized
companies (SMEs), whereas 40% represents large enterprises. The degree of full
automation of production is generally low in the sample, whereas high degrees of
manual work are more dominant. Some degree of product customization is generally
present in the investigated companies, and there is a low degree of production of
purely standard products.

3.3 Data Analysis

The data analysis was conducted using the statistical software IBM Statistical
Package for the Social Sciences (SPSS) version 24. Firstly, the collected data was
thoroughly examined and reviewed, where “uncertain” responses were recoded as
discrete missing values and blank responses were removed. In order to evaluate the
internal data reliability, the Cronbach alpha test was used with a cutoff value of
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Table 3 Product and production characteristics of sample
Distribution of responses regarding percentage of production that is automated
0% | 1-25% |25-50% |50-75% |75-99% | 100%
Manual work 2% | 22% 22% 24% 27% 3%
Semiautomated 5% 59% 20% 10% 5% 0%
Fully automated 30% | 47% 18% 2% 4% 0%
Distribution of responses regarding percentage of product types
0% | 1-25% | 25-50% |50-75% |75-99% | 100%
Custom-ordered products 9% 43% 12% 7% 14% 16%
Standard products with variants 16% | 24% 21% 12% 22% 5%
Standard products without variants | 45% | 29% 7% 14% 2% 3%
Distribution of responses regarding percentage of production policies
0% | 1-25% |25-50% |50-75% |75-99% | 100%
Make-to-stock (MTS) 38% | 36% 13% 9% 4% 2%
Assemble-to-order (ATO) 50% | 20% 13% 5% 11% 2%
Make-to-order (MTO) 5% | 29% 13% 11% 25% 16%
Engineer-to-order (ETO) 43% | 41% 5% 7% 4% 0%
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Ca > 0.7 as suggested by Kline [31]. Therefore, as the measured variables have a
combined Cronbach alpha value of 0.831, the consistency of the data is considered
adequate. Furthermore in order to assess the normality of the data, the Kolmogorov-
Smirnov test and Shapiro-Wilk test were applied. All data appeared non-normally
distributed for both the Kolmogorov-Smirnov test p < 0.05 and Shapiro-Wilk test
p < 0.05; therefore, nonparametric statistics were selected for subsequent data
analysis. The aim of the data analysis is twofold. First of all, the most critical barriers
toward development of changeability and reconfigurability have to be identified,
represented by the prerequisites that in the survey were indicated as having the
lowest degree of presence. The relative importance index (RII) in Eq. 1 was applied
for this in order to rank each prerequisite from 0.0 to 1.0, as used previously by
Larsen et al. [32] and Lindhard et al. [33]. In Eq. 1, W; is the total sum of each
measured variables’ assigned values; A is the highest weight in this research, being
five; and lastly N is the total number of respondents for each measured variable.

5
Zi:l Wi
AXN

RII = (D

Secondly, significant differences in the presence of prerequisites across different
industrial settings were explored, by applying the Kruskal-Wallis test for significant
differences between measured variables and group variables. The grouping variables
represent background variables indicated in the survey, as described in Sect. 3.2. As
the data were well above the minimum sample size, 22 respondents with o = 0.05
[34], the asymptotic method optimized with Monte Carlo (10.000 simulations) was
applied. Lastly, post hoc tests were conducted using the Mann-Whitney test and
Bonferroni correction, in order to ensure that type I errors did not work up more
than 0.05.

4 Survey Results

In Table 4, a ranking of the investigated prerequisites for development of changeable
and reconfigurable manufacturing is presented, based on the survey results and the
RII calculations. The prerequisite with the highest rank (PRE1) represents the most
implemented prerequisite, having the highest value of agreement with the statements
presented in the questionnaire and thus the highest RII.

In Table 5, the results of the Kruskal-Wallis test are presented. The tested
null hypothesis, being no significant differences between respondent’s background
information and the degree of presence of the prerequisite, was rejected in three
cases, if considering both the asymptotic and the Monte Carlo results.

In Table 6, the results of the Mann-Whitney test are presented. In addition, Fig. 2
depicts box plots for the combinations of measured variables and the groups of
respondents appearing to be significantly different. In the plots, some outliers are
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Table 4 Relative importance index (RII) and ranking of measured variables

Measured variable Variable ID |n | RII | Ranking
We are focused on reusing production lines and PRE1 59 10.78 |6
equipment across the product program or for new

generations

In our development activities, there is strong PRE2 57 10.66 |3

coordination between production system development
and product portfolio development

We apply a long-term view on investments in production | PRE3 58 10.71 |4
capacity

We apply a structured and well-documented production PRE4 57 10.63 |2
system design process

We have sufficient knowledge on how to develop PRES 57 10.61 |1
reconfigurable production

Families of products and parts can be identified within PREG6 58 10.76 |5

our product program based on various similarities

Table S Kruskal-Wallis tests for significant differences between background variables and mea-
sured variables

Measured variable Assump. | Monte
Grouping variable (independent) | (dependent) no|x? sig. Carlo sig.
Industry in which the company PRE2 57 116.374 | 0.059 0.034
operates
Percentage manual processes PRE3 57 |8.765 0.033 0.028
Percentage of semiautomated PRE3 57 16.244 |0.012 0.013
processes

present for groups of background variables; however, as the data tests are based on
an indexed ranking of the data and not the absolute values, outliers have not been
removed.

5 Discussion

The results of the survey indicate that the investigated prerequisites for develop-
ing changeable and reconfigurable manufacturing generally are only rudimentary
existing in the responding manufacturing companies. In fact, an average RII
across all six prerequisites (0.69) does not indicate a general agreement about
the enablers being present in the companies. Thus, it appears that the investigated
companies still lack fundamental organizational capabilities in terms of developing
and realizing manufacturing changeability and reconfigurability, being critical
enablers for efficient mass customization. The least present prerequisites appeared
to be knowledge and skills of employees regarding reconfigurable manufacturing
system design and the application of a structured and well-documented system
design process. These findings are in line with previous, however sparse, research
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Fig. 2 Box plots of measured variables and group combinations appearing significantly different
in the Mann-Whitney test

on the topic, stating that the design and development of manufacturing in general
tend to be rather ad hoc and less systematic or well-documented [20, 35] and
that industrial knowledge and consideration of reconfigurability and design of
reconfigurable manufacturing remains limited [35, 36], e.g., in terms of types of
changeability, reconfigurability, and flexibility and lack of design methodologies
for changeability that are readily applicable in industry [14, 24, 26]. This can be
argued as representing a major barrier toward the development and implementation
of changeability and reconfigurability in industry, as changeability increases the
complexity of the design process and requires initial thorough consideration of
requirements, e.g., functionality and capacity changes and corresponding suitable
enablers [24, 25, 35]. Thus, design for changeability cannot be sufficiently supported
by unstructured or traditional approaches to production development, which appears
present in the investigated companies. On the contrary, the most present prerequisite
was in the survey indicated as being focused on reusing production lines and
equipment for multiple products and new product generations, which represents a
complete life-cycle or holistic view on production. Likewise, the survey findings
suggest that the existence of product or part families for customized flexibility is
one of the most present prerequisites in industry. These findings support previous
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case-study findings by Rosi¢ and Sifsten [35], indicating that customization of
production flexibility is considered to higher extent in production system design than
other characteristics of reconfigurability. However, in order to successfully design
and develop changeable manufacturing systems, support for determining the right
degree and type of changeability remains treated only to a limited extent in research
[24].

The presence of the various prerequisites was found to be contingent on the man-
ufacturing setting, as both the industry in which the firm operates and the degree of
automation were indicated as background characteristics with significant differences
in prerequisite presence among group combinations. First of all, the correlation
between production system design and the product portfolio development appeared
more present in companies within the electronics industry than in the machinery and
plant engineering industry. A strong coordination between products and production
is important when designing for changeability, as the process and technology
platform should be continuously matched with the product and its features, in order
to efficiently provide flexibility and capacity as needed and reuse rather than replace
equipment [11, 25]. Evidently, the criticality of this increase with the rapidness
of new product introduction and decreasing product life cycles is a considerably
dominant characteristics of the electronics industry. Likewise, this strong simulta-
neous consideration of product and production development appeared more present
in the steel and metal processing industry than in the food processing industry. A
possible reason for this can be found in the consideration and implementation of
mass customization and personalization in the food industry, which is developing,
but far from common practice [37, 38]. Thus, in the food processing industry, the
need for rapid change of production processes and technologies in accordance with
product changes is less dominant, due to reliance on established processes, large
batches, and no product customization [37]. Nevertheless, the potentials in future
customization of nutrition and food products are promising, which indicates that
changeability and reconfigurability are viable options in this type of industry that
requires further research.

The second prerequisite which was found significantly different in terms of
presence in different industrial settings is the existence of a long-term view on
investments in production capacity, which appeared less present in companies with
highest degrees of manual work, as well as less present in companies with low levels
of semiautomated production processes. Having a long-term view on investment in
production capacity is fundamental in terms of enabling physical capacity scalability
and reusing capacity across the product portfolio, e.g., products in mature, declining,
or introductory phases. Evidently, hard scaling of capacity is required to higher
extent in settings with a high level of automation, whereas logical scaling of capacity
in terms of workforce and working hour changes is required in settings with a
high degree of manual work [11, 39]. Thus, the findings of the survey support this
and indicate that enablers of changeability, e.g., scalability, convertibility, etc. [18],
which can be differentiated based on physical and logical appearance [18], are not
widely applicable in all industrial settings, however, being treated only to a limited
extent in design methodologies for changeability and reconfigurability [24, 40].
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In order to extend the findings reported in this paper, further generalization
beyond Danish industry is required, which is dominant in this survey. It is expected
that the readiness and degree of implementation of changeability, reconfigurability,
and smart factories may be higher in some industries, which are not highly
represented in this survey, e.g., the automotive industry. Increasing the sample
size to covering more responding companies from this type of industry will likely
lead to different conclusions than reported here. However, as previous research on
changeability and reconfigurability tend to focus particularly on the automotive
industry [22, 35, 41, 42] or the electronic industry [10, 43], the importance of
covering other industrial settings and providing wider and generalizable empirical
evidence should be emphasized.

6 Conclusion

In this paper, prerequisites and barriers for the development of changeable and
reconfigurable manufacturing were investigated, as an important organizational
foundation for further transitioning toward smart factories and cyber-physical
reconfigurable manufacturing systems that enable new levels of efficient product
customization and personalization. An industrial survey was conducted, in order
to explore the presence of critical prerequisites for development of changeability
and reconfigurability and their contingency on the type of industrial setting. The
collected survey data cover primarily Danish companies, however, representing both
large enterprises and SMEs in a wide range of different industries. The main findings
are:

e The different prerequisites are in general only rudimentary existing in the
responding companies, and the least existing prerequisites are knowledge and
skills regarding reconfigurable system design and the application of a structured
and well-documented system design process. This should be considered as major
barriers toward an industry transition toward manufacturing systems enabling
affordable customization, variety, rapid product introduction, and small lot sizes.

» The presence of prerequisites of changeability and reconfigurability is contingent
on the industry in which the firm operates and the degree of automation utilized
in production.

¢ Correlation between production system design and the product portfolio devel-
opment was more present in companies within the electronics industry than in
the machinery and plant engineering industry, as well as more present in the steel
and metal processing industry than in the food processing industry.

e Having a long-term view on investment in production capacity, which is fun-
damental in terms of enabling capacity scalability and reuse across the product
portfolio, appeared less present in companies with highest degrees of manual
work, as well as less present in companies with low levels of semiautomated
production processes.
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The findings indicate that changeability and reconfigurability are not universal
capabilities being equally important in all types of manufacturing settings, as the
objective, e.g., being able to physically scale production capacity, appears to differ.
Consequently, further research on changeability and reconfigurability should focus
on capturing significant differences in application and enablers across industrial
companies, in order to sufficiently support an industrial transition. Furthermore,
focus should not only be on the fast-evolving technical features of cyber-physical
reconfigurable manufacturing systems but also organizational and management
aspects related to transitioning from traditional and more dedicated factories to the
smart and highly changeable factories that capture the essence of Industry 4.0 and
realize mass customization.
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3D Avatar Platforms: Tomorrow’s m)
Gateways for Digitized Persons G
into Virtual Worlds

Dinu Dragan, Zoran Anisi¢, Srdan Mihi¢, and Vladimir Puhalac

Abstract 3D avatar platforms are tools for offering customer services for produc-
tion, distribution, and consumption of 3D avatars as a product. In this way 3D avatar
platforms will become essentially a virtual home for realistic 3D avatars that can be
used to explore virtual worlds that are a part of the platform or can be used as a
“vehicle” for visiting virtual worlds on different platforms. Research on existing 3D
avatar platforms is described in the paper, alongside their capabilities, tools, and
the virtual worlds they offer. A 3D avatar platform showcase was developed for
CeBIT 2017 as a proof of concept, and it will be used in the future as a gateway
for digitizing persons into virtual worlds. The paper conceptualizes the possibilities
and features of future 3D avatar platforms.

Keywords Human 3D scanning - Web platforms - 3D content - 3D avatars

1 Introduction

An avatar is a graphical representation of a person. It can be three- or two-
dimensional. An avatar can be a realistic, fateful, representation of the person in
question, a cartoonish look-alike, or even an entirely fantastic representation that
looks nothing like the person behind it. Avatars can be produced using various 3D
full-body scanning technologies, using photographs, and/or using 3D/2D modeling
and graphical software tools. The avatar continuum varies from the simplest static
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representation to fully articulated (dynamic) avatar that can be controlled by a
person in real time or by Al [1]. The term “3D avatar,” if not otherwise indicated, is
used in the paper to represent a dynamic, articulated, 3D avatar. The main focuses
of the paper are 3D avatars that are realistic representations of a person and web
platforms that cover all three parts of 3D avatar life cycle: production, distribution,
and consumption. The 3D avatar production phase covers all the processes needed
to produce an articulated realistic 3D avatar. The distribution phase covers services
for distribution of 3D avatars to the customers. The consumption phase includes
software tools, 3D applications, and various contexts in which produced 3D avatars
are exploited and used.

3D avatars are widely used, and their utilization is constantly growing as they
are appealing and beneficial on many levels [2, 3]. From a simple personal curiosity
regarding one’s own 3D representation especially in virtual worlds, through every-
day leisure activities such as entertainment or shopping, to the very beneficial such
as fitness or health [4]. The use of 3D avatars in entertainment, social interaction, or
even learning is nothing new but was long dominated by generic avatars (modeled
by an artist or created procedurally through an implementation of an algorithm)
that in the best cases it only resembled the persons they represented, and in most
cases they were inaccurate representations be they abstract, fantastical, or merely
inaccurate.

Technologies for producing realistic 3D avatars are becoming more and more
available and affordable, and so the need for realistic 3D avatars is increasing.
Already there are several developed technologies that provide full human body
scanning and the production of a realistic digitized 3D representation. Consequently,
there are companies of various sizes that provide scanning services to customers.
Usually, production and distribution are integrated into one system, and the same
company provides both. There are, however, situations where this service is
provided by B2B partnerships wherein one company produces content while the
other is in control of content distribution such as [5].

Providing all of these parts as a single customer service represents the next
logical step in the 3D avatar business. Customers expect to receive their avatars
in the easiest possible way and to have them available on all of their devices.
Further, when they do receive their avatars, the question of what can be done
with them arises. The amount of available content making use of realistic 3D
avatars is constantly increasing, and it is going to increase even more with time.
Already partnerships are being established between companies providing scanning
services and companies providing content which makes use of the resulting avatars
such as virtual worlds. One such example is partnership between Doob Group
AG [6] and High Fidelity [7]. Doob Group AG is a German company providing
full body scanning services with offices in Europe, the USA, Asia, and Australia.
High Fidelity is a US company that provides a next-generation social virtual reality
platform. This type of partnership shows both the possibility of and the need for
creating a comprehensive 3D avatar platform.

3D avatar platforms are tools for providing customers with all three parts of
3D avatar life cycle as a single service. Not only can the customer order their
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realistic 3D avatar and receive it, but the customer will also be provided with
integrated tools and content suitable for that same avatar. In this wise 3D avatar
platforms will become essentially a virtual home for customers’ 3D avatars that can
be used to explore virtual worlds on the platform itself or as a “vehicle” for visiting
virtual worlds on different platforms. In this paper all parts of a 3D avatar platform
will be explored. This paper is a continuation of the previous work on describing
technologies involved in human scanning and avatar production [4, 8].

The structure of the paper is as follows. In Sect. 2 research on existing 3D avatar
platforms is described regardless of what part of realistic 3D avatar life cycle they
are implementing. An avatar platform developed by authors for CeBIT 2017 as a
proof of concept is described in Sect. 3. This platform is capable of being used in
the future as a gateway for digitized persons into virtual worlds, and it is planned that
it will be used for that purpose. In Sect. 4 the concept of a full 3D avatar platform
covering all three parts of realistic 3D avatar life cycle is explored and described.
Sect. 5 concludes the paper.

2 Background

A simple architecture of a 3D avatar platform (whose building blocks correspond to
the parts of the realistic 3D avatar lifecycle) is presented in Fig. 1. There are many
examples of commercial systems implementing some of the parts described in Fig. 1
and companies providing corresponding services. However, to the best of authors’
knowledge, there are not many systems, aside from their own work, that provide
complete coverage of the realistic 3D avatar life cycle. Also, it is not the goal of
this section to present a thorough and complete description of every system that is
related to the avatar business, but rather to present an overview of systems that cover
services that should be included in a comprehensive 3D avatar platform. These are
systems that are the most eminent and that were actual inspiration for building an
avatar platform.

3D avatar consumption 3D avatar distribution
3D model (static avatar) nggmg‘,fretnpolo.gy' Bul!dmg o8 -
; (preparation for building motions (dynamic 3D
production -
dynamic 3D avatar avatars)

3D avatar production

Fig. 1 A simple architecture of 3D avatar platform
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Fig. 2 Steps in realistic 3D avatar production and produced results

The production of realistic 3D avatars is not simple and consists of several steps,
Fig. 2. The first step is the production of an accurate 3D model of a person’s
appearance. This is the static 3D avatar. It is possible to produce a 3D model of
a person using modeling tools such as iClone [9], MakeHuman [10], Marvelous
Designer [11], or more general tools such as Maya, 3D Studio Max, and ZBrush
[12], but a lot of skill and time is required to achieve an accurate representation of a
person. It is too expensive to make it feasible for the mass market and the common
consumer [13].

3D scanning techniques are used to acquire data from which 3D model will be
produced. There are many techniques for full human body scanning [8] such as laser
triangulation scanning, structured-light scanning, time-of-flight scanning, multi-
view photogrammetry systems, MRI, etc. Scanning data are used to produce an
accurate 3D model of a person’s appearance. This is achieved either automatically
or semiautomatically, but either way in a much shorter time and with far less expense
then when the model is created by a character artist/animator. Unlike 3D models
produced with 3D modeling tools, the results of 3D scanning are completely fateful
representations of persons scanned. The correspondence is akin to that between
paintings and photographs, with the 3D scan-derived model taking the place of the
photograph.

The 3D avatar platform proof of concept described in this paper is based on a
multi-view photogrammetry system [14]. The principle behind photogrammetry is
to take multiple images of the same object (the more overlap between images, the
better the result) and then automatically register common points in each image. The
position of the points in 3D space is then calculated, and the point cloud is refined
and built. The 3D model and its texture are produced from the point cloud and the
scanned images. More images of a higher resolution usually lead to denser point
clouds and sharper textures with more detail. This all adds to the accuracy of the
person’s 3D representation. A typical photogrammetry scanner setup similar to the
one used in CeBIT 2017 is shown in Fig. 3.

The next step after the creation of a 3D model is preparing the model for
animation. For a person to be able to control the 3D avatar, proper animations of
avatar actions have to exist. 3D avatars are usually animated using skeletal animation
techniques [15]. When using this technique, the avatar is represented by its surface
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Fig. 3 Doob Group AG’s
photogrammetry scanner —
DOOBLICATOR 2.0 (Image
courtesy of Doob Group AG)

P

(static 3D model) and a hierarchical set of interconnected bones (called the skeleton
or rig). The process of fitting skeleton inside a static 3D model is called rigging. In
addition to rigging, skinning is also applied. Skinning defines how the input motion
deforms the surface of the static 3D model. Sometimes, if necessary, additional
processing of the static 3D model is needed to achieve more natural movement. One
example of such post-processing steps is re-topology [16] where the generated static
representation of the model is reconfigured so as to describe the same surface but
with polygons better suited to animation. These steps can be achieved manually,
semiautomatically, or automatically. The result, from an aesthetic perspective, is
achieved by manual processing using tools such as Autodesk Maya, 3D Studio
Max, or ZBrush. However, very good competitive results are achievable using
semiautomatic tools such as Adobe Mixamo [17] which also supports character
modeling. Automatic rigging/skinning and re-topology are still in development, but
even the preliminary results are promising [15].

Also, for character rigging to work (especially in automatic and semiautomatic
rigging), it is necessary that the 3D model should come in a certain predefined
pose. The A-pose and the T-pose are commonly used (Fig. 4). This also means
that customers cannot be scanned in any kind of pose but in one of the predefined
poses. From the perspective of space efficiency (how much space a customer and
consequently the scanner chamber take up), the A-pose is considered better than
the T-pose. From the perspective of animators, the T-pose is better as it simplifies
rigging and skinning.

The last step in 3D avatar creation would include the animation of all of the
avatar’s actions. The 3D avatar is animated through complex manipulations of the
avatar’s skeleton. 3D avatar animation are produced manually, semiautomatically,
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Fig. 4 A-pose and T-pose examples

or automatically using the same software tools that are used for 3D avatar rigging
[16] or using complex motion capture tools such as Blade for VFX | Vicon [18].
This part of avatar production depends strongly on the avatar consumption part of
the platform. Meaning, if someone wants to integrate their avatar into a computer
game, the 3D avatar has to support all the actions and “moves” required from a
character inside that game.

All three parts of 3D avatar production can be integrated into one service, but
commonly, they are divided. For example, Shapify [19] supports a full human
body scanning system and supports the 3D printing of a person’s figurine and also
supports the purchase of person’s static 3D model. However, they do not support the
next steps of avatar production. On the other hand, Mixamo supports automatic 3D
model rigging and a plethora of predefined character animations that can be applied
onto the resulting rig, but they do not offer the production of realistic 3D avatars.

The distribution part of an avatar platform implies a web shop that enables
customers to purchase different aspects of their 3D avatar, or, eventually, somebody
else’s avatar. At the moment there are systems that enable customer to purchase
or download free of charge different static and dynamic 3D models including pre-
created character animations such as Free3D [20] and CGTrader [21]. Also, there
are social platforms for creation, presentation, and sharing of 3D content such as
Sketchfab [22]. Full body scanning company Ten24 [23] offers various static 3D
avatars for purchase and download [24]. It should be noted that customers are
not purchasing just their own avatars, but also avatars of other persons. Full body
scanning company IIID.me [25] offers various figurines of customer’s avatar for
purchase. IIID.me is also preparing different avatar services for their customer in
the future such as virtual dressing, rigging, and game export.
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There is a staggering amount of content for 3D avatars in general, and every day
a new content is specifically devised and created for realistic 3D avatars. Realistic
3D avatars in general [4] can be used in medicine, fitness, education, fashion,
entertainment, etc. Beside these classic examples of avatar use, there are platforms
and services that provide virtual worlds users can dive into with their realistic 3D
avatars. Examples of these platforms are High Fidelity, Second Life [26, 27], and
Blue Mars [28]. High Fidelity also offers users to create their own virtual worlds, to
invite and share them with the other users.

3 CeBIT 2017 Avatar Platform Showcase

CeBIT 2017 (Doob) avatar platform is the result of cooperation between Doob
Group AG and Vodafone for CeBIT 2017. It is a showcase of 3D avatar platform
potentials and part of Vodafone’s Smart Cities: GigaCity initiative, cloud, and
hosting [29]. The platform implements the production and distribution part of 3D
avatar life cycle with intention of extending the platform to cover the consumption
part in the future. It demonstrates Doob Group AG’s capability of providing
services in full body scanning, automatic 2D to 3D data conversion, and automatic
production of articulated 3D avatars.

The architecture of Doob avatar platform is described in Fig. 5. Central to
the entire platform is data system which handles data storage, processing, and

B Full body
scanner

3D avatar
production

customer

Administration

User
dashboard

CEBIT2017 avatars

customer

Fig. 5 The architecture of CeBIT 2017 (Doob) avatar platform
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distribution. The scanned data is stored in the platform data system. The arrival
of new scanned data automatically triggers 2D to 3D conversion processing which
is followed by automatic avatar production. Both resulting 3D avatars, static and
articulated, are stored in the platform’s data system. On demand, 3D avatars are
presented to the platform users.

The production of 3D avatars using the Doob avatar platform is done in several
steps:

1. Customer comes to the scanning site and registers with the platform with the help
of an administrator using the platform administration panel (Fig. 7).

2. The customer is scanned using Doob Group AG’s own proprietary scanner
named DOOBLICATOR™. Scanning data acquisition is handled by Doob Group
AG’s proprietary software and then uploaded into the platform data system.

3. The scanned data are processed (Fig. 5), and 3D avatars are produced using Doob
Group AG’s proprietary software.

4. The customer views his/hers 3D avatar on the avatar platforms dashboard
(Fig. 7).

Obviously, the frontend of the Doob avatar platform has two operational
modes:

* Administration mode, implemented through the administration panel (Fig. 6)
* Distribution mode, implemented through the dashboard (Fig. 7).

Which operational mode will be active depends on the type of user that is logged
onto the platform. The platform login page is presented in Fig. 8.

The administration panel handles user registration and user accounts in general. It
enables administrators to monitor processing of scanned data and avatar production.

doob

Fig. 6 Administration panel of CeBIT 2017 (Doob) avatar platform (Image courtesy of Doob
Group AG)
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Welcome

Viadimir

Fig. 7 User dashboard of CeBIT 2017 (Doob) avatar platform (Image courtesy of Doob Group
AG)

doob

o doob

Fig. 8 Login panel of CeBIT 2017 (Doob) avatar platform (Image courtesy of Doob Group AG)

It reports to the administrator when production of an avatar is finished and signals if
there are any errors. Administrators can preview customer’s 3D avatars and search
through the customer base. The administrator platform can be used to communicate
with customers.

The dashboard represents the user’s view of the platform. The user is presented
with their 3D avatar. At the present, the user can interact with their avatar only
in a simple way by rotating and zooming the scene. Due to a contract agreement,
only the static avatar is presented to the user. Beside the avatar itself, the user is
presented with informational content describing future possible uses of 3D avatars
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in entertainment, health, and fashion. In the future a much richer dashboard will
be available to users. It will offer an articulated 3D avatar and several types of
interactions with the avatar such as making the avatar move, jump, and similar.

The avatar platform from CeBIT 2017 is a showcase of the platform and therefore
does not support any type of monetization. Thus, the download of a customer’s 3D
avatar is not supported. But the possibility to add web-shop features (purchase and
download) is very easy, because the platform has been designed with this feature
in mind, and the support for this is already built into the system. At the moment,
customers can only order 3D printed figurines of their 3D avatars, using another one
of the Doob Group AG’s services.

An important feature of the dashboard is that it is built using responsive user
interface technology [30]. The customer can use any type of device to view their
avatar. This is important because handheld devices represent a huge market and
most people interested in 3D avatars are also using smart phones. On CeBIT 2017
virtually every customer asked whether they can view their avatar on a smartphone.
From a marketing perspective as well as one of overall user experience and
satisfaction, it is good that users can view their avatars promptly, and that they do
not have to wait to get home or somewhere else where they have Internet connection
and a PC. With the right logistics, such as a cloud-based computer infrastructure, the
Doob avatar platform can produce 3D avatars in no more than 5 min. This means that
after the customer is scanned, and after a pleasant talk with Doob promoters and/or
after reading some promo-material, the customer will receive a message stating that
the 3D avatar is ready. The message contains a link to the platform dashboard and
the customer’s 3D avatar.

The front-end part of the avatar platform is built using standard web-based
technologies. Most importantly, the database is built with the future in mind
supporting both vertical and horizontal scalability. It is also built to support data
mining and big data search engines. At the same time, Doob Group AG’s proprietary
software implements 2D to 3D conversion and articulated 3D avatar production.
This software is implemented to support processing on a single computer, computer
network, or on computer cloud system. This represents a remarkable foundation that
will allow the Doob avatar platform to become a real gateway for digitizing persons
into virtual worlds.

4 3D Avatar Platform Generalization

To fully become a gateway for digitizing persons into virtual worlds, a 3D avatar
platform has to offer 3D avatar production, distribution, and consumption services.
As the background section demonstrated, integration between the first two services
and the third is lacking, especially in the case of realistic 3D avatars.

There are many applications that use generic 3D avatars [4]. The most notable
are of course computer games and entertainment applications. It is not possible to
clearly categorize applications using 3D avatars as the difference between them is
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Fig. 9 Categorization of services that a 3D avatar platform can provide

not clear cut. For example, an online 3D computer game such as World of Warcraft
and online virtual world service such as Second Life do not differ much. Although
the focus of the online games is on gaming and actions performed by the players
through their 3D avatars, a lot of social interaction is still taking place. In much the
same way, the focus of virtual worlds is social interaction, but the tenants of those
worlds are also performing many actions through their avatars such as, walking
and dancing. One possible categorization of services that a 3D avatar platform
can provide is presented in Fig. 9. In time a 3D avatar platform could include a
proprietary version of each of the applications and categories.

As many 3D avatar applications already exist, the first logical service a 3D avatar
platform could provide is an avatar export service. This means that customer could
purchase a version of his/her 3D avatar specifically rigged for the given 3D avatar
application. As this type of services usually implies a partnership between the 3D
avatar provider and 3D avatar consumption service, a connection could be made
between the 3D avatar platform and that service, which will transform the 3D avatar
platform into a portal (gateway) to the 3D avatar consumption service.

The second logical step is to provide avatar upgrade/modification service.
Customers will be offered tools which they could use to transform their 3D avatars
into anything they like. They could dress them, transform them into fantastic beasts
or superheroes, modify their hair style, and similar. Each of these modified 3D
avatars could be used in other parts of the 3D avatar platform and sold individually.

The third step in upgrading the 3D avatar platform is to provide its own content
for 3D avatar consumption. This can be different applications for different types
of devices ranging from desktop computers to handheld devices. The first thing
that comes in mind are computer games that can, but do not need to, have a social
character. These are the applications that can be provided directly to the customers.
They can be completely free for the customers of the 3D avatar platform but
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with intention to represent content for consumption of the 3D avatars created by
customers. The actual game could be free, but the modification of the 3D avatar
could be charged. Different types of promotions could be used such as player rating
or “collect-them-all” announcements, to motivate customers to create more content.

A 3D avatar platform could also offer applications for B2B partners. The
applications would be tailored and branded for the specific business partner, and
access would be allowed only to the customers of the business partner. These
applications could provide a way for the promotion of the business partner, but the
application could also be a tool for expending the business of the partner. The range
of the possible applications is quite big. It is possible to offer applications for the
entertainment industry (movie and game industries), fashion industry, but also for
medicine and education. For example, 3D avatar platforms are natural partners of
the fashion industry, because they could offer virtual fitting rooms and human body
measurement tools.

Many of the applications can be coupled with VR (virtual reality), AR (aug-
mented reality), and MR (mixed reality) devices such as Microsoft HoloLens and
Microsoft Kinect. Imagine what can be all done with 3D avatars in an application
that supports these devices. For example, one such application would be a virtual
tennis instructor. The user’s instructor could be a realistic 3D avatar of Novak
Djokovic. He would show the user some move, and then the user should repeat.
If the user did the move incorrectly, the application would simultaneously display
the user’s avatar doing the move correctly and incorrectly. After the user learns all
the moves, they could have a match with Novak Djokovic’s realistic avatar.

3D avatar platforms could also incorporate virtual worlds of their own or even
tools that would allow their customers to create worlds for their 3D avatars.
It is possible to build a social network around these virtual worlds and a 3D
avatar platform. With scanning technology becoming more and more available and
common, the 3D avatar platform could probably gain a significant number of users.
With a large user base, it is possible to gather enough data to support personalized
sales and marketing, data that could be sold to advertising companies. For example,
imagine a situation in which a user of a 3D avatar platform has expressed interest
in the merchandise of some sportswear company, or in which all their friends on a
social network, bought new sneakers from that sportswear company. That user logs
into the 3D avatar platform and sees their personalized advert — an avatar running in
these new sneakers.

The technology for all these 3D avatar platform services already exists. Many
individual applications are already available or only a step away. Most of the existing
applications use generic avatars. For example, the tennis tutor from the previous
example would probably use Novak Djokovic’s avatar created by a character artist.
It would be a near perfect digital representation of the tennis superstar. But the user’s
avatar would be either generic or generated based on several predefined parameters.
The cost of creating realistic 3D avatars for users by character artists is too high.
However, the cost of creating a user’s realistic 3D avatar using a 3D avatar platform
would be comparatively much, much smaller and the entire process would be faster.
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The amount of applications for 3D avatars and services of 3D avatar platforms are
only going to increase with technology becoming more common and with 3D avatar
platform utilization increasing. It is to be expected that 3D avatars will become
peoples’ virtual representatives on the Internet.

For the end of the section, we will share a vision of a possible future by one of
the authors. A user logs into a 3D avatar platform and he/she goes to the 3D avatar
platform’s application section. There the user starts a furniture shop application
from one of the B2B partners. Using their mobile phone, the user scans their room.
The user removes their old armchair from the user’s virtual room using a 3D avatar
platform tool. Through the smartphone, the user sees the room without the armchair.
The user browses the furniture shop and chooses a new armchair for the room.
He/she manipulates the chair as needed and places it into the virtual room. Then
the user walks their avatar into the room and tries the armchair. In this way the user
is virtually trying new furniture for free and without putting any physical effort into
it. After the furniture application, the user starts an application from a prominent
clothing brand. There they get suggestions in buying clothes that match the color
and texture of the new armchair. The user’s avatar is immediately dressed in the
suggested clothes and even shown siting in the new armchair. This is an example
how 3D avatars, 3D avatar platforms, and VR/AR/MR technologies are going to
transform our future.

5 Conclusion

3D avatar platforms represent an online ecosystem for realistic 3D avatars. In the
paper the concept of a 3D avatar platform is introduced, and all the parts of a 3D
avatar platform are described. An example of a 3D avatar platform is detailed, one
with the potential to grow into a full platform that covers all three phases of the
avatar lifecycle: production, distribution, and consumption.

The conclusion that can be drawn from the paper is that, although there are
many platforms and services covering one or two phases of the 3D avatar life cycle,
there is no 3D avatar platform covering all three phases. However, the underlying
technology for implementing a complete 3D avatar platform is already available and
becoming pervasive. The first step in providing a 3D avatar platform has already
been taken. Various platforms and services are blending together to provide 3D
avatar production, distribution, and consumption. Also, the relationship between the
various services is by no mean static and linear. Each of these services influences
one another and different services require direct support (sometimes it is simple
format conversion and sometimes it is a very complex feature set).

For CeBIT 2017 a 3D avatar platform was showcased demonstrating the
concepts and possibilities of a 3D avatar platform. This basic platform could easily
be extended to a fully functional 3D avatar platform. In a very short time, it
could be upgraded to support 3D avatar export to different platforms, 3D avatar
upgrade/modification tools, and various 3D avatar applications. Implementing and
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providing these services represent the future direction of the work of the authors
alongside understanding dynamics between the definition, nature, and function of
various services of the platform.
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Automated Processing of Planning )
Modules in Factory Planning by Means e
of Constraint Solving Using the Example

of Production Segmentation

Julian Graefenstein, David Scholz, Oliver Seifert, Jan Winkels,
Michael Henke, and Jakob Rehof

Abstract For the adaption of factories, essential data are required as a basis in
factory planning. Often these data are either stored in some form, at some location,
or on some data medium, respectively, or are not available at all. Preparing these data
for the planning process in a planning-appropriate manner can result in high effort.
In order to counteract this situation, a data warehouse system can be used in the
context of Business Intelligence for initially providing the data in a centralized and
consistent form. The advantages of an up-to-date and consistent data base are shown
by an example of the production segmentation. With the planning of the factory
adaption by means of planning modules, which can be orchestrated individually,
it is possible to process planning tasks automatically or partly automated. A given
example of a vice production, which can be produced in four variants, was used
to show the benefits and explain the approach in detail. Constraint solving, the
modular planning process and the data available in the data warehouse enable the
segmentation to be processed automatically and thus reduce planning time.

Keywords Factory planning - Planning modules - Constraint solving -

Production segmentation - Data warehouse

1 Introduction

Due to emerging and ever-growing circumstances of rapidly changing environment
of producing industry, companies have to face the important challenges of dynamic
and complexity in order to remain competitive. In particular, shortened and more
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dynamic product life cycles force companies to fundamentally rethink and optimize
the reactivity and adaptability of companies and their production systems [1, 2].
Current trends, such as Industry 4.0 and cyberphysical systems, Internet of Things,
or digital shadows of factories itself, suggest solutions to problems and challenges
caused by massive changes in companies’ environment. The interconnection and
broad communication not only between people within a production system but
also between people and machines enable manufacturers to compete with the
aforementioned challenges and allow a variable production focused on variable
products up to lot size one which is mandatory for mass customization [3].
Technologies which can share and process information and interact with the physical
reality are called cyberphysical systems. An example is an automated guided vehicle
(AGV) which can transport material from an individual place to where it is needed.
A worker signals the system that he needs a specific item and an AGV will get
the item to the worker in the shortest way and time [4]. As every thing is talking
to each other in the meaning of Internet of Things, the AGV knows where it can
find the item which is the nearest and then navigates by itself to the item and
the worker. The problem with these solutions of Industry 4.0 is that they are not
directly usable in existing production systems and can only be used out-of-the-box
in special cases and therefore require a considerable effort in implementation [5—
8, 9]. Especially regarding the preparation for the implementation of Industry 4.0
technologies, many companies are still at the beginning [8, 10]. If such technologies
are used, the preliminary step that needs to be completed first in order to cope with
the increasingly relevant challenges is to plan the necessary changes or to adapt the
own production.

The usage and therefore the necessary implementation of such technologies is
one aspect to make mass customization a reality. Before taking the second step,
using technologies like cps and others, one has to make the first step — planning
the system. If there is no production system, which is capable of competing with
the aforementioned challenges in general or no production system at all, the usage
of new technology is irrelevant. In order to prepare existing production systems
to compete with the new challenges and satisfy the customer requirements, it has
to be optimized and adapted for mass customization production. Due to rapidly
changing customer needs and therefore shortened product life cycles, changes of
the production system have to be made in short amount of time.

In the context of the adaptation of existing factories, factory planning plays a
decisive role. To cope with the complexity, the planning process itself has to be
shortened and optimized, respectively, by the use of new planning methods. This
has to be the goal for the near future in order to be as adaptable as possible on
a cost-effective basis. Already through the reorganization or adaptation of existing
production systems, inherent potentials in the system can be used to meet cost-
effectively the challenges. Therefore, new investments for Industry 4.0 technologies
may be avoided in the first place, and the existing resources can be used more
efficiently by reorganizing them.

This paper addresses the challenges in adapting the existing factory and pro-
duction system to new requirements and a new approach to optimize the planning
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process for this adaption itself. To handle complexity, a specific topic was chosen to
demonstrate the possibilities of the new approach. With the production segmentation
as one aspect of factory planning and in more detail the parts family formation, the
new approach of a modularized planning process is shown. This paper first shows
the state of the art of factory planning processes and approaches. It is shown what
problems classical approaches have to compete with and why information is one
of the most important resources in planning. Second the paper presents the new
approach of modularized planning with the support of constraint solving. In the
third part, the specific example of parts family formation is presented to introduce
the fourth part in which the technical computation will be explained. As a fifth and
last part, the following research question will be answered, and an outlook will close
the paper.

1. How can structured information improve planning?
2. Can parts of a factory planning process be automated, executed, and calculated?

2 State of the Art

As already mentioned, shorter and more dynamic product life cycles require
an increased reactivity for an adaptation of existing systems. Traditional and
established factory planning models and concepts are not geared up for the new
challenges and are not dynamic in their structure but are more static through the
sequential processing of specific planning phases [11-15]. In order to ensure the
responsiveness for efficient adaptation planning, more dynamically shaped models
are required, which can be orchestrated according to the individual planning case
and reduce the planning time to the best possible rate. Some more recent approaches
focus on a modularized and standardized process design, in contrast with the tradi-
tional, sequential models, and allow for individually orchestrated planning process
depending on the planning situation [16—18]. The modular design of planning tasks
enables a defined and standardized processing of individual planning processes,
which have a certain degree of individuality because of their defined interfaces and
input and output information in their arrangement in the planning process [18]. The
challenge in planning also includes the optimal combination problem of individual
planning modules to optimize the planning time most efficiently and to guarantee
the highest degree of responsiveness.

The basis for planning are the data of the company which are necessary for
processing the respective planning task, not taking into account if a modular and
dynamic or a sequential and phase-oriented structure is used [13]. The necessity of
a consistent database in the context of factory planning was already stated in the
last decade and created the vision of a concept of the digital factory [19-22]. The
efficient use of methods and tools of the digital factory is only possible if a consistent
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database is also available. Theoretical models, such as VDI guideline 4499 “digital
factory,” presuppose a consistent database in which all necessary or existing
company data are prepared in a data structure — first, to make existing knowledge
available to each participant at any time and second, to make the planning itself more
efficient. This includes the “standardization of planning processes and their results,”
the “reduction of planning costs and times through the reuse of models and sub-
results,” the “increase of planning security through rapid analysis and evaluation
of possible planning alternatives,” and the “elaboration and reuse of best-practice
solutions with regard to models and results” [23]. In contrast to this ideal status of a
consistent database, reality looks different. Often the company data about products,
processes, and general corporate knowledge are found in numerous file versions of
various dates in different formats on a non-specified server and are seldom used.
Only when a project starts, the required data for the actual planning are defined
and have to be processed first, in order to use them properly. In the worst case,
this effort has to be made again for the following project because the data was not
kept updated during the time between the first processing initiated by the project
and the start of the second project. With regard to Industry 4.0, this lack of data
quality and data availability is an obstacle to the use of the associated technologies.
The use of cyberphysical systems requires an information and communication
system, which is able to process information in real time [24—26]. This necessary
prerequisite also offers the possibility to use not only cyberphysical systems but
also to profit from prepared and directly available data during adaptation planning.
In contrast to that, a completely implemented and, in the context of Industry 4.0,
functioning data infrastructure can open up new possibilities. New kinds of data,
generated in real time by several cyberphysical objects and other sensor-equipped
and communicating technologies, can be used to support the planning process.

An updated and consistent database is therefore necessary for efficient processing
of a planning project or adaptation planning. A possible infrastructure for fulfilling
these requirements is provided by so-called data warehouse systems. These systems
store large amounts of data from different sources and formats and can provide them
in a consistent form [27-30]. This offers the advantage of already existing data,
for example, from different departments, without the need to be formatted to the
same formats. In addition, large amounts of data collected over several years can be
processed and made available by using a data warehouse system. A data warehouse
is a tool of business intelligence, which is the umbrella term for a collection of other
IT-based management tools, and has its origins in the 1990s of the last century [31—
33]. The advantage of today’s data warehouses is that they can process a much larger
amount of data compared to the time they were initially introduced, therefore also
gaining more value in the context of factory planning. If the necessary basis for the
planning is centrally provided and prepared at any time, new concepts of automated
planning can be developed and used [32].
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3 Constraint Solving in a Modularized Planning Approach

If the factory planning process is modular, individual planning tasks can be isolated
and processed in parallel, considering the dependencies between the individual
planning modules. Through the additional use of an algorithm in combination with
the underlying data availability, realized by a data infrastructure, such as the already
mentioned data warehouse, these planning tasks can be processed automatically
or at least partly automatized. Therefore, different planning steps of the factory
planning process can be defined as planning modules. These are characterized by a
uniform structure which includes input and output information, global restrictions,
and a module-specific process structure, which is characterized by processing
of different planning tasks. As an example, the production segmentation as one
possible task of factory planning provides a separate planning module within a pool
of numerous additional modules (see Fig. 1) which can be orchestrated individually
to a planning process according to the circumstances of the given planning project.
This planning module for the production segmentation is standardized in general,
which means that defined input and output information are given, as well as global
restrictions. These input and output information and the global restrictions are

Pool of planning modules

rchestrated planning modules

Fig. 1 Pool of planning modules
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referred to as local or global constraints. Depending on the individual module, the
defined sequence for processing the respective planning modules can be split into
further modules whereby each processing step of the defined sequence can be a
separate submodule.

Therefore, the orchestration of the individual planning modules can be carried
out very finely granular, which allows the highest possible degree of parallelization
resulting in a reduction of planning time. Since the necessary input information for
processing a planning module is defined and known, this information is retrieved
from a specific database (e.g., from a data warehouse) and can be used for processing
the planning module. If this input information, which under ideal circumstances
already exists, leads to the desired goal of the processing, the planning system can
perform this processing automatically. If, however, information is missing or found
insufficient, it must be generated by the planner or entered manually into the system.
The planning system supports this interference by the planner and the generation
of the missing information. Since it is known, which aim is targeted, in this case
generating missing or insufficient information, the system can show the planner an
ideal way to generate this information by orchestrating the necessary modules. This
means that the entire planning can be processed in a partially automated manner. All
planning modules, in which the information is sufficiently available, can be edited
by the planning system itself to some extent. Only missing information is generated
by the designer himself. That way, the planner assists the planning system during the
process and even receives support to generate the missing information by the system
itself. These interventions by the planner are considered as creative planning tasks,
which cannot be processed by the planning system. Therefore the role of the user,
in this specific case the planner, is still very important and cannot be substituted by
a planning system. As a conclusion, the mentioned planning system functions as an
assisting tool for the planner and vice versa.

4 Scenario: Parts Family Formation and Cluster Analysis
as Part of Production Segmentation

Being an important component of the structural design, production segmentation is
intended as a specific example of the modular planning system presented. Based on
established methods of vertical production segmentation according to Wildemann,
parts family formation and cluster analysis are done for segmentation using a
fictitious scenario. This scenario addresses the optimization of the production
of a vise using segmentation. By segmenting the production into smaller, more
manageable units, it is intended to reduce throughput times and inventory and to
increase the flexibility [15, 34, 35]. The focused product of the vise includes four
different variants, which shall be produced using a fixed production program. For
enabling various calculations, the applied information and data should be efficiently
integrated as input information for the module “production segmentation.” For
general determination of respective segments, certain information including the plan
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of action, the production program, and parts lists is required. This data can be used
for an automated calculation of parts family formation and cluster analysis with the
help of algorithms described by Debnar, Bruestle, and Kosturiak [36]. The selection
of suitable algorithms can be characterized as a creative, manual task and cannot
entirely be automated [37].

This modular planning system addresses the task of selecting suitable algorithms
and involves the user as support for the decision. Subsequently, the modular
planning system and the underlying framework can perform the calculation of the
respective output information, which finally comprises the respective parts family
formation automatically. The aim of this approach in this scenario is to obtain an
ideal segmentation of the production by means of certain restrictions or global
constraints. In this case, the fixed shift schedules represent a global constraint.
This means that the planning system has to make a segmentation, which is aligned
according to the existing shift schedules. Depending on the shift schedule — either a
one-, a two-, or a three-shift plan — the parts family formation and in conclusion
the segmentation are performed accordingly. Taking into account the available
personnel and the additional consideration of the production program, appropriate
segments can be created. Furthermore, additional costs for night shift allowances
and other aspects can be taken into account. Also conceivable are other global
constraints, such as the available area or the available budget for possible purchases
of machines etc.

S Constraint Solving Basics

In order to be able to orchestrate individual modules to a processing sequence, the
technique of constraint solving as well as combinatorial logic is used. In this section
the concept of the constraint solving problem (or constraint satisfaction problem,
CSP) will be explained. The aim of this part is to find a solution for a specific
problem, which meets all the requirements of the given question.

As a rule, the solution represents a concrete assignment of target variables.
The term “constraint” refers to the conditions and restrictions that apply to these
variables. Those can be predefined value ranges but also relationships to other
variables. For example, the constraint set {x +y=5,X>1,y> 1, x>y} is applied to
the two target variables x and y. Using constraint solving methods, the target x = 3
and y = 2 can be calculated, which fulfills all given conditions. In this example this
is the only solution.

In many cases however it is also conceivable that several solutions exist for a
problem. In contrast to other heuristics or optimization methods, apart from the
question whether the solution fulfills all constraints, no further statements about
solution quality are made. It is not intended to find the best solution possible, but
rather to determine whether a solution exists under the existing restrictions. If this
is not the case, the constraints are contradictory. For the computer-assisted solution
of this kind of tasks, software is already available. The constraint solver “Z3” of the
Microsoft Research Group is used for this approach [38].
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To use CSP techniques for the orchestration of individual planning modules, Z3
is embedded in a software architecture which implements recursive process. The
structure of the architecture is described in the next chapter. The overall process
works as follows: As already mentioned, each module has specific in- and outputs.
That means that each module has specific preconditions that must be fulfilled in
order to execute the module. By executing the module, several post-conditions (that
might be preconditions for other modules) are created.

In order for a module to be processed, all necessary inputs of this module must
be present. The presence of the data inputs can be modeled as a constraint and can
be done either via a Boolean variable or via concrete metric values. If a module is to
be executed, it can be checked via constraint solving whether this module is ready.

For the overall process which is to be orchestrated, a target variable is defined.
After the specification of this target value, a module is determined which can realize
this target value as output. The next step checks whether the inputs of this module
modeled as constraint are present in the database and whether the module can
generate a solution. If a solution cannot be found, it is determined by stepwise
“removal” of individual constraints from the constraint quantity, which leads to the
non-satisfiability of the problem. This means that an attempt is made to compute a
solution while ignoring a constraint.

This makes it possible to derive which constraints constitute the non-satisfiability
of the original problem with complete constraint set. This can be used to determine
which input data of a module is missing in the database of the system. These
missing data are then interpreted as the new target variables of the module, for
which the procedure is repeated. Therefore, again suitable modules are determined,
and the nondetachable input constraint of the original module is replaced by the
input constraints of the newly determined module. Again, an attempt is made to find
a solution under the now-expanded constraint set. The process runs until a solution
has been found, i.e., all inputs are completely covered by the data base. This would
provide an appropriate starting point for a processing cycle.

The module sequence which has been passed up to then corresponds to the
reverse processing sequence. If the constraints of a module cannot be solved in the
course of the procedure, this shows that no processing sequence can be generated
from the existing information in the data base. In this case, no constraint quantity
can be derived from the available modules, for which a solution can be generated,
which then requires intervention by the user. This can either automatically remove
constraints from the constraint set of the problem in order to generate a solution, or
manually enter missing or unpredictable data.

6 Software Architecture

In order to implement the automated approach described in the previous chapter,
a software architecture that supports the entire workflow has been developed. The
architecture is based on the MVC concept (model / view / controller) established in
software development. In this concept, the individual components are implemented
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in separate layers strictly separated from each other. The lowest layer (model layer)
contains the data with which the application works. The controller layer contains the
actual program logic, and the view layer is used for the user interaction surfaces. The
MVC paradigm allows a flexible program design, which ensures the reusability of
the individual MVC modules and complex MVC components as well as a reduced
overall complexity, especially in large applications. The following advantages are
particularly apparent: The application logic is clearly separated from the data model
and the user interactions (Separation of Concern), which allows to use and modify
each software component independently. Existing systems can easily be expanded
by adding new modules and MVC components.

‘We used that advantage by integrating several external and independent software
components into the architecture. The complete architecture is shown schematically
in Fig. 2. The information required for this application is provided in the already
mentioned database and forms the data layer of the MVC concept. At this point,
all available domain information is stored in the form of structured XML files.
Within the XML files, the information is processed in machine-readable form and
is provided with all information relevant to the orchestration process. Figure 3
illustrates an example of such a data block.

The XML files can be modified at any time and adapted to changing conditions.
In order to differentiate between the various data, the database was divided into at
least three different files. Each file contains different categories of information and
constraints. These are parts lists, process sequences, and the production program.
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Fig. 3 Example of the 23 Productionplanner lE]R
XML-Data Model

REPOSITORY ASSUMPTIONS

Pieces Lists

<?xml version="1.0 encoding="UTF-8"?>

<product=
<product-number>
14.075.S-L.100
</product-number>
<assembly>

14.075.S-L.100

</assembly>

Workplans

<?xml version="1.0 encoding="UTF-8"?>
<worplans>
<product=>
<ID=
14.075.5-L.100
</ID>
<setup_time=
0

</setup_time=>

EDIT ‘ ‘ UNDO SAVE

The XML format offers the advantage that it can be read, written, and understood
by both humans and machines. This allows planners to maintain data without the
need for extensive I'T knowledge and without the use of complex modeling software.
At the same time, the format also can easily be generated automatically from other
systems (data warehousing) [39].

The data provided in this way is processed by a parser and loaded into the
application’s working memory. They are available in the form of a dynamic data
structure. By means of a suitable clustering algorithm (see chapter “Datamodels for
PSS Development and Configuration: Existing Approaches and Future Research”),
a parts family formation is already carried out in the existing data. The individual
clustering algorithms are modularly available in the controller layer and can be
freely selected and exchanged. We implemented a universal adapter that allows us
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to add and remove clustering algorithms dynamically as long they are implemented
in JAVA. The user can later choose which algorithm is to be used. There is also
an adapter available that provides the opportunity of adding several individual
optimization functions to the software. These functions are used to calculate the
desired target variable and are to be computed and validated by the Z3 constraint
solver.

In the view layer, the user enters a desired calculation target and some of the
selected conditions by means of a graphical user interface (GUI). The inputs are
then recorded and processed by the controller. The controller then collects the
needed data and the desired clustering algorithm and optimization function to create
the quotations and functions that represents the desired calculation target and the
constraints that exists in the given domain.

If the user wants to calculate, for example, the number of shifts required under a
given number of machines, he specifies this in the interface. The number of layers
is defined as the target variable to be calculated and the number of machines as a
constant constraint. It is also possible to specify the number of machines as a limit
value, which must not be exceeded. In this case, the actual number of machines is
variable, and a concrete solution would then also be calculated. The software now
builds a matching optimization function from the individual modular components.
Let’s assume the user wants to use a very simple optimization function like
{x = (v *amr) + vz * avz) + ... + (omin * amip); min (x)}, where xpyg; = number
of shifts required for a machine Mi and ay; is the number of machines of a certain
type Mi, which are used in the given production program. While each apy is known
by the specified restrictions of the user, each variable xy; must be calculated using
information from the database. As a result, the software substitutes, by means of
knowledge from the data base, each variable to be calculated by a function, which
provides the desired variable as a result. If this function also contains unknown
(and still to be calculated) variables, the procedure for this variable is repeated. This
results in a systematic complex optimization function and a set of several constraints
that covers the entire problem area.

If a variable is found, for which there is no calculation basis for the database,
the planner is informed that he must supply the relevant information. The already
mentioned problem of the nonexistent data basis is partially solved in the current
scenario (XML data available). Although there is information on parts lists, plans of
actions, and shifts schedules, it does not contain the existing machines. Despite the
fact that this information is available somewhere in the company, it is unfortunately
not stored in a central database and processed for use. This missing information can
imply additional, unnecessary effort to implement the data, which could have been
avoided in advance by a consistent data management.

The step by step substitution of variables usually results in a complex function
with several limitations and constraints regarding this function. The function and the
constraint set are then sent to the constraint solver Z3. Z3 now calculates whether
this formula can be satisfied and returns SAT for a satisfiable or UNSAT for an
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Fig. 4 User Interface with Z3 Productionplanner I ElX

validated result
REPOSITORY ASSUMPTIONS

1. Select Workplans

Assembly Pans of the Products

2. Select Parts List

Required Time an Costs of the Products

3. Define Production Period

4. Define Type of Shift Model
@® 3-Shift-Model (24 h/day) (O 2-Shift-Model (16 hiday)
5. Define Personnel Costs

Hourly Rates | 01.01.2018 |EUR/h

6. Define Batch Sizes

Required Amount of Product 14.075.5-L.100 | 100 Pieces
Required Amount of Product 14.075.D-L.100 | 100 Pieces

Required Amount of Product 14.100.S-L.100 | 100 Pieces

Required Amount of Product 14.100.D-L.100 | 100 Pieces

7. Limiting Production Cost

Material and Manufacturing Costs | 10000 EUR

8. Start Calculation

9. See Results

Production is possible under the given Constraints

unsatisfiable formula. If the formula can be fulfilled, a valid variable assignment of
all variables including the target size is output (see Fig. 4). With this solution, the
planner can then continue to work. If the formula is unfulfillable, this means that the
desired calculation target cannot be realized under the given conditions.
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7 Summary and Outlook

The described work illustrates that with the help of a consistent database and a
specific software architecture, the aforementioned planning modules in the specific
scenario can be processed automatically. In the described example the planning
module “production segmentation” was used to clarify the functionality of several
in- and output information of the planning module itself in combination with the
available data and the computing software which answers the second research
question. The lack of information is one of the main problems for the planning
system. Only with the assistance of the user the planning system can work properly.
That clarifies the circumstance that the user and the planner, respectively, play a
decisive role in the presented system. As mentioned before, the data provided for the
whole planning process is crucial and has to be provided in short time. Therefore,
the usage of a data infrastructure as provided by a data warehouse would be suitable.
The ideal case would be a data system that provides needed data in a consistent and
prepared form in real time. This would mean that planning data is always available
at any point, which could drastically reduce time of planning. It also answers the first
research question which was formulated in the introduction. Structured information
can optimize planning time and reduce cost in a very efficient way. Without the effort
to gather data for every new project over and over again, it is possible to start with a
project more quickly. Especially for the usage of the presented modular approach, a
structured database like the aforementioned data warehouse is mandatory.

The presented planning system with the underlying software architecture is
not only suitable for assisting and automatically processing the planning task
“production segmentation.” It works for a wide range of different planning modules,
which can be added to the system. Therefore, the software architecture is also built in
a modular manner. Different modules for optimizing different aspects, like in these
example algorithms for parts family formation and cluster analysis, can be added
with less effort. The decision of whether to choose one or another optimization tool
belongs to the planner. In the future development, the software is also to provide
detailed feedback on the reasons for the nonfulfillment of a function in order to give
the user recommendations for adjustments. Other data categories like 3D data of
the machine pool or the factory building could also be considered to be added to
and evaluated by the system. With this evaluation and the preparation of such data,
respectively, in a form usable for the planning process, it could support reducing the
planning time. With that knowledge, the user and the whole system can be developed
to a further stage of precision.
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A Digital Fabrication Infrastructure )
Enabling Distributed Design G
and Production of Custom Furniture

Andrea Barni, Donatella Corti, Paolo Pedrazzoli, and Diego Rovere

Abstract Thanks to the implementation of advanced technologies within simple-
to-use responsive design interfaces, everyone can now purchase perfect-fit products
from home. This is possible in several sectors, thanks to the great developments
in information and communications technology (ICT) and the wide use of cloud
computing. The furniture sector is yet scarcely influenced by this trend, still lacking
of systems able to translate parametric design libraries in optimally scheduled, ready
to be manufactured projects, correlated by list of operations and specifications for on
time customers’ order fulfilment. This paper aims at describing an application model
of the mass customization paradigm within the furniture sector, focusing on field-
level solutions implemented to create a fully operative “design to manufacturing
in one step” process. The integration of several software tools, market ready or
specifically developed for the need, paved the way for the design of a seamlessly
integrated production system able to manage the complexity of a mass customiza-
tion environment. The proposed IT infrastructure is intended to run distributed
design and production facilities fulfilling the requirements of a highly variable
customer demand both in terms of product requirements and buying experience.
The developed system has been tested within the context of a shopping mall where
the design area and the manufacturing site have been installed for several days.

Keywords Digital manufacturing - Furniture customization - Distributed
production system - Urban manufacturing

1 Introduction

The popularity of mass-customized (MC) products has been growing in both product
and service industries [1], leading to a rising level of expectation from customers’
side. As articulated by Pine in its recent analysis [2], while if we date back to 1993,
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mass customization was considered “the new frontier in business competition”,
today, it is an imperative in industry after industry to discover and fulfil the multiple
markets within each customer.

To achieve such expectations, the value chain has to be tailored to the creation
of an infrastructure supporting the design, proposal and development of customers’
co-created products [3]. In particular, it is necessary to create a seamless process
to satisfy customers’ expectations, typically starting from a digital interface that
directly interacts with the production line enabling the achievement of the same
economies of scale as mass-produced products. In parallel, it is necessary to create
a competitive cost structure compared to non-customized production processes even
if the manufacturing infrastructure becomes more complex. Success in mass cus-
tomization manufacturing is indeed achieved by swiftly reconfiguring operations,
processes and business relationships with respect to customers’ individual needs
and dynamic manufacturing requirements [4]. According to Fogliatto et al. [5], this
can be done leveraging on four main enablers supporting the full implementation
of mass customization (MC) logics: information technologies (IT), manufacturing
technologies, methodologies and processes. In this paper the attention is paid, in
particular, on the first two enablers. Considering the recent developments in the
IT sector, several efforts have been spent in the design and development of sales
configurators and/or configuration toolkits [5—7], software applications meant to
support a customer or a sales person interacting with a customer, to specify the
customization details required to match customer requirements with the solution
space of a company’s mass customization offering [8]. Their fundamental function
resides in presenting a firm’s product offering and guiding the potential customer in
specifying a complete and valid solution [9]. If these tools are provided as an online
mean, usually they enable customers to order customized products online, instead
of printing or sending product configurations to retailers [10].

The information gathered with the sales configurators must be thus structured
and conveyed to the production system, in order to trigger the data management
flows supporting the fulfilment of orders. The required level of integration of the
ICT system is thus particularly relevant for those companies willing to succeed
in products customization. In particular, the so-called horizontal integration is an
integration of machinery so that parts and components are automatically passed
from machine to machine and the machines know either from the manufacturing
execution system or from the part itself what they have to do with those parts or
components [11].

A recent research (2015) of the Boston Consulting Group [12] also highlighted
how Industry 4.0 allows for a faster response to customer needs enabling a new
level of mass customization. Without the adoption of the Industry 4.0, there is a
lack of integration not only among companies, suppliers and customers, but also
departments such as engineering, production and service are not closely integrated.
Vertical integration and horizontal integration are seen as a lever to transform
industrial production towards a higher responsiveness to individual customers’
demand. The exploitation of the Industry 4.0 potentialities is seen as an enabler
of mass customization by Zawadzki and Zywicki (2016) too [13]. They believe
that, in order to overcome the challenge of an effective implementation of mass
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customization, it is necessary to build smart factories relying on smart product
design and smart production control. From the design point of view, they advocate
the deployment of knowledge-based engineer system, whereas for the smart control,
the synchronization of material flow in the production system is considered as
essential.

Factories manufacturing mass-customized product must thus become smart by
setting up flexible production systems able to reconfigure according to the variations
of lot 1 production [14]. Moreover, since customers usually have to wait longer if
they want personalized products, to maintain a competitive advantage, they have to
increase the agility of their production processes [15].

Digital manufacturing (DM) recently raised as one of the technological enablers
supporting the transition towards smart and agile manufacturing [16]. DM consists
in a set of processes and technologies which employ digital algorithms to turn a
digital file into a particular form of structure through either additive or subtractive
operations on physical materials [17]. The process starts with the design of a digital
3D model of the object that is thus manufactured using a machine operated by
computer. Additive processes use technologies that, starting from the digital design,
decompose it in layers that are laid down in a layer-upon-layer fashion to fabricate
the 3D object.

Still starting from the digital representation of the final object, subtractive
processes work by successively cutting material away from a solid block of material.

Digital fabrication is becoming an integral part of mass customization because
of its quick customization capabilities, flexibility, decentralization, cost and its
continuous development. Using a customization platform, users can input their
options and specifications into a configurator. Production processes such as 3D
printing and CNC machining can then develop these models with quick production
times and minimal waste [18, 19].

2 Digital Manufacturing in the Furniture Sector

In the furniture domain, the adoption of digital manufacturing technologies is still
scarce. The market is dominated by two types of business models: companies
manufacturing mass-customized products of different quality level to be sold in
brick and mortar stores and craftsmen realizing personalized solutions fulfilling
specific customer needs.

The grey area among these two solutions is still scarcely addressed. Few
examples come from companies trying to leverage on design of 3D objects, and
digital manufacturing have recently risen. One of these is ATFAB [20], a company
that designs customizable furniture specifically designed to be manufactured exclu-
sively through CNC machine tools. The developed projects are engineered to be
available directly from the buyer, based on settled Fab Lab networks, or selecting
a manufacturer in their own area, connected to the Opendesk platform. In this
way, the company outsources every stage of the production process beyond the
product design, focusing on solutions optimized for this type of model. Two more
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examples that use digital technologies to create customizable/personalized products
are the Opendesk platform [21] and FabHub [22]. Both dedicated to networking
consumers, designers and local producers, Opendesk bases its business model on the
marketing of production projects using digital manufacturing technologies, relying
almost exclusively on products that require the use of wood panels with limited
final treatments and can be made locally by producers in the area of consumers. The
second platform, on the other hand, promotes the access of experienced designers
or consumers, to digital manufacturing technologies, through networking of makers,
workshops, companies and manufacturers offering production capacity or services
based on digital manufacturing technologies.

The examples above represent just few of the recent attempts to build on the
adoption of digital technologies to transfer to the customer the co-creation potential
and maintaining a competitive advantage on manufacturing. As mentioned above,
to achieve these results, the development of a production system able to integrate
digital manufacturing technologies with flexible and agile production techniques
and co-creation toolkits is a fundamental requisite to create a self-sustaining
business model.

Despite relevant efforts in the industrial and academic domain, the implemen-
tation of business models based on mass customization is still very complex.
According to Suzi¢ et al. [23] companies still suffer from a lack of guidelines and
supports that help them in the process of implementing MC objectives, thus limiting
the spreading of such production models.

The aim of this paper is thus to give a concrete support to the ongoing research
by describing the development of a production system relying on the integration of
digital technologies for the manufacturing of customized furniture.

3 A Digital Manufacturing Infrastructure for the Production
of Mass-Customized Furniture

The developed production system is composed of two main components that can
be flexibly reshaped in order to meet different market requirements: a configuration
toolkit, supporting the customization/personalization of furniture, and an automated
manufacturing system relying on CNC technology, enabling lot one production of
customized furniture.

3.1 Overall Architecture

The integration of the configuration and manufacturing systems is carried out
through the adoption of an IT infrastructure (Fig. 1) able to handle automatic
furniture production, starting from the order acquisition of a customized piece of
furniture, down to the machining and delivery management.
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Fig. 1 Software modules constituting the IT backbone of the production system

The IT infrastructure is composed of several software modules, respectively,
addressing product configuration (Configuration Toolkit), execution of CNC
machine orders (Maestro), resource planning (ERP Next), production scheduling
(Frepple) and assessment of environmental impact of developed products
(Assessment Engine). In the proposed solution, the core function of supervising
the overall system, acquiring data from the production systems components and
dispatching them, is centralized in a web application running on cloud infrastructure
called Gateway. The main objective of this tool is to reduce the need of developing
inter-component communication interfaces, centralizing them in a single module.

For each of the aforementioned components, a brief description is proposed
hereunder.

Configuration Toolkit

The adopted configuration toolkit has been designed relying on a Topsolid Wood
configuration platform. The tool is meant to support the definition of the order,
guiding the customer along the process of customization. Receiving as input
customers’ requirements, it provides as output on the bill of materials (BOM) and,
through the embedded postprocessor, generates manufacturing data to be managed
by the CNC machine. In the current architecture of the software solution, the
configurator interfaces only the Gateway component, which also provides to the
configurator APIs for order creation and customers management.

Maestro

The CNC machine adopted has been derived and upgraded to manufacturing
requirements from a SCM Planet P800. Maestro is the SCM proprietary software,
normally running on the CNC, that provides high level interfaces to control
the operation of the machine tool. The instance of Maestro represented by this
component is instead used locally, in batch mode by the Gateway, to mimic the
behaviour of the machine tool, in order to calculate nesting of parts and foresee
machining time. Maestro directly interfaces with the numerical control of the
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machining centre that covers the main tasks of a fully automated woodworking
system module for panels based furniture manufacturing (charging/discharging,
nesting, routing, boring, milling and edge-banding). Gateway feeds numerical
control with part programmes for part machining.

Frepple

Frepple is the scheduler component responsible for the management of the produc-
tion scheduling. It receives form Gateway the list of tasks to be carried out for the
production of the order, calculating production queue and expected delivery times.

ERPNext

ERPNext component acts as the ERP of the developed production system, providing
means to manage all the resources needed for the operation of the mini-factory.
This component is constituted by an instance of the open source module ERPNext
(https://erpnext.com/) tailored to the requirements of the developed production
system, basically addressing the management of customers’ records and orders,
supply chain management and inventory management.

Assessment Engine

The assessment engine is an “in-house” developed software tool responsible for the
assessment of the environmental footprint of the customized product. Through the
Gateway it receives the data related to material of the parts, material of hardware and
edges, operations performed on parts and environmental indicators of the material
suppliers and provides as output a list of environmental indicators characterizing
product footprint.

Gateway

Gateway component acts as the integration layer of the software architecture since
it is in charge of interfacing all the other components controlling the principal order
management processes within the mini-factory.

3.2 Data Management and Production Flow

In practical terms, the management of the data within the production system is
arranged as follows. The customers’ data acquired through the configurator are
passed by the Gateway to ERP Next that stores them and begins the creation
of the sales order to which the final BOM will be attached. Once the order is
launched, the production order is contextually prepared, linked to the previous sales
order. A buying order for the raw material composing the product is eventually
generated. Once the product is configured, it receives a BOM containing the
configured element, composed of a certain number of parts, including hardware and
edges. For each part to be manufactured, the Gateway receives also the scripting
files defining the machining operations of each part and eventually returns to the
configurator the expected delivery date, calculated considering the already existent
manufacturing load and the time necessary to manufacture the furniture. In parallel,


https://erpnext.com

A Digital Fabrication Infrastructure Enabling Distributed Design. . . 179

the Gateway shows through the configuration toolkit the calculated price (updated
at each iteration during product configuration), the expected delivery date and the
environmental impact calculated for the configured product.

Once finalized an order, the PGMX files required to manufacture the product
are generated and dispatched to the machine tool SW. The files are thus used to
nest the programmes. This operation is intended to enable the minimization of
the scrap rate and to create the raw material list to be communicated to the ERP
for raw materials order. Through the connection with the Maestro SW, the overall
manufacturing time required to bore, mill, cut and edge band all sheets is eventually
calculated and used to calculate the precise delivery date as described in the previous
section. The connection with the scheduler enables to generate and store the
tasks required to manufacture the defined furniture. Considering the estimated raw
material arrival date and the expected manufacturing time, the scheduler is able to
define a production queue, thus retrieving the expected manufacturing date and the
delivery due date to the customer. The last iteration is carried out in order to generate
the environmental impact data relative to the manufacturing of the configured
furniture. In order to do so, the Gateway communicates to the assessment engine
the data related to material of the parts, material of hardware and edges, operations
performed on parts and environmental indicators of the material suppliers. The
impact data are thus used for the generation of the CTC label that is attached to
the manufactured product providing information about the environmental impact of
the produced piece of furniture.

3.3 The Gateway Data Model

The Gateway data model represents the common shared representation of the data
entities needed to support operations of the described manufacturing system. Since
the component is central to the whole operation of the mini-factory, it holds and
maintains the common shared view on the production orders that can be accessed
by all the other components (Fig. 2).

This section describes the structures and formats supporting the order manage-
ment by the Gateway component in the Gateway data model.

Codedltem is an abstract base class that extends almost all the relevant items of
the customized order. It represents a generic object managed by the software infras-
tructure identified with a unique string code within the whole order management
system.

The class FurnitureOrder represents the root data structure to manage a pro-
duction order within the manufacturing system. This structure, which is populated
during several steps of the order management process, contains all the information
about the final customized product, shared by the components of the software
architecture. FurnitureOrder is an extension of CodedItem.
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Considering that an order can be composed by more than one piece of furniture,
the class FurnitureElement represents a piece of the furniture order (a cabinet, a
table, etc.). FurnitureElement is an extension of CodedItem.

The class ElementPart represents a piece of the furniture element (shoulders, top,
bottom, etc.). ElementPart is an extension of CodedItem.



A Digital Fabrication Infrastructure Enabling Distributed Design. . . 181

The class Edge represents the amount and type of edge used in a furniture element
finishing. It is mainly used to keep track of the total edge usages, in order to plan
stock reorder. ElementPart is an extension of CodedItem.

The class Hardware represents the hardware elements necessary to assembly a
FurnitureElement. ElementPart is an extension of CodedItem.

DailyProduction is the class representing the queue of orders expected to be
covered in the daily production.

OrderManufacturing class contains all the data for manufacturing the parts of an
order. The related FurnitureOrder instance is not directly referenced here. Instead a
loose relation is kept here using the order id.

The class ElementManufacturing contains data needed to manage the production,
on the machining centre of all the parts of a FurnitureElement. These data are
generated during the nesting procedure and managed by the Gateway in order to
feed the production system of the mini-factory.

The class Sheet represents a wood panel which is used as the starting raw material
for the manufacturing process. Each Sheet is used to manufacture one or more parts
according to the results of the nesting process. Sheet is an extension of CodedItem.

The class Material models a coded material for panels, parts and hardware.
FurnitureOrder is an extension of CodedItem.

Dimensions is a utility class representing the extensions in the three coordinate
directions of a simple bounding box.

OrderState is a utility enumeration that is used to indicate the current order state.

The class Customer represents a CTC mini-factory customer and contains the
data required to profile the subject for starting a furniture order.

Address is eventually a utility class to represent an address in the customers
definition.

3.4 Order Acquisition Process

The interrelation among the different software tools can be highlighted in the follow-
ing UML sequence diagram describing, as example, the process of order acquisition.
The process takes place whenever a customer starts a furniture configuration session
and ends with the scheduling of a time slot for order manufacturing. The following
paragraphs provide a detailed view of the steps of the process describing the
messages reported in the sequence diagram of Fig. 3.

The first invoked function (CreatOrder) triggers the elaboration of the order data.
Starting from a full definition of a BOM from a piece of furniture, the function
computes manufacturing details in order to get a probable order finish date. In
order to identify the amount of material required to manufacture an order, the
procedure calculateNesting calculates the nesting of the parts of a single element.
The nesting starts from the definition of the list of available sheets and the part
programmes (in PGMX format), as well as the configuration options, and generates
a list of required panels, related machining programmes and indicators (e.g. scrap
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Fig. 3 UML Sequence diagram of order acquisition process

level). Nesting is performed only on the parts of a single element, ensuring that
no parts from different elements are mixed together on the same raw panel. This
approach is meant to strongly simplify the following procedures and, in particular,
to significantly reduce the amount of space required for packaging. Nevertheless, in
order to avoid an unsustainable level of scrap, the nesting process tries different
scenarios of input panels, extracting them from the set of available sheet sizes
provided by the suppliers, assessing them and choosing the one with the lowest
scrap level.

In order to properly allocate the order in the queue, calculateManufacturing Time
calculates the manufacturing time of a set of specific part programmes taking into
consideration the features of the target machine tool. In parallel it’s necessary
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to retrieve the data about state of the inventory and the time necessary to the
supplier to deliver the required materials. getPurchaseTime is thus dedicated to
retrieve the current updated value of the purchasing time of a specific raw material.
Gateway uses this information in order to evaluate the longest purchase time among
the entities of the whole BOM. With this set of information, estimateEndTime is
meant to calculate the earliest production end date of the order. Gateway uses this
information in order to provide the configurator (and then the customer) with a
reliable estimation of the delivery date.

createOrder, confirmOrder and scheduleOrder are, respectively, dedicated to (i)
create an order on the ERP. Until the customer checks out, the furniture order is
considered temporary and therefore kept locally at Gateway stage; (ii) transform
data of the temporary order used for time and delivery date estimation into a real
production order that is fed to the mini-factory system; and (iii) ask the scheduler to
insert the order in the production scheduling.

If, for any reason, the customer does not confirm the order, then configurator
removes the temporary order from the resources managed by the Gateway through
cancelOrder.

4 Scalability of the Implementation Scenarios

The proposed technological infrastructure can be deployed in several scenarios,
according to the business model it has to be applied to.

Two possibilities of implementation have been formalized. The first one (Fig. 4,
case a) envisages the collection of production orders by means of distributed shops
and online e-commerce facilities. The integration among the web market and the
real shops is intended to exploit the different customization capabilities that can
be offered by the proposed technological infrastructure. By means of the web
application, the customer can access to simple customization parameters, namely,
addressing the tailoring of dimensions, colours and materials. Personalization can

A %@ B Shopping mall J

/ g(ommer(g i rrrrrrry ll||||||||||..
— -4’4' - “Factogy within a mall”

Centralized Distributed Shopping Mall
}' Mini-Factory Cus(omlzed shop Shop

y Ngeon cosomer @ = -
= ) | L == B

Home Customized  Home delivery /
delivery product  Shop collection

Fig. 4 Envisaged implementation scenarios: centralized mini-factory serving distributed shops
and e-commerce (a); urban manufacturing in a shopping mall (b)
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be although technically reached by means of the interaction of an expert user in a
dedicated shop. Advanced functionalities of the configuration toolkit managed by
an expert user can thus give the access to images and letters engraving and freeform
shapes modification.

The collected orders can be thus manufactured by a centralized production
system able to fulfil orders coming from a variable number of customization inputs.
The integration in a network of distributed mini-factories, as proposed by Seregni et
al. [24], should provide the economy of scale providing the sustainable exploitation
of the concept.

The second scenario (Fig. 4, case b), fully described by Barni et al. in a
previous work [25], is intended to exploit the proximity to the urban area to foster
urban manufacturing close to the customers. The proposed model envisages the
installation of both the shop and the production system in an integrated mini-factory
scenario. Unlike for the first scenario, in this case the main aim is the closeness to
the customer and their purchasing experience. Additional value is brought also by
the use of a local supply chain that not only allows shorter lead time but also a higher
level of sustainability.

4.1 Implementing the IT Infrastructure in a Shopping Mall

In order to test the validity of the developed IT infrastructure and of the related
business model in offering mass-customized pieces of furniture, a demonstration
activity in a real context has been set up. The idea was to allow a customer to
configure his/her product, look at the production process, if of interest, and have the
product delivered in a short time. A mini-factory has been installed in a shopping
mall located in the Milan area (Italy) for a period of 11 days in April 2017. The
selected mall, opened in 1975, is one of the oldest shopping mall in the Milan
area and features an average affluence of 6.500.000 visitors per year. The types
of products manufactured by the demo factory, namely, bedrooms for children and
living rooms, made this location ideal to reach target customers: young and middle-
aged people with children potentially willing to pay a premium price for a higher
level of customization and who are aware of sustainability issues. During the demo
quantitative and qualitative data have been gathered to analyse both the behaviour
of the system and the feedback from potential customers. In what follows how the
demo has been organized is described before analysing the main obtained results.

4.2 The Mini-factory Organization and Customer Experience

Within the shopping mall, the mini-factory demonstrator has been organized around
two blocks: one in the parking area for the manufacturing system positioned below a
tenso-structure (see Fig. 5) and one inside the shopping mall where the corner shop
has been installed (see Fig. 6).
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Fig. 6 Deployment of the configuration platform in the shopping mall scenario

The configuration toolkit was installed on desktop machine connected via USB
to a rooter providing connection to the local wireless network. The rooter also
provided a local network required for the connections among the computer running
the configuration toolkit and the tablet serving as user interface for products
customization. At CNC machine level, an internet connection was set up using a
4G-based mobile solution.
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Fig. 7 Deployment of the IT infrastructure in the shopping mall context

Configuration and manufacturing system were thus connected to a cloud infras-
tructure supporting the operations of the Gateway (see Fig. 7).

In order to fully demonstrate the feasibility of the “design to manufacturing in
one step” concept, a simple product type with few parameters of configuration and
light enough to be easily carried by customers has been chosen, a family of cabinets.
They can be customized along the following dimensions: height, width and depth,
number of drawers (one, two or three) and combination of colours for the front of
drawers.

Relying on the developed IT infrastructure described in the previous sections,
the customer experience from the configuration to the recovery of the manufactured
product takes place following the next steps: the customer approaches the CTC
shop, and he/she is received at the CTC desk where he/she is supported by the shop
operator in the configuration process based on the use of a tablet running the touch
planner. A monitor shows, at the same time, the rendering of the configured product
so that the customer can have an immediate idea of how the selected product looks
like. Once the desired configuration has identified, the customer submits the order
(Fig. 8).

The order submission triggers a set of tasks among them, the main ones being the
generation of the machine code, the update of the ERP for possible replenishment
and the calculation of the sustainability performance of the selected configuration.
Thanks to the results of these tasks, the customer is provided with the promised due
date that is displayed on the configurator. Due to the demonstration aim of the mini-
factory, products are then gifted to customers, but the system is also able to provide
at this point also the price of the product. At the same time, an email is sent to
him/her (a registration has been asked at the beginning of the configuration process)
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Fig. 8 Configuration desk installed in the shop

with the order confirmation, the assembly instructions and the environmental tag
showing the results of the sustainability assessment. Finally, the customer is given a
ticket to recover the product from the factory once ready.

The customer receives the disassembled product and takes it at home where
he/she is supposed to assemble it on his/her own supported by the assembly
instructions sent by email in advance.

4.3 Assessing the IT Infrastructure Implementation

The demonstration experience carried out in the shopping mall validates in a sim-
plified environment how design and production of customized items are seamlessly
integrated, thanks to the proposed IT infrastructure shortening, in particular, the
time between the product configuration and the product delivery. Data gathered
during the running of the demonstration through the software systems managing the
whole production system (Gateway, Frepple, ERPNext, Topsolid, Maestro) can be
analysed to better grasp benefits and possible criticalities of the proposed solutions
from the production point of view. Table 1 summarizes values of the KPIs calculated
from this data set.
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Table 1 Main performance indicators obtained in the demonstration

KPI Unit of measure Average value
Number of fulfilled orders N° 62

Average inventory value Days 4.1

Non-value added time % 19%

Delivery time Days 2.23

Quality level % 58%
Throughput Orders/hour 0.49

Average energy consumption KWh 23.8

The overall behaviour of the production system can be considered consistent with
the expectations guaranteeing an average delivery time of 2.2 days. Nonetheless,
the average production time, and consequently the throughput value, was not as
high as expected. This is because the performance suffered from the ramp-up phase
that, due to the limited time of the demonstration, hugely impacted on the system
performance. In particular, two improvements could be easily foreseen towards a
smoother flow of activities with a longer experimentation: the optimization of the
manufacturing operations sequences and the increase of the quality level.

In order to collect also the customer satisfaction, each demonstration participant
has been asked to fill in a questionnaire addressing topics such as the configuration
experience, the production and delivery time, the type of product sold, the selling
channels and price range. The overall evaluation has been positive. The most
useful feedbacks that can be used to further improve the value proposition are the
following:

* The configuration process was perceived simple and intuitive.
¢ Manufacturing and delivery time are acceptable up to 1 week.
» Sustainability aspects represent a plus for most of the customers.
¢ Hands-on production is perceived as an emotional experience.

5 Conclusions

Advances in information technology are one of the most promising enablers to
effectively implement mass customization strategies. In this paper, the concept
of “design to manufacturing in one step” has been explored and operationalized
by developing a Gateway that provides a centralized software backbone for the
operation of the whole mini-factory. A modular architecture enables an easy
integration with any ERP and scheduling system making the system flexible enough
to be deployed in different scenarios, even on existing infrastructures. The practical
application of the developed IT infrastructure along with its performance has been
tested by setting up a mini-factory in a shopping mall. Even if the demonstration
scenario was a simplified one due to the temporary nature of the initiative, the
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integration of the software modules through the Gateway proved to be successful.
Above all, the time and cost to get mass-customized products were in line with the
expectations, thus confirming the ability of the IT infrastructure to support the offer
of a mass-customized portfolio of products. As a further step, it would be advisable
to extend the use of the IT infrastructure in different operative environments to fully
test its potentialities. In particular, future works will be dedicated to the extension
of the configuration environment to a web based application supporting the hosting
on furniture marketplaces.
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Mass Customization 4.0 in AEC: m)
Additive Manufacturing for Innovative G
Building Systems

Ingrid Paoletti

Abstract This paper highlights the possibility to realize innovative building sys-
tems, thanks to additive manufacturing, opening the way to mass customization in
AEC. Two examples of building systems are described, from ACTLAB, ABC Dept.,
Politecnico di Milano, that have been designed, thanks to computational tools and
innovative manufacturing techniques. The first one is a functionally graduated lattice
structure; the second one is a complex mould. Both have been realized with FDM
and polymeric materials in a very interesting design to fabrication process. Finally
some ‘what ifs’ are traced for a wide diffusion of AM in AEC.

Keywords Innovative building technologies - Mass customization in AEC -
Additive manufacturing

1 The New Conditions for Mass Customization 4.0 in AEC

Our planet is facing enormous problems nowadays, just to quote some: exponential
increase of population, scarcity of resources, need of recycling due to high quantity
of waste and overheating of the Earth.

An answer European Community is working on is ‘circular economy’ with the
objective to ensure a new way of looking at the relationship between markets,
customers and natural resources.

The circular economy moves away from the traditional ‘take-make-dispose’
economic model to one that is regenerative by design. The goal is to retain as
much value as possible from resources, products, parts and materials to create a
system that allows for long life, optimal reuse, refurbishment, remanufacturing and
recycling (World Business Council for Sustainable Development, [8]).
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The last decades have been marked by a growing concern over scarcity of
resources caused by the rapid industrialization of emerging economies as well
as by the high material consumption at a global scale. The overconsumption of
resources is contributing to one of the greatest challenges of twenty-first century.
The amounts of material that is being extracted, harvested and consumed in the
last decades are increasing tremendously and bringing the serious problem of
resource scarcity. Coal, oil and gas are not only becoming increasingly scarce but
are also accelerating emergence of sensitive global crisis leading to climate change
and exceeded CO2 emissions. As all other responsible segments of society and
professional groups, architects too are challenged to rethink the way of designing,
building and confronting with materials. They are expected to make a crucial
contribution to the ecological turnaround through the intelligent and forward-
looking design, use of materials, technology, recycling requirements and energy use
(Fig. 1).

These questions open also new horizons for industry to become more efficient,
to improve processes and to develop innovative products and services to answer to
those big themes.

CIRCULAR ECONOMY - an industrial system that is restorative by design
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Globally there is a high awareness that industry stands on the brink of a new
revolution, driven by technological breakthroughs such as advanced computing, big
data analytics and cloud, advanced robotics and innovative manufacturing.

On this side the market is evolving, making very difficult to make previsions and
responding to customers’ demand for personalized products and services, safety and
comfort as well as improved energy and resource efficiency.

Many researchers have already named it Industry 4.0, tackling it as the revolution
that refers to the possibility to manufacture with a very high quantity of data
(Schwab 2015).

European industry is strong in sectors such as electronics automotive, security
and energy markets, manufacturing, robotics, telecom equipment, business software
and laser and sensor technologies but seems sometimes to forget how these
applications can be fostered to construction industry, which in reality has a lot of
responsibility in society development.

On the other side, manufacturing techniques and innovative production methods
in construction seem often quite resilient to change. This is due to traditional
construction methods and consolidated process of production, where innovation
is often a very slow process which is driven by economic reasons more than
by effective need of new products or systems. However, emerging construction
processes are more and more influenced by novel design methodologies that
enable new ways of manufacturing. Among them, computational design, early-
stage engineering, topology optimization and material distributions are the most
significant ones [1].

In this context, mass customization (Pine 1983) refers to the possibility to evolve
from already existing systems to the novel ones that can be personalized, without
increasing their cost and causing the new technologies to emerge in this fast-
changing scenario.

In architecture, engineering and construction (AEC) sector particularly, in
order to meet requirements of nowadays performative and competing design-to-
fabrication techniques, it is important to produce elements, components or overall
integrated systems with highly specific customized characterization while keeping
low its costs.

2 Innovation Drivers for AEC

Two of the most relevant drivers for innovation in construction industry are:

¢ Computational design
¢ Advanced manufacturing

Computational design is a contemporary technique that enhances overall design-
to-fabrication processes by incorporating various materials and structural and
geometrical data to compose, describe and inform architectural design and perfor-
mances. This means that the process is no longer linear, assessing properties and
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performances when the design phase is over, but reiterative, where information are
exchanged and connected to design from the very beginning.
Computational design can give at least three possibilities:

» To engineer a specific form from the early concept of the design process

* To customize tools for the materialization of a specific design

* To activate certain embedded properties of a material more than others as a main
driver of performative design

Designers and all the operators along the AEC process are therefore able to
combine and develop multiple tools and create geometrically complex structures,
optimizing various parameters to control whether the inputs or the results. The
knowledge of a proper coding language, such as Python, C# or Visual Basic, opens
up a wide range of possibilities for scripting desired geometries and properties.

Advanced manufacturing refers to the possibility to tailor each computer numer-
ically control (CNC) machine in order to fit in an appropriate way the design of each
product, component or system. Nowadays, industry is moving very fast along this
direction due to the fact that new machines have user-friendly tool to set them, are
much for efficient in terms of time and quality and allow new types of work that can
improve products.

Advanced manufacturing refers often to ICT but has also its centre core in the
possibility to transfer in a fast and effective way the experimental researches coming
from innovative discovery or application into manufacturing process or products.

The industrial culture to refer to nowadays is therefore deeply embedded to
advancement in software skills and machine capability increasing designers’ and
producers’ possibility to develop innovative technologies also for AEC with the,
namely, fourth industrial revolution.

3 Experimentation on Design for Fabrication with Additive
Manufacturing

Design for fabrication is typical of a lot of sectors, but is not so diffused for AEC
due to different reasons: Euclidean geometry rules, regulations, lack of competences
on computational design and multi-material building systems.

The generally accepted model of the design process is as something which out-
puts a solution based on given requirements, different for each industry, in a linear
process [4]. Today however a new experimental line of research is pushing towards
the design of customized building components with computational techniques and
advanced manufacturing, in order to respond to the changing scenario. In particular
one of the manufacturing techniques which have gained success in the last year is
additive manufacturing, due to the possibility to customize shape and material in a
very accessible way.
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Two case studies will be described in this paper where additive manufacturing
has been used to develop innovative building systems with customized design
and performances. The first one is a lattice structure designed with topological
optimization in order to exploit the possibilities of making lightweight structures
with an efficient weight-to-strength ratio and with a complete mass customized
design. The second one is a mould design for complex casting where particular
shapes are required.

Both these experimentations have been run at ACTLAB, ABC Dept., Politecnico
di Milano, a research unit which explores new possibility of design of building
systems.

The manufacturing technique employed is fused deposition modelling (FDM),
which is one of the possible technologies that can be used for additive manufac-
turing. Fused deposition modelling (FDM) is an additive manufacturing technology
that builds parts up layer by layer by heating and extruding thermoplastic filament.
FDM is in principle applicable to any thermoplastic, thus allowing the use of
materials with outstanding thermal and chemical resistance and excellent strength-
to-weight ratios. It is based on the extrusion of a material that has been heated
up to reach a semi-solid state and is thus able to be reshaped into the desired
form. Currently, it is considered as the AM method that best satisfies speed, cost-
effectiveness and dimensional accuracy.

The material employed is a polymeric material, which is one of the most evolving
materials in general, due to its customizable properties and low cost of production.
Fused deposition modelling (FDM) of thermoplastic polymers is further enhancing
this approach since the thermoplastic polymers have a very important embedded
property: they can be modelled into desired shape while preserving most of their
mechanical and thermal properties. While this might not be an active property,
it is considered as a fundamental asset that is at the core of the versatility of
the FDM process. The FDM is therefore a synthetic material system, in which
matter distribution and organization arise as mediation between the designer and
computational logics.

3.1 Functionally Graded Lattice Structures

The first experimental construction system is a building component with highly
specific material distribution which has been conceived with the use of AM to effi-
ciently provide structural resistance, with a method that encompasses computational
design workflow, fabrication experiments and performative assessment of full-scale
prototypes.

Algorithms for topology optimization of free-form shapes are employed to
determine the material organization as well as a performative matrix for the
creation of a custom lattice microstructure defined as functionally graded lattice
structures, a system of load-responsive interconnected struts with spatially varying
characteristics.
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The potential of this system relies on its implicit resistance and reduced use of
material, combined with the possibility to adapt to any architectural shape. Lattice
microstructures are considered both as a structure and as a material. They are
composed by an interconnected network of struts, pin-jointed or rigidly bonded
at their connections. At one level, they can be analysed using classical methods
of mechanics, as typical space frames. On the other side, within a certain scale
range, lattice can be considered as a material, with its own set of effective properties,
allowing direct comparison with homogeneous materials. Mechanical properties of
lattice materials are governed, in part, by those of the material from which they
are made, but most importantly by the topology and relative density of the cellular
structure.

This methodology requires the description of custom algorithms to generate
lattice structures parametrized on the base of a continuous feedback loop from a
topology optimization and manage the additive process of materialization.

The outcome of this analysis is then directly translated into a lattice microstruc-
ture which orients itself following principal stress lines and varying material
porosity, according to local stress values. In this process, main input parameters
are material properties and fabrication constraints of AM, overall geometry and
boundary conditions.

Variations in any of these parameters generate different lattice structures, as this
research develops a global method for highly specific design, where morphological,
material and performative information is read, analysed and modified iteratively.

The efficiency of functionally graded lattice structures relies on highly specific
complex geometries. In this research, AM is employed to manage high intricacy and
resolution, while offering the potential of experimenting with different materials,
which in turn can become new inputs to the structural definition. Typically,
AM methods produce objects in a sequence of horizontal layers. This allows
great freedom in production but also some constraints to be taken into account.
Overhanging geometries are difficult to print and, according to the material used
and the printing resolution required, have to be limited to an angle of 30-45°
from the vertical axis. Various production tests have been conducted to refine print
settings with different materials and to define strut geometries and dimensions in
relation to print speed and resolution. Octahedron cells have proven to be ideal to
guarantee a streamlined production while offering a degree of freedom allowing
variable mechanical and visual features [6].

An innovative building component has been fabricated to evaluate stiffness,
lightness and permeability at full scale according to variation in porosity (relative
density) [2].

Larger samples of cellular structures have been manufactured inscribed within
a 500-mm-wide cuboid component. Interestingly, same (or close enough) relative
density can be reached with different cell sizes and very different visual perceptions.
Various configurations have been considered seeking for the geometrical limits and
constraints of the lattice structure considering relationship between the cell size,
strut thickness and cell angle.
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Fig. 2 Functionally graded lattice structures realized with additive manufacturing. Prototypical
components 500 mm wide with different relative density: from left— p = 0.04, p = 0.05, p = (0.04
to 0.06)

The quality on the bonding between the layers depends both on the geometry and
on the printing parameters, most importantly the extrusion temperature. The thermal
energy allows the growth of the neck formed between the two layers as well as the
molecular diffusion and randomization of the polymer chains across it (Sun et al.
2008) (Fig. 2).

Finite element analysis and physical printed part testing show that printed
materials have higher tensile, compressive and bending stresses than their isotropic
counterparts, along the extrusion direction.

The lattice brick with basic cells, weighing 220 g, stands the applied load of
3000 N (300 kg), and reinforced one (with inclusion of the vertical strut) performed
even three times better, resisting the load of 10,000 N (1000 kg) (Fig. 3).

The overall design to fabrication process is defined and controlled through the
algorithmic programming. A G-code is generated through Grasshopper and sent
directly to the printers which enables for a highly precise control over the material
use and organization within each component. The fabrication process involves a
printing farm of five industrial printers that are producing approximately seven
components per day, printing at a speed of 60 mm/s in order to not compromise
the quality and precision (Fig. 4).
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Fig. 3 Compression testing
of the lattice bricks

Fig. 4 Additive manufacturing printing farm at Politecnico di Milano University
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3.2 Additive Moulding for Complex Casting

This experimentation relies on the gap between the integration of AM into the
realization of complex moulds and the casting of interesting customized concrete
structures.

Many of the available construction methods are not capable of manufacturing
complex geometric shapes in the scale of buildings. As a consequence, many
complex geometries are produced with little success with traditional tools such
as milling, turning and casting. Usually CNC milling is employed for component
making purposes, but it is quite limited in the sense of creating shapes that are
freely formed, therefore highly complex.

Even if complex shapes seem to move away from a constructive approach,
the structural complexity, together with morphological language, and specific
performances arise new requirements, stimulating innovation [3].

Usually moulds are a very important and though part of the construction process
of concrete components, but they also influence the design, simplifying shapes
due to economically unfeasibility, partially as a result of the increased labour and
formwork costs, partially related to the request of mass produced pieces [8].

The suggested innovative building system is composed by mould making via
AM and a bonding method allowing the moulds to be connected uninterruptedly.
The resulting continuous mould is obtained by assembling components and permits
monolithic casting for large concrete elements in an economic process.

The chosen forms for the experiments are results of parametric definitions
advanced with computational tools, and initial formworks are designed in a very
small scale, so the casting is made only with sand, cement and water since the
formwork is highly deformable and delicate when it is subject to loads. The design
is a perforated column with the intention to push the complexity in order to justify
the use of AM for a mould with a twisted shape (Fig. 5).

Different trials in shape and material have been conducted in order to find the
correct mixture, and the final prototype has been designed in order to combine
geometric complexity, a particular curvature that could be only realized with AM
and finally a surface characterization.

The surface characterization was studied in order to increase designer’s flexibility
and to achieve an external finishing that doesn’t need post-manufacturing work to
reach the stage of final product (Fig. 6).

This new methodology of mould fabrication can open a mass customized design
of building systems that can foster also a new industrialized production method in a
small scale, altering the contemporary concrete casting practice.
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Fig. 6 Example of concrete moulding with particular curvature and surface

4 What If: Conditions for a Wide Diffusion of Mass

Customization with AM in AEC

The two case studies suggest that in order to enhance AM in AEC, different factors
have to be undertaken:

Type of material with its embedded properties, in order to maximize its use
in a specific building component in relation to mechanical properties and
performances required

Printing settings in relation to geometric constraints

Geometric constraints in terms of cell definition, angle inclination, size and strut
thicknesses

Printing time and resolution

If we should analyse the ‘what if’ condition for the wide diffusion of mass

customization with additive manufacturing in AEC, at least these conditions should
happen:

Reduction of time needed using AM techniques

Regulation standards for the introduction of these types of customized products
in EU market and other markets

Rise of competence in the AEC sector to deal with innovative design to
fabrication process

In conclusion it is visible and clear how mass customization is reaching a

maturity phase due to advancement in computational and manufacturing techniques
which are fostering an innovative way of design thinking much more ‘informed’
than before [5]. The amount of information a designer can handle will develop a
new approach to fabrication of building systems that will allow also the introduction
of breakthrough innovations, usually not typical of AEC.
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Abstract Due to heterogeneous and volatile customer requirements as well as a
growing demand for individualized products, companies nowadays face a highly
uncertain environment. As a consequence, the number of product variants offered
has increased drastically in recent years and across all industries. That way, the
complexity of the product portfolio increased, too. Due to this complexity, internal
costs rise and often outweigh possible sales revenues. Under these circumstances,
to satisfy various customer requirements and to keep profitability high, a dynamic
optimization of the product portfolio is necessary. Existing literature discusses
the topic of configuration management for product portfolios regarding diverse
circumstances. While current research focuses on the tracking of costs related
to configuration changes either while they occur or retrospectively, no approach
succeeds in cost and demand prediction. In this paper, the topics of product portfolio
management and advanced analytics are combined to overcome the limitation of
retrospective modeling. A concept for a methodology to dynamically optimize the
product portfolio during the use phase is suggested. Moreover, the methodology
aims at predicting the optimal portfolio configuration using real-time data and
advanced analytics. That way, customized and profitable product portfolios are
realized efficiently.
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1 Introduction

In recent years, the number of sales markets being dominated by customers
increased rapidly [1]. Thus, while mass production was sufficient to fulfill customer
expectations for many years, companies nowadays are facing customer hetero-
geneities and a growing demand for individualized products [2]. To satisfy customer
requirements and to withstand international competition, companies across all
industries introduce new products and product variants into their portfolio. As a
result of the growing portfolio complexity, internal processes become more complex
as well. Since companies often disregard low sales quantities when launching new
product variants, complexity costs often outweigh possible sales revenues and lead
to competitive disadvantages [3-6]. To prevent the latter from happening, it is
necessary to manage product portfolios efficiently so that customer requirements
are satisfied and profitability is kept high. However, the identification of product
variants which are both demanded by customers and profitable for the company is
rather challenging. Focusing on the identification of profitable product variants, the
allocation of complexity costs is a promising method [3]. In contrast, to identify
product variants that are highly demanded by customers, a product configurator is
a helpful tool to interact with customers, generate data about customer preferences,
and select sought-after product variants [7].

For a company to remain competitive, it is crucial to partition customer demands
and offer customized products at profitable prices. While customer needs have been
identified using interviews and product trials in recent decades, the heterogeneity of
customer requirements and shorter product life cycles complicate product portfolio
management. As a result, new methods for portfolio management are necessary. A
possible enabler for the development of new methods are recent advances within
the fields of information technology and data collection in particular. That way,
comprehensive data sets about customer requirements become available.

Combining the fields of product portfolio management and data analytics, this
paper promotes a concept for a methodology to dynamically optimize product port-
folios using advanced analytics. Applying real-time user data, the product portfolio
of a company can be continuously adapted to current customer demands and market
needs. The portfolio adaption is done by complementing the scopes of products
within the portfolio based on customer analyses and industry-specific requirements.
In order to optimize the product portfolio for customization and profitability, each
possible change in the portfolio configuration is validated, balancing the cost-
revenue ratio.

The remainder of this article is organized as follows: In Sect. 2 the relevant termi-
nology used in this article is defined to ensure a common understanding. Section 3
provides an overview of relevant work in the areas of product portfolio management
and advanced analytics and identifies the research gap. Section 4 introduces the
methodology for a dynamic optimization of profitable and customized product
portfolios. The conclusion and future work steps can be found in Sect. 5.
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2 Relevant Terminology

In order to achieve a consistent understanding about the relevant terminology used
in this paper, the following sections describe the main concepts applied.

2.1 Product Portfolio Management

Product Portfolio In reference to Seeger, this paper defines a product portfolio as
all services and products offered by a company [8]. As illustrated in Fig. 1, a product
portfolio can be described by the help of the two dimensions: “portfolio width” and
“portfolio depth” [8]. While portfolio width includes all different and coexisting
product groups, the variety of product variants is depicted in the portfolio depth.
The entirety of product variants in a portfolio at a certain time is called a product
portfolio configuration.

Product Configurator Within the scope of this paper, product configurators are
an important tool to support product portfolio management: In order to connect
market demands, represented by customer requirements, and technical possibilities,
a product configurator is used. In this regard, a product configurator is not only
necessary to depict realistic product variants, but the configuration process itself
is the key process to enable product customization. In general, the configuration
process can be generalized into three steps [9]:

¢ Identification of relevant product components
* Analysis of component dependencies
e Comparison of customer requirements and configured product
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Fig. 1 Illustration of product portfolio
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Additionally, product configurators are especially relevant for portfolio manage-
ment, as the configuration process itself is a source of valuable customer data.
Configurators distinguish themselves based on the underlying configuration logic
[7]; see also Sect. 3.1.

2.2 Advanced Analytics for Demand and Profitability
Predictions

Advanced Analytics The term “advanced analytics” is not clearly described in
literature. However, it refers to a bundle of superior data mining processes by
which current and historic data can be analyzed efficiently [10]. That way, statistical
predictions about the future can be drawn. With the help of advanced analytics,
structured (e.g., data in tables), semi-structured (e.g., graphs), and unstructured data
(e.g., texts or images) can be analyzed. This is done using sophisticated quantitative
methods such as statistical and predictive data mining as well as simulation
and optimization techniques. Advanced analytics is superior to commonly known
business intelligence approaches, such as reporting and query [11]. While there is
no specific level of sophistication suggested in literature for methods to be called
“advanced,” predictive and prescriptive analytics are often termed as processes by
which “advanced analytics” is performed [10]. Figure 2 provides an overview of
common data mining techniques.

Using advanced analytics in business, companies are capable of detecting
unknown risks and opportunities based on an iterative and continuous data analysis
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Fig. 2 Overview of different data mining processes and classification of predictive and prescrip-
tive analytics as representatives for advanced analytics. (Adapted from Davenport and Harris [12])
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[13]. Also, it is possible to understand customer requirements by the help of
advanced analytics and to anticipate actions for demand satisfaction. That way,
data is used as a strategic element for radical product personalization and profit
maximization [13]. Product and pricing decisions can also be optimized using
advanced analytic techniques [14].

Referring to Fig. 2, predictive and prescriptive analytics are especially relevant
within the scope of this paper and are therefore described in detail in the following
sections.

Predictive and Prescriptive Analytics Predictive analytics cover a portfolio of
computer-aided statistics, machine learning, and data mining [11]. With the help of
predictive models, historic and current data is analyzed to draw accurate predictions
about the future. While predictive analytics is only capable of anticipating the future,
these methods do not provide any guidance suggestions. In contrast, prescriptive
models are successful in both modeling what the future will be like and giving
guidance for the current situation. That way, today’s behavior can facilitate or
prevent events that are likely to happen in the future. By visualizing how future
events will impact a company, businesses can, for instance, proactively build up
a future portfolio strategy. Thus, as shown in Fig. 2, methods that belong to the
group of predictive and prescriptive data mining methodologies provide the highest
competitive advantage for the user.

Availability of Data The availability of data is key for designing predictive and
prescriptive models. Hereby, not only a certain quantity of data must be available
for modeling, but the available data must also provide attributes that characterize
customers and their product preferences.

Based on the quantity of available data, different data types are characterized.
“Big data” refers to a large amount of unstructured data regarding customer
behavior and product portfolio configurations. Thus, to extract knowledge from the
unstructured data sets generated, data mining approaches are needed [15]. In case
there are fewer data points available than the number of parameters to be predicted,
the term “scarce data” is used. Additionally, “censored data” occurs if the data itself
is influenced by the optimization of the product portfolio itself.

Based on the quality of available data, three data types are distinguished. The
least preferable type is characterized by data solely collected for product purchases,
while there is no systematic record of the product portfolio configuration at the
time purchases took place. That way, it is difficult to make assumptions about
customer demand. The second type, “clickstream data,” includes not only data
about purchases and product portfolio configurations, but a thorough data set about
customers’ behavior is collected. Alternative items, which the customer was tempted
to buy, are included in “clickstream data” as well. The most significant information
can be extracted from “panel data” sets. These sets provide data for each individual
customer, his demands and behavior over several periods. Analyzing “panel data”
allows for an analysis of the relation between customer and provider enabling a
more thorough understanding of customers’ demand so that the product portfolio
can be easily optimized for profitability and customer value.
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For the methodology proposed in this study, it is important to have a sufficient
data quality and quantity available to optimize portfolio profitability. A large
quantity of “panel data” is the most preferred data set.

3 Related Work

The paper at hand promotes a methodology to dynamically adapt and optimize
product portfolios using advanced analytics. To identify a research gap, this
section evaluates state-of-the-art research within the topics of product portfolio
management, advanced analytics, and knowledge discovery methodologies.

3.1 Product Portfolio Management

A product configurator, serving as mediator between customer requirements and
the technical possibilities, should only consider product variants that are relevant to
customers and technically feasible. Based on this, Blecker et al. identify the database
of the product configurator as one of the most important criteria for configurator
distinction [7]. Categorized by the database, “rule-based,” “model-based,” and
“case-specific” configurators are distinguished [7]. A rule-based product configu-
rator uses an “if-then” logic, starting from a condition and deriving a consequence.
Due to the fact that all conditions and consequences have to be known prior to
configuration, the costs for building an initial database are high.

A model-based configurator is specified by the way the model is set up.
Regarding this, three different model setups are distinguished within model-based
configurators: logic-based, resource-based, and constraint-based. Within a logical
model-based configurator, objects, concepts, and binary relations are connected
logically. A resource-based configurator aims at connecting manufacturer and
customers within the configuration, whereby all elements are described by attributes
which specify what resources are contributed, used, or consumed [7].

In contrast to the previous configurators, a case-specific configuration logic does
not need a complete database as input. Based on a library of diverse cases, a new
configuration task is compared to all library entries to find the most similar case. As
it is unlikely to have two perfectly identical cases, only minor adjustments between
the two cases have to be made [16].

The previously described existing configurator setups are a reliable basis for the
methodology to be promoted in this paper. However, the configurators in need of
complete databases are not suitable to validate the launch of a new product variant.
The only configurator logic which is not restricted to a complete database, the case-
based configurator, only allows for similarity evaluation but neglects possible cost-
profitability aspects [17].

Seifert et al. use an infinite-horizon Markov decision process to dynamically
optimize product portfolios considering product life cycles [18]. The authors focus
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on the timing of product launches, marketing, and inventory decisions, given a
certain amount of working capital as constraint. While the method is successful in
demonstrating that the joint management increases total profit, it does not consider
both portfolio configuration aspects and customer demand. In contrast, Rebentisch
et al. propose a methodology to optimize product portfolios regarding customer
value, thus dealing with the number of product variants efficiently [19]. With
the help of five attributes, such as product quality and innovation capacity, the
methodology measures changes in customer value as a function of the number
of product variants offered and the attributes used. However, the methodology
only focuses on customer value, disregarding profitability aspects. Moreover, the
methodology is limited to a retrospective portfolio adaption and B2B companies.
In order to extract customer feedback, Li et al. developed a social intelligence
mechanism that is capable of translating customer reviews into insights about
product feature specification and importance [20]. The knowledge gained should
support companies to develop the next product generation which satisfies customer
expectations. Although the proposed methodology is successful in measuring
product feature significance to customers, it does not consider product portfolio
configuration aspects to translate customer expectations in possible product variants.

In conclusion, several methodologies which focus on product portfolio man-
agement regarding diverse circumstances are available. Costs induced by portfolio
changes can be recorded retrospectively or along the development process. Also,
product portfolio customization is targeted within current research proposals by
focusing on customer value creating and portfolio optimization based on feature
extraction from social media platforms. However, none of the presented method-
ologies are capable of combining the topics of data mining and product portfolio
management so that a proactive, dynamic configuration and customization of
product portfolios is possible.

3.2 Advanced Analytics

As stated by Liberatore and Luo, the idea of “advanced analytics” extends com-
monly known operations research methodologies using data-driven predictive and
prescriptive methods to support decision-making processes quantitatively [21].
Within the scope of this paper, only studies that apply methodologies of advanced
analytics to optimize profit are addressed.

Profit optimization using advanced analytics is especially common within the
transport industry. In this context, Agatz et al. combine predictive methods and cost
optimization using the problem of fulfillment of demand within supply chains [22].
An extensive review about research regarding the fulfillment of demand with respect
to revenue management is provided by Cleophas et al. [23]. According to Talluri et
al., revenue maximization is the result of solving a stochastic model using dynamic
programming [24]. However, due to the high number of consecutive decisions, only
heuristic approaches can be solved considering limited computational resources.
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The widely known Expected Marginal Seat Revenue (EMSR) heuristic by Belobaba
addresses the problem of revenue management: Based on customer demand, EMSR
calculates the number of products to be sold within a certain value category and
allocates production resources accordingly. The adaption of the portfolio is not in
the scope of this work. Among others, Kunnumkal [25] and Meissner [26] propose
column generation and approximative dynamic programs for product portfolio
adaption with respect to product dependencies. As described by Cheraghi et al.,
with the help of revenue management approaches, it is possible to maximize
revenue by allocating a company’s resources to different customers at different
prices [27]. While Cheraphi et al. provide a thorough literature review regarding
revenue management in the service and manufacturing sector, product portfolio
characteristics are not considered.

Moreover, based on the increasing amount of available customer data sets,
nonparametric methodologies to describe customer demand preferences as well
as panel data are becoming increasingly important [28]. As customers define
their preferences based on alternatively available products and over several time
intervals, the application of nonparametric methodologies is crucial [29]. Using
nonparametric applications, functions describing customer preferences are set up
based on data and are not bound to previously designed static models.

In conclusion, diverse methods for profit optimization using predictive analytics
within the service business have been found. However, none of the methods
presented are capable of proactively optimizing complex product portfolios as not
all relevant portfolio characteristics are covered. Also, available studies focus on
predictive methods and omit prescriptive ones. The latter must also be developed to
provide guidance in the portfolio adaption process. The paper at hand addresses this
research gap.

3.3 Knowledge Discovery Methodologies

After presenting related work in the fields of product portfolio management and
advanced analytics, this paragraph focuses on methodologies, i.e., processes and
models, to extract knowledge from data.

The knowledge discovery in databases process (KDD process) is defined by
Fayyad et al. as “the nontrivial process of identifying valid, novel, potentially useful,
and ultimately understandable patterns in data” [30]. Thus, this process is used to
transform data into useful knowledge. Often, KDD and data mining are used as
synonyms [31, 32]. However, while KDD refers to the overall process of discovering
knowledge, data mining is identified to be a particular step in the KDD process [30].
As described by Fayyad et al., the data mining process step makes use of algorithms
to extract patterns from data. The overall KDD process can be summarized in nine
process steps, including the data mining step (see [31] for further details). These
steps are executed in an iterative order, whereas the number of loops between any
two steps is not specified by the authors [31].
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As the KDD process was mainly established for academic purpose, industrial
models were set up to adapt the process steps to industrial applications. Among
others the six-step industrial cross-industry standard process for data mining
(CRISP-DM) model was established in 1997 by an industry group [31]. As
described by Zanin et al., this process consists of the following steps: business
understanding, data understanding, data preparation, modeling, evaluation, and
deployment [32]. The paper at hand makes use of these standard knowledge
discovery processes and aims at both specifying and extending existing knowledge
discovery processes to manage profitable product portfolios.

4 Methodology Design

After presenting relevant terminology and latest studies within the topic of product
portfolio management and advanced analytics in Sects. 2 and 3, this section aims at
proposing the concept of a methodology that optimizes product portfolios using
advanced analytics. The methodology focuses on portfolio adaption during the
use phase of the product portfolio and seeks to enhance customer satisfaction and
customer involvement using real-time data evaluation.

4.1 The Model Derivation Process

According to Schuh et al. [33], an advanced analytics model can be set up by the
following six steps: “target definition,” “data selection,” “methodology selection,”
“methodology implementation,” “methodology evaluation,” and “prediction” (see
Fig. 3). All six process steps are arranged in a consecutive order, although it can
be necessary to iterate back to the “methodology selection” process step if the
methodology has been evaluated to be insufficient. These six process steps can
be divided into two phases “development” and “evaluation/application.” Within the
scope of this paper, the focus is put on the first two process steps, “target definition”
and “data selection.” The third step, “methodology selection,” is slightly addressed
as well. However, “method implementation” and the “evaluation/application” phase
are out of the project scope as it is depicted in Fig. 3.

Scope of this paper i— ———————————————————— !
|
Targgt | DatAa i Mcthonlogy |8 Mcthodology | Methodqlogy »  Prediction
definition selection selection 1mplcmcntat101}1 evaluation |
Y Y
Development Evaluation/Application

Fig. 3 Process to derive an advanced analytics model [33]. The process step “methodology
selection” is depicted in a dashed frame as it is only roughly addressed in this paper
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Step 1: Target Definition In order to develop an advanced analytics model, it is
crucial to define the target of the model at first. The main target of a company is
to increase profitability. According to Tolonen et al., the targets of a successful
product portfolio management are aligned with the company’s targets [29]. Thus,
profitability is the overarching target for portfolio management and, consequently,
also for the model to be developed.

In general, profitability is mainly influenced by both costs and demand. While
there is a positive relationship between profit and demand, an increase in costs
reduces profitability. Regarding this, to set up an advanced analytics model that
optimizes product portfolio profitability, it is necessary to quantify demand (i.e.,
customer demand) and costs (i.e., direct costs and complexity costs).

Step 2: Data Selection For cost and demand quantification, respective data sets
need to be selected. These data sets will be used for designing and training the
advanced analytics methodology. Only if the advanced analytics model can be
trained with reasonable data sets, both predictions and prescriptions are most likely
to depict the future. Regarding product portfolio profitability, five main profitability
drivers have been initially identified (see Fig. 4): “customer satisfaction,” “market
position of products,” “efficiency in product configuration and manufacturing
process,” “product costs,” and “degree of product standardization.” Within the scope
of this paper, the term “driver” is applied for facts or conditions whose changes
affect the model target. Thus, by altering one of these five drivers, the portfolio
profitability will be influenced as well. However, it is challenging to quantify these

— Profitability indicators — — Profitability drivers — — Target —

Percentage of new

customers
Customer
- satisfaction
# Complaints
Market position
7 Patents of products
Delivery time
Efficiency in product
Time-to-market configuration and Profitability
manufacturing process
R&D intensity

Deviation from
target costs

Carry-over-index

Interface-efficiency

Product costs

Degree of product
standardization

Fig. 4 Data selection: second step of the derivation process for an advanced analytics model
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drivers by means of data. Therefore, the drivers have been narrowed down to specific
indicators. In contrast to drivers, indicators can be measured using scales and
statistics, for instance. As shown in Fig. 4, ten major indicators were identified after
extensive literature studies [34—37]. Customer satisfaction, for instance, is one of the
key drivers for the profitability of a product portfolio. To quantify the influence of
a driver on a target, performance indicators are defined and measured using scales,
for instance. To quantify “customer satisfaction,” for instance, data sets about the
number of customer complaints as well as the percentage of new customers can
be collected. In this regard, product configurators are an important enabler for the
methodology to be developed, as data sets are collected when customers configure
products.

Step 3: Methodology Selection After selecting appropriate data sets, a method-
ology must be chosen that is capable of handling the selected data sets (i.e.,
the profitability indicators). The selection process itself is beyond the scope of
this article. However, an adequate methodology that is successful in dynamically
predicting profitability and customer value of product portfolios must be capable
of:

* Predicting demand and revenue of product variants
* Predicting costs of product variants

In addition, for a dynamic optimization of portfolio profitability and customer
value, the method must be prescriptive. That way, based on the results of demand
and cost prediction, the method serves as decision-making support tool and recom-
mends necessary actions so that the predicted outcome can be realized. Regarding
this, artificial neural networks are a promising method as they provide those crucial
characteristics. An extensive review about the characteristics of artificial neural
networks is found in Basheer and Hajmeer [38].

Following the model derivation process, the relevant methodologies (e.g., neural
networks) must be implemented and evaluated.

5 Conclusion and Future Work

Due to customer heterogeneities and a growing demand for individualized products,
companies nowadays face a highly uncertain environment. Companies are tempted
to satisfy individual customer requirements by offering more product variants
regardless of low sales quantities. That way, the number of product variants offered
and product complexity increased drastically in recent years. However, not only
product portfolio complexity increased but also complexity costs rose dispro-
portionally. As a consequence, rising complexity costs often outweigh possible
sales revenues and lead to competitive disadvantages. To prevent the latter from
happening, the article at hand introduces a concept for a methodology that applies
advanced analytics to dynamically manage product portfolios during its use phase.
The overall aim is to satisfy customer requirements and keep profitability high.
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The model design process applied in this work includes a development and
evaluation phase, but up to this point, research is limited to the development
phase. Within the first step of the design process, the model target needs to be
defined. In general, the strategic goal of a company is to create customer value and
increase profitability. As the target of a successful product portfolio management is
aligned with the strategic company target, portfolio management is also aiming at
optimizing profitability. Thus, when setting up a model for portfolio management,
the overarching target of the model is to optimize portfolio profitability.

After target definition, the model deviation process focuses on data selection. It
is found that profitability is influenced by a set of five main profitability drivers,
such as customer satisfaction and product costs. In order to quantify those drivers,
profitability indicators are identified. For those indicators, data sets can be selected
and imported in the model to be designed. Having selected adequate data sets for
model derivation, a specific advanced analytics methodology has to be chosen.
This work closes with a suggestion of artificial neural networks as a promising
methodology for portfolio optimization purposes.

This work is successful in providing a model concept for a dynamic optimization
of product portfolios regarding customization and profitability. Future research
should focus on the selection of an appropriate advanced analytics methodology
for model setup, implementation, and evaluation. In this regard, the identification of
industry-specific product portfolio parameters and customer demands is crucial for
model setup. For evaluation purposes, not only data sets but also expert interviews
could be used.
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Abstract Since the last decades, companies have been increasing product variety,
thus forcing manufacturers to create more and more customized products. To man-
age such contexts, manufacturing companies are adopting mass customization, i.e.,
a manufacturing strategy that aims to offer customized goods at low cost. Recently,
advancements in information system technologies provide new opportunities for the
manufacturing sector. In particular, the concept of Industry 4.0, i.e., the application
of the concepts of smartness and networking to the manufacturing environment, is
providing tools to reduce the complexity of managing production systems. Despite
the relevance of both areas, how mass customization can be integrated with Industry
4.0 concept and what are the benefits of such an integration are still open issues.
Therefore, this study investigates how to implement the Industry 4.0 concept for the
specific case of mass customization industry and, by using modeling and simulation,
proposes a quantification of the benefits of such implementation. Implementing
Industry 4.0 solutions requires high level of investments, and there is a great need
of research that outlines its quantifiable benefits to justify the investments. To the
aim of the research, two conceptual models, one integrating Industry 4.0 and mass
customization and one featuring only mass customization, have been developed.
Afterward, these two models have been simulated in FlexSim software in order
to measure the performance. The results obtained seem to be extremely favorable
for the implementation of Industry 4.0 solutions on mass customization systems.
Significant improvement in product completion rate on time, customer satisfaction
rate, utilization of equipment, and waiting time in queues has been observed. This

A. Raza (IX) - M. Pero

Department of Management, Economics and Industrial Engineering, Politecnico di Milano,
Milan, Italy

e-mail: ali.raza@mail.polimi.it

L. Haouari
System Engineering Department, ESIEE Paris, Noisy-le-Grand, France

N. Absi
Manufacturing Sciences and Logistics department, Ecole Nationale Supérieure des Mines
de Saint-Etienne, Gardanne, France

© Springer International Publishing AG, part of Springer Nature 2018 217
S. Hankammer et al. (eds.), Customization 4.0, Springer Proceedings in Business
and Economics, https://doi.org/10.1007/978-3-319-77556-2_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77556-2_14&domain=pdf
mailto:ali.raza@mail.polimi.it
https://doi.org/10.1007/978-3-319-77556-2_14

218 A. Razaetal.

study will help mass customization industries to understand the opportunities and
criticalities concerned with the implementation of this concept.

Keywords Mass customization - Industry 4.0 - Simulation - Future mass
customization industries

1 Introduction

In the last decades, competition between manufacturers gradually became tough,
mainly due to globalization [1]. The demand for greater product variety used
to increase greatly due to diverse customer needs and use. This context puts
manufacturers under the increasing pressure to provide products that meet the
requirements of individual customers [2]. To deal with this new industrial situation,
manufacturers offer more and more customized products to customers. This resulted
in the so-called mass customization systems [3]. The concept of mass customization
(MC) was first introduced by Davis [4] in 1987 as the ability to supply services or
products to match with individual customer specifications through great flexibility
and integration. A concrete definition of mass-customized production given by
Modrak [5] says that the products are made by flexible assembly processes consist-
ing of several different modules. Modules or sub-modules are created from initial
components. At the last station, an operator assembles components or modules into
the final product.

Mass customization systems have several characteristics that differentiate them
from the mass standardization systems. According to Heinz Gaub [6], the com-
plexity of these systems is increasing incredibly that makes it difficult to operate
in the competitive situations. On the other hand, customers are seeking for flexible
solutions and tends to increase variant diversity and ever smaller lot sizes.

Also, in mass customization systems, customers wait during processing or
assembly of their orders, unlike in make-to-stock systems. Therefore, cycle time
should be as short as possible. The need of customer involvement in all the product
development phases is getting more important for mass customization industry.

In parallel, latest advancements in information technology (IT) can play crucial
role with the urgent need for tools that support the complexity of MC systems. In
the last decade, various tools (i.e., RFID, barcode, etc.) have been implemented
to increase efficiency of these systems, but there is always a gap for further
improvements. Advancements in IT provide new opportunities to add value in the
manufacturing sector. Adopting future manufacturing systems forces the industry
to change the way it operates and its business model and concept. For instance,
present-day enterprise resource planning (ERP) solutions needed manual operators
to enter the data related to production and processes. The widespread adoption
of information and communication technology by manufacturing industry and
traditional production systems is diminishing the boundaries between the real and
virtual world [7], and these are known as cyber-physical production systems (CPS).
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Moreover, with the help of the Internet, a great variety of manufacturing “Things”
and “Services” can be connected to create the “Things” and “Services” Internet,
i.e., Internet of Things(IoT) and Internet of Services (IoS). All these transformations
mark the transition of current industrial production to the fourth stage (i.e., Industry
4.0) which is characterized by smartness and networking.

The aim of this research work is to investigate how to implement the concept
of Industry 4.0 into the mass customization systems and what are the benefits
associated with such an integration. We used the simulation and modeling approach
in our work. We modeled mass customization environment with the concept of
Industry 4.0 and compared it with current mass customization environment of our
industry in a simulation software named FlexSim. We measured the performance of
both models to compare them and obtain some tangible results.

1.1 Problem Description

The importance to consider customer needs is increasing greatly, and it is becoming
a vital source of existence for the companies if they want to survive in highly
fluctuating industrial environment. This leads to more and more customized prod-
ucts as per specific customer needs. It involves big information and material flows
that make the system more complex and results in decreasing the efficiency of the
system. The latest IT developments hold a great potential to transform our current
industry sector into a new level and increase the efficiency and performance of
manufacturing systems, but the biggest barrier in the implementation of this concept
is the huge amount of financial resources and risk. Therefore, there is a great
need to provide some actual results on this concept to facilitate implementation of
Industry 4.0. Simulation and modeling is considered as a great source to study the
impacts of conceptual models that are difficult to implement practically because of
limited resources and financial constraints. Also, it is extremely difficult to apply
the concept of Industry 4.0 in all types of industries so we decided to implement it
on a specific case of MC industries.

Our motivation is to develop a generalized simulation model that contains the
basic characteristics of all mass-customized industries. The results for this model
can be applied to all MC industry. However, if we go in more depth, results may
vary slightly from case to case.

2 Research Questions

In order to investigate how to integrate MC and Industry 4.0 and what are the
benefits of such integration, three research questions (RQs) have been formulated.

Firstly, it is required to find the characteristics of future mass customization
industries and how the concept of the Industry 4.0 can best fit into mass customiza-
tion environment. That leads us to formulate our first RQ. i.e.:
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RQ 1: How can the concept of Industry 4.0 be implemented on the mass
customization model?

Answering this RQ will lead us to define the pillars upon which we can base our
conceptual model. After having a clear idea of the implementation of this concept on
MC model, it is required to see how it will impact the performance of the simulation
model. RQ 2 is formalized to analyze performance of the system by implementation
of this concept.

RQ 2: What are the impacts in terms of performance of Industry 4.0 on a spe-
cific case of mass customization model?

This RQ will help us in getting some tangible results and statistics from our
simulation model. Based upon which we can purpose certain strong suggestions for
future mass customization industries. This leads us to the formulation of the third
research question.

RQ 3: What suggestions can be proposed to the future mass customization
industry for the implementation of Industry 4.0 concept?

By answering this question, we will purpose some suggestions and future implemen-
tation for the development of this concept in current mass customization industries.
It will be based upon the results that we obtain from the answer of RQ 2.

3 Conceptual Design

In this section, the detailed study is performed to evaluate the characteristics of
Industry 4.0. The aim is to develop the conceptual designs of mass customization
system with the concept of Industry 4.0 and without Industry 4.0 characteristics so
that they be compared in simulation part.

3.1 Conceptual Model Characteristics

The concept of Industry 4.0 is composed of three main pillars, i.e., smart product,
smart machines, and augmented operator [8]. The main idea behind the smart
product is to extend the role of the workpiece to an active part of the system.
The products receive a memory on which operational data and requirements are
stored directly as an individual building plan. In this way, the product itself requests
the required resources and orchestrates the production processes for its completion
[9]. This is a requirement to allow self-configuring processes in highly modular
production systems.

The second pillar, smart machine, defines the process of machines becoming
more autonomous and intelligent without any human interference even at the
level of troubleshooting. The traditional production systems will be replaced by
a decentralized self-organization enabled by cyber-physical system (CPS) [10].
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They portray autonomic components with local control intelligence, which can
communicate to other field devices, production modules, and products through open
networks and semantic descriptions. In this way, machines can self-organize within
the production network. Production lines will become so flexible and modular that
even the smallest lot size can be produced under conditions of highly flexible mass
production. Additionally, a CPS-based modular production line allows an easy plug-
and-play integration or replacement of new manufacturing units, e.g., in case of
reconfiguration [8].

The last pillar, augmented operator, provides the unique approach for techno-
logical support of the worker with the highly modular production environment. In
fact, it is important to understand that Industry 4.0 is not leading toward worker-
less production systems. Human operators are considered as the most flexible
parts of the system that can be more adaptive in those challenging environment.
They can perform great variety of jobs including specification check, monitoring,
and verification of production strategies. Also, they can manually intervene in the
autonomous production process whenever it is required. This technological support
will surely make workers capable to realize their full potential and adapt the role of a
strategic decisionmaker and flexible problem-solver. Indeed, that will make possible
to handle the raising technical complexity of the system [8].

Customer involvement is also becoming the most crucial part of mass cus-
tomization industry because of high dependence on customer’s product needs. It
is extremely important to not just include customer in product variety but also in
the complete supply chain until delivery of the product. Hence, the integration of
Industry 4.0 concept with MC requires four pillars to be implemented:

1. Communication between machines (smart machines)

2. Communication between product and machine (smart products)

3. Communication between humans and machines (augmented operator)
4. Customer involvement

3.2 Discrete Event Simulation Model

To study the impacts of Industry 4.0 upon mass customization, we developed a
model that implements the four abovementioned pillars. It will be difficult to simply
accept the results from one model without any comparison so we decided to build
two models. One model will contain all the characteristics of Industry 4.0 while
the other will not. However, all the properties, dimensions, and processing time of
physical objects and equipment should be the same to simulate the same situation.
Also, it is important that conceptual model should be generalized so it can be
adapted to different industry types. Our motivation is to compare these two models
to draw some concrete results. Below mentioned are the base models upon which
we will build simulations. To simplify the case, we have just chosen picking and
assembly units for simulations.
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Fig. 1 Conceptual model with Industry 4.0

Figure 1 describes the customization model with Industry 4.0 concepts. In this
model, orders are automatically fed into the automated storage and retrieval system
(ASRS) machine as soon as they are received from the customer. The ASRS
machine will automatically collect the respective items from the storage racks and
puts them into the order collection point. To update the customer, an automated
email will be sent to the customer describing that “your order has been collected
and you have certain time left in case you want to change your order.” Then
order components will be unpacked and proceed to the assembly unit. Initially, in
assembly section the order will be sorted. Those orders that need modification (as
per customer request) will be routed back to the picking unit while other orders will
be allocated to the assembly section by considering the following parameters in the
account:

e Number of orders in each assembly line
*  Workload on each assembly processor

In the future, this model can also consider time of delivery, order deadline, and
urgent orders for premium customer. But in this model, these parameters are not
considered. In the end, the orders will be collected and assembled at the product
collection point and delivered to the customer along with an automatic email
notification of dispatch order. Table 1 defines how we can implement the pillars
of Industry 4.0 on MC model in real environment as well as in simulation.
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Table 1 Implementation of Industry 4.0 pillars

Pillar

Implementation in the MC model with Industry 4.0

Communication between machines

Machines can upload their current state on cloud where
its data is examined and instructions are sent to each
machine

Communication between product
and machine

Connectivity allows communication of product with
machines by sharing their current state on cloud and
giving them instructions to proceed in an optimized
way

Communication between humans
and machines

Humans can visualize the performance of each
machine through cloud data analytics and give
instructions to machine at any time

Customer involvement

Customers are updated at each stage of its order
processing as product status is updated on cloud at
every instant

Assembly Unit

, || Order
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| point
Forklift
Truck P . (
Order collection .
Point + Error Check »| Unpacking
Picking Unit K
Manual Allocation of Product to machine
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Assembled product
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Fig. 2 Conceptual model without Industry 4.0

Figure 2 describes the current scenario of mass customization industry (i.e.,
without Industry 4.0 concepts). In which, forklifter collects a manual order from
order dispatch point and collects the respective items from storage racks. Since all
these processes are manual, there is a great probability of error. That’s why an error
check process will be performed on all the orders, and then items will be unpacked
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and will proceed to the assembly unit. In the assembly unit, the orders will be
allocated randomly to each assembly machine without considering any parameter.
At the end, the orders will be collected and assembled at the product collection point
and delivered to the customer.

4 Simulation Model Development

Two simulation models based on the conceptual models have been developed on
the FlexSim software. The purpose behind building two simulation models is to
compare the results obtained at the end. In these simulation models, we have tried
to replicate the actual scenario of our current customized industry model and tried
to put as much reality as possible. These simulation models contain storage racks,
pallet source, transporter, combiner (order collection point), error check points,
separator (only for orders with errors), unpacking processor, conveyers, assembly
processor (i.e., 1/2/3), and delivery queues. As described earlier, all the properties,
dimensions, and processing time of physical objects and equipment are kept the
same in both models, so that our results become irrelevant of physical characteristics
of objects and describe only differences observed by implementing the Industry
4.0 concept. We simulated both models for the run time of 28,800 s (8 h) and
replicated these simulations 250 times to take average results. As all the machines
are subject to certain degree of tolerances (normal distribution within +/— 5%)
in its operation, little variation is observed in result of each single simulation. To
deal with this problem, we decided to take the average results till a certain number
of replication, after which no significant variation in average results is observed.
After 250 replications, results were not changing significantly that is why we fixed
the number of replication to this limit. Figures 3 and 4 show simulation models
developed in FlexSim software.

The table below highlights the main difference between Industry 4.0 and without
Industry 4.0 model and gives in-depth view to understand both models along with
their characteristics.

5 Simulation Output Analysis

Simulation models are developed to generate output for analysis. Since our model
is the representation of a real system, it will be used to understand the behavior of a
real MC system.
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Table 2 Differences between two models

Point of differences Model with Industry 4.0 Model without Industry 4.0
Allocation strategy to Account number of orders in each | Random allocation by operator
assembly units assembly line Account workload
on each assembly processor.
Order picking system Centrally connected ASRS Manual forklift truck
Machine communication | Yes No
Product and machine Yes No
communication
Error check operation No Yes

5.1 Simulation Methodology

Careful statistical analysis is paramount when using output from a discrete event
simulation model. Inputs to a model are decision variables (i.e., that are controlled
by the decisionmaker). In these models, decision variables are mainly differences in
allocation strategies that resulted from machine-to-machine and product-to-machine
communication (described in Table 2). On the other hand, output from model
provides information on the consequences of setting the decision variables in a
certain manner. For measuring the performance of the system (i.e., output), we
selected the following important KPIs:

e Order completion time

* Waiting time in queues

e Utilization rate of machines
¢ Customer satisfaction

The outputs gathered from the multiple run (250 replications) are combined to
provide a basis for conclusions and inference. Also, confidence interval of 90%
is used to estimate the means of output or response variables which provide the
foundation for inference and decisionmaking.

5.2 Key Performance Indicators (KPIs)

Key performance indicators are the set of quantifiable measures that can be used
to measure the performance of a certain process over time. To measure the
performance of our simulation, we formulated some KPIs based upon which we can
decide the real impact of Industry 4.0 on the specific case of mass customization
system. As we have developed two models (i.e., one with Industry 4.0 concept and
the other without it), our motivation is to compare the above KPIs from both models
and come up with a concrete conclusion to make a real progress in this topic of
research.
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5.2.1 Order Completion Time (OCT)

The order completion time is time that is required to complete a single order. It
considers the time that it takes at each process during its processing. We performed
250 replications of simulations and collected mean of order completion time along
with its standard deviation. The more replications we make, the closer results to
real model can be obtained. It is one of the important KPI that can impact the
implementation of Industry 4.0 concept on future customized industries. Figures 5
and 6 describe the result summary of MC model with and without Industry 4.0
concept with mean and standard deviation in Table 3.
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Table 3 Order completion time results

250 replications Mean (90% confidence) Sample std dev
With Industry 4.0 484.5 < 490.8 < 497.2 60.6
Without Industry 4.0 550.5 < 553.6 < 556.6 28.9

It can be observed by comparing the above results that the smaller mean is
obtained in the case of mass customization model with Industry 4.0 concept. It
clearly means that on average, it will take less time to complete a single order with
the implementation of Industry 4.0 concept. Model with Industry 4.0 concept will
have 11.23% less order completion time than mass customization industry without
Industry 4.0 concept (i.e., current customization industry).

5.2.2 Waiting Time in Queues (WTQ)

The second extremely important KPI is the waiting time in queue. Since we used
conveyer for order flow from one unit to another, most of the waiting time will be
observed at conveyers, and we calculated only that time. The higher the waiting
time of the order, the more cost it will add to the manufacturer. Also, the variance
of waiting time is of keen importance because if it is higher than the waiting time,
it would be more unpredictable and vice versa. Figures 7 and 8 describe the result
summary of WTQ from mass customization model with and without Industry 4.0
concept with mean and standard deviation in Table 4.

Great difference can be observed by comparing the results of waiting time for
both models. The average waiting time for the mass customization model with
Industry 4.0 concept is far more less than the model without Industry 4.0 concept.
For all the replications of the first model, the mean waiting time of 11.64 s has been
observed with no standard deviation. While on the other hand, for the second model,
the mean and standard deviation of waiting time are varying a lot. If we compare
the results for 250 replications, then nearly 77.8% of waiting time can be reduced,
and nearly O standard deviation can be achieved. It means we can purpose fixed lead
time of order to our customer with extremely little variance.

5.2.3 Utilization Rate of Machines (UR)

Utilization rate of machines is a quite important KPI to measure. As the processing
time and physical parameters are the same for all processors in both models, they
will not have any major change in time. But it will be significant if we can measure
the change in idle time of transporter and ASRS machine. So, we calculated the
average utilization rate (AUR) for both and recorded 250 replications. To calculate
the average idle time, we subtracted average utilization rate from one. Figures 9 and
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Table 4 Waiting time in queue results

250 replications Mean (90% confidence) Sample std dev
With Industry 4.0 NA < 11.64 <N/A 0.00
Without Industry 4.0 51.77 < 52.50 < 53.22 6.88

10 describe the result summary of UR from mass customization model with and
without Industry 4.0 concept with mean and standard deviation in Table 5.

It can be clearly observed that there is a great difference between the average
utilization rates of both models. If we compare the results of 250 replications of
both models, nearly 22 % of an increase in utilization rate is observed. It means there
will be a great gap of increase in efficiency of the system if Industry 4.0 concept is
implemented.
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Table 5 Utilization rate results

250 replications Mean (90% confidence) Sample std dev
With Industry 4.0 29.44 <29.56 < 29.68 1.10
Without Industry 4.0 7.623 < 7.646 < 7.699 0.221

5.2.4 Customer Satisfaction (CS)

Customer satisfaction is a keenly important KPI for future mass customization
industry but extremely difficult to measure directly from the simulation model. We
decided to follow an assumption that customer satisfaction is directly proportional
to the number of order completed on time (OCOT) so if we measure that number
then we can suggest the same about the customer satisfaction as well. We set the
order completion window limit between 0 and 700 s and calculated the number of
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Table 6 Customer satisfaction results

250 replications Mean (90% confidence) Sample std dev
With Industry 4.0 0.906 < 0.916 < 0.927 0.100
Without Industry 4.0 0.8740 < 0.8810 < 0.8881 0.063

orders that completed in that window for both models. Figures 11 and 12 show the
result summary of CS upon average order completed on time from MC model with
and without Industry 4.0 concept with mean and standard deviation in Table 6.

It can be clearly observed that there is a significant difference in “average order
completion on time” for both models. Nearly 3% increase in order completion
rate can be seen by the implementation of Industry 4.0 concept. This percentage
increases matters a lot for companies whose product is dependent upon customer
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preferences. Moreover, with Industry 4.0 concept, more orders are completed on
time while there is a lot of scattered results for the model without Industry 4.0 con-
cept. It means great precision and accuracy can be achieved with the implementation
of Industry 4.0 concept that will lead to a great customer satisfaction.

5.3 Result Summary

In this section, we have summarized all the results that we obtained from our
simulations and their impacts on our selected KPIs. The positive impacts of Industry
4.0 implementation can be clearly seen on each KPI, but their percentage is varying
differently.

A decrease of 11.23% in average order completion time is observed in the model
with Industry 4.0 concept. If order completion time for each order is lesser, it is
possible to fulfill more orders on the same day. It means that Industry 4.0 will not
only lead to a higher process efficiency but also higher financial benefits for the
company.

In the same way with the implementation of Industry 4.0 concept, the waiting
time of the order in queue has drastically decreased. Approximately, 79.8% of
decrease is observed in this case. The main reason behind this large change is due to
the difference in order allocation strategy to the assembly unit. The communication
between the machines will allow them to measure the load and processing time of
order on each production unit and take intelligent decision by measuring the least
possible time for upcoming order in the queue. This type of intelligent decision is
very difficult to take for manual operator in current customized industry. Hence, the
communication between the machines in Industry 4.0 concept will benefit a lot of
future MC.

Idle time for the machines was another interesting KPI that has been impacted
significantly by the implementation of Industry 4.0 concept. It should be kept in
mind that processing time and physical parameters of all the processors are the
same for both models. So, it is not possible to have difference in processing time
of processors while the only difference is observed if we compare transporter
(in without Industry 4.0 model) and ASRS machine (in Industry 4.0 model). As
transporter always go to order collection point for collection of picking list while
in case of ASRS machine it receive an automatic update of order in its system so a
there is a room to increase the productivity of the system. Decrease of 22% has been
observed in the idle time from transporter to ASRS machine by implementing the
concept of Industry 4.0. That will lead to a great cost saving and increase in process
efficiency.

Lastly, customer satisfaction is among the most important KPI that is impacted by
the implementation of Industry 4.0 concept. Unfortunately, it is extremely difficult
to measure its impact directly by simulation so we need to measure the factor that
can lead us to customer satisfaction. One of the most important factors that can
impact the customer satisfaction is “percentage of orders completed in time.” The
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higher the orders completed on time, the higher will be the customer satisfaction.
An increase in nearly 3% of “average percentage of order completed on time” is
observed by the implementation of Industry 4.0 concept.

6 Conclusion

This research work presents the deep study of impacts by the implementation of
Industry 4.0 concept on a specific case of mass customization industries. As Industry
4.0 is an extremely vast concept, it is difficult to generalize its implementation
on all kinds of industries. Hence, we only focused our research stream to mass
customization industries.

The impact of Industry 4.0 seems to be promising especially for mass customiza-
tion systems in relevance to product completion rate on time, customer satisfaction
rate, customer involvement, utilization rate of machines, and waiting time in queues.
The results obtained after simulation depict a clear picture in favor of Industry
4.0 concept. The implementation of this concept can lead to numerous benefits
for the future MC industries. It will not only increase the financial benefits for the
firm but also help in obtaining greater process efficiency and customer satisfaction.
Unfortunately, literature about this topic is very limited. Therefore, it is of keen
importance to address this subject. Although the implementation of this concept is
facing some technical challenges, the current innovations in information technology
(i.e., cyber-physical systems, cloud computing, Internet of things, RFID, etc.) hold
a full potential to implement this concept in a real environment. No doubt, the key
hurdle is the huge investment that is required to put this concept into reality. So,
investors need to clearly understand the risk and opportunity of their investment.
Indeed, our study will help them in understanding the opportunities and criticalities
concerned with the implementation of this concept.

There are certain issues that can be dealt in future research to show a more deep
understanding of benefits that can be obtained by implementation of Industry 4.0
concept. One of them is the allocation strategy of Industry 4.0 simulation model. For
the meantime, we have just considered the load on each assembly unit or number of
order in each conveyer, but for the future work, we can also consider the request
for urgent orders and time left for each delivery. Those parameters can provide
more deep results for MC industries. Another important parameter is the level of
customization for the customer. In our model, we have considered only the assembly
level of customization for customers. In the future, this level of customization can
be increased to design or fabrication level as well. This will increase the level
of customer engagement in the process, and greater customer satisfaction can be
achieved through it.

Moreover, different KPIs can be set for future work to make results more diverse
and increase the scope of work. It can lead to understand the benefits of the industry
4.0 implementation, to be more visible and better to understand.
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Part I11
Mass Customization and Sustainability



Mass Customization and Personalization: @)
A Way to Improve Sustainability Beyond @&
a Common Paradox

C. R. Boér, C. Redaelli, D. Boér, and M. T. Gatti

Abstract While the entire world is measuring the energy spent in saving the
environment, and sustainability is one of the trendiest words, the real meaning of
the term and the way of making it more concrete is still not clear.

Which is the perception of “sustainability” among academics, industrials, and
common people? This perception appears as basis of a generally accepted paradox
that brings the market players discussing about “recycling and renovating” and not
measuring real users’ needs.

The present paper tries to also understand how historically the market has
produced the above paradox based on the economic value that dominates the global
community.

The analysis of the confusion about “end-of-life” and “beginning-of-life” of a
product among consumers demonstrates the generation of a collective contradiction.
The paradox of our society is in fact based on the consciousness of the “end-of-life”
of the mass-produced products but with total ignorance of the waste energy for
products never sold (“beginning-of-life”).

The paper proposes a change in production paradigm as a possible solution to
go beyond the paradox. Where today mass production (MP) is still the dominant
paradigm, mass customization (MC) and personalization is becoming more accepted
and feasible also, thanks to the technological developments and innovations.
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1 Introduction

“Sustainable” (and sustainability) was forged by the World Commission on Environ-
ment and Development (WCED) better known as the Brundtland (prime minister
of Norway) Commission [1]. It was created by the UN in the 1980s to face the
heavy deterioration of the environment and natural resources. The commission
released a document titled Our Common Future in 1987: “Sustainable development
is development that meets the needs of the present without compromising the ability
of future generations to meet their own needs” [2]. But the paragraphs below retrace
the history of concepts like development, progress, and sustainability.

The demand of raw materials, their transport in different places, and conse-
quently the impact on the environment were historically a concept already known
by the ancient populations; there are proves in Plato, Pliny the Elder [3], Columella
[4], and many other historians in different civilizations. They were already worried
for the environment degradation and recommended to pay attention for maintaining
the “everlasting youth” of the earth [4]. Jumping in the history of civilization in
the eighteenth century, the population grows a lot, and in the following century
it concentrated in urbanized areas. That created a high demand of coal as principal
source of energy for cities and industries. During the age of industrial revolution and
more than a century before, the term “sustainable development” came into general
use, and several publications appeared which dealt with what we would today call
sustainable development [5].

In the first half of the twentieth century, oil became the primary source of energy,
and scientists raised the alarm that oil supplies might be exhausted soon starting the
discussions about the limitations to the supply of raw materials and energy sources
and warned against wasteful consumption [6].

The twentieth century was a period of alternation between optimistic and
pessimistic outlooks with regard to human development. But soon after World War
II, an unprecedented economic boom paved the way of rising living standards
worldwide. It was, however, during this period of industrial and commercial
expansion that the environmental crisis started looming larger on the horizon,
forcing people to change their basic assumptions about growth and development
[5].

And in the 1960s, because of a period of population growth, but most of
all because of the industrial and scientific development linked with commercial
demand, the people started reading about pollution, resources depletion, and
population growing. In those years, green organizations were established.

The term sustainability, a noun used in ecology to refer to a condition that can
be maintained over an indefinite period of time, was introduced on a more regular
basis than before into development discourses [5]. At the start of the 1970s, the
term “sustainable development” was coined, probably by Barbara Ward founder of
the International Institute for Environment and Development [7].
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And finally the story is back to the United Nation Brundtland Commission. The
report expressed the belief that social equity, economic growth, and environmental
maintenance are simultaneously possible, thus highlighting the three fundamental
components of sustainable development, which later became known as the triple
bottom line [3, 6]:

e The environment
e The economy
* The society

Many critics were moved to this international text; one for all is in EURACTIVE
2002: the document did not question the ideology of economic growth, and it
did not adequately challenge the consumer culture; it was serving comfortably the
neoliberal interest [8].

Governments, businesses, and civil society together with the United Nations have
started to mobilize efforts to achieve the Sustainable Development Agenda by 2030
[9]. In 2015, countries adopted the 2030 Agenda for Sustainable Development and
its 17 Sustainable Development Goals. By scrolling the 17 goals of the agenda, it’s
clear that well-being and equality for everyone in the world is the major goal and
industrialization does not have to be blind and indiscriminate increasing divisions.
The 12th goal of the agenda states: “By 2030, substantially reduce waste generation
through prevention, reduction, recycling and reuse” [9].

But what is the common perception of the term “sustainability” today? Are we
enough oriented to the ecological/environmental problems today? And how much
do we abuse environmental issues?

Walking around a nice lake in the center of Guyan in China, where every year
the World Eco Forum Global (www.en.efggy.com) takes place, it is possible to read
tens of nice posters pasted in the walk promenade with the purpose to inform about
the different environmental issues. One of them says: “In our way of life, we should
elevate the low carbon and green consumption concepts instead of being in excessive
pursuit of material wealth and enjoyment.” Nobody is against such statement, but
what can we learn from this declaration? Is this something that young people can
learn and increase their awareness about environment? Furthermore, why and how
we arrived to have a society where it is normal to “excessively pursuit material to
assure wealth and enjoyment.”

The purpose of this paper is not to give all the answers but to try to push
forward some innovative visions that have been already worked in the last few
years by different research projects in the field of sustainability in production
and product innovation. The goal of the paper demonstrates that it’s possible to
“rationalize inefficient [ ... ] encourage wasteful consumption by removing market
distortions” in line with another objective of the agenda for sustainable development
into 2030 [9].
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2 The Paradox of the Modern Society: Be Sustainable
in the Wasteland

Nowadays, sustainability has become such an abused term that people do not
consider anymore what it really means, that is, the basis to explain the social paradox
experienced by the humanity.

The paper focuses on one aspect of the wide world market, giving a concrete
example about the shoes industry, use, and waste. This choice has two main
purposes:

1. To discuss the perspective about environmental issues that have been lost and
the common user’s attitude: he is not able to question the communication about
ecology and sustainability anymore.

2. To show a concrete example to move from a theoretical concept to something
tangible, part of the common experience, something that everybody can grasp
and share, criticize, and contribute to.

The paradox is something so simple but a revolution in the way of considering the
sustainability: the general preoccupation is to face the end-of-life of the products,
but we forget to consider the production process from the beginning when it’s
decided to produce “things” that nobody will ever buy. Are these “unused” objects
trash or waste?

2.1 Trash and Waste

First of all, it is essential to define the difference between “waste” and “trash,” since
many people confuse the two terms. Here, below are definitions from the dictionary
[10]:

e Trash:

— Anything worthless, useless, or discarded; rubbish
— Useless or unwanted matter or objects

¢ Waste:

— An act or instance of using or expending something carelessly, extravagantly,
or to no purpose
— An object the holder discards, intends to discard, or is required to discard [11]

Based on the definitions reported, “trash” term seems to the authors much more
correct instead of “waste” when the produced goods are worthless, useless, and not
even purchased.

Historically, the first landfill was in Crete 3000 BC where Knossos digs large
holes for refuses. In 2000 BC, China developed methods of composting/recycling
waste and in particular bronze for reuse [12]. But surely the garbage was in quantity
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Fig. 1 Kg of waste generation and treatment: EU 1995-2013

Table 1 Electricity usage in the word for 2008

Source of electricity (world total year 2008)

- Coal | Oil Natural gas | Nuclear | Renewables | Other | Total
Average electric 8263 | 1111 [4301 2731 3288 568 20,261
power (TWh/year)

Average electric 942.6 | 126.7 |490.7 311.6 375.1 64.8 |23114
power (GW)

Proportion 41% | 5% 21% 13% 16% 3% 100%

Data source IEA/OECD; www.iea.org

and quality deeply different from the present one. Today in Europe each person
generates 481 kg of waste per year (data referred to 2013) [13]. The amount of
municipal waste generated varies significantly across the EU Member States. With
less than 300 kg per person, Romania, Estonia, and Poland had the lowest amount of
waste generated in 2013, followed by Slovakia, the Czech Republic, and Latvia (all
just over 300 kg per person). At the opposite end of the scale, Denmark (747 kg
per person) had the highest amount of waste generated in 2013, well ahead of
Luxembourg, Cyprus, and Germany with lower amounts but above 600 kg per
person, and Ireland, Austria, Malta, France, the Netherlands, and Greece with values
between 500 and 600 kg per person (Fig. 1).

The laws for recycling brought forth to a relatively new industry for waste
treatment. From the Greek law (500 BC) that ratified to have the garbage dumped
at least 1 mile from the city [12], to the different waste treatments considered today
[13]:

e Landfill means the depositing of waste into or onto land, including specially
engineered landfill and temporary storage of over 1 year.
* Incineration means thermal treatment of waste in an incineration plant.
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* Recycling means any recovery operation by which waste material is reprocessed
into products, materials, or substances whether for the original or other purposes,
except use as fuel.

* Composting means the biological treatment (anaerobic or aerobic) of biodegrad-
able matter resulting in a recoverable product.

Given the definition above of “trash” and “waste,” then it is clear that, if the
family acts consciously, then all those items are trash and not waste.

3 A Concrete Example of the Paradox: The Shoe Production,
Use, Trash, and Waste

To better clarify this concept, let’s take one product that everybody or every
consumer has used, is using, and will be using: a pair of shoe. On this product,
we will build the concrete example we have mentioned.

To understand the dimension of this example, let us answer the following
questions:

* How many pair of shoes are in average in a closet?
* How many pair of shoes each consumer buy every year?

It is a way to bring the average consumers to enter and immerge themselves
in a real environmental problem that they normally never think about. We buy
a lot of shoes, enough to fill more than few closets. Each of us has different
pairs for different occasion of use and different seasons or weather conditions.
It’s estimated [http://cec-footwearindustry.eu/] that 20 billion pairs of shoes are
produced annually, and unfortunately, roughly 300 million pairs are thrown away
each year, too.

Like for clothing, shoe trash occurs entirely too much and it is 100% avoidable.
The shoe manufacturing process is a chemical-intensive process. Ethylene vinyl
acetate, a material commonly found in the midsole of running shoes, can last for
as long as 1000 years in a landfill. When considering the sheer volume of shoe
thrashing, it’s environmentally irresponsible to toss shoes in a landfill where they’1l
impact the planet for centuries. Research has been ongoing to solve this issue [14].

But the case study is focused on the waste of shoes as a final product and
not on the trash of the production process itself and more in general. In other
words, following the definition, it’s about the act of using or expending something
carelessly, extravagantly, or to no purpose, in the case of the example, the production
of tons of shoes that are not used.

The industrial production is mainly based on the production paradigm of mass
production (invented by Ford with the famous Model T), it is efficient to bring
consumer’s goods to the clients, but it is highly inefficient from an energetic point of
view. And we will see later the reason. The point is that the consumers ignore how
many of these products have been sold at the end of the season or at the end of the
year, and probably many stakeholders too. The answer is that for 100 pair of shoes
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produced, 80 are sold but 20 are not [15]. And here is the paradox of our society: we
all focus on the end-of-life of our products, but we miss the beginning-of-life when
we produce “things” that nobody will ever buy.

It’s important to understand what does it means to produce 20% of shoes that
are never sold. It means that the factory has consumed 20% of energy and materials
for products that nobody wants and will never want. It is important to understand
the values or numbers of this phenomenon, for sustainability comprehension. It is
important to show the dimension of a problem and not only to mention that there is
a problem.

3.1 The Energy Waste for Unused Shoes

The total energy consumed in the world can be subdivided in three equivalent parts:
transportation, buildings, and production.

One third is consumed by the industrial production (from transformation of raw
materials up to the final product). There are thousands of power stations based on
fossil fuels, water, nuclear, solar, wind, etc. We will not enter here in the debate
about which source of energy is more sustainable. But we may assume for our
discussion that we take an average power station of 500 MW [16_ NYT].

Then according to available data, the number of stations will be 4622. One third
are dedicated to production that is 1541 power stations. Calculating the average
energy necessary to produce 20 billions pair of shoes (we know what is the energy
to produce one pair of shoe [15]) and then calculate how many power plants are
necessary. The total number of power plants to produce the 20 billions pair of shoes
is therefore 25. Compared to the total number of power plants in the world, it is only
0.54% but it is 1.62% of the power plants dedicated to production! That will be ok
because anyway we need those shoes. Unfortunately, 20% of those shoes are unsold.
Let us calculate the average energy necessary to produce 4 billions pair of shoes or
the 20% of unsold shoes and then calculate how many power plants are necessary.
Again a simple calculation brings us to five power plants of 500 MW each one.

It also means that around the world there are five power plants working 24 hours
for 365 days to produce those unsold shoes and consuming fossil fuel or nuclear
material or water for nothing!

4 The Paradox Solution: Changing the Production Paradigm

How the paradox can be solved? Could we reduce numbers or even eliminate this
problem?

The problem has been generated by the mass production paradigm. It focuses
on average consumers’ needs but it does not focus on the real market size. And
therefore in order to sell the 80% of its production, it has to produce 100% of shoes
with the 20% of unsold.
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The mass production paradigm tends to produce more products than are really
needed because it is “market oriented in an approximate way”’

e Mass production knows the trends of the market (approximately).
e Mass production knows the volume of the market (approximately).
e Mass production knows the time to the market (approximately).

The problem is the “approximately”: it is creating the “waste” that we have
presented. If we could predict in an accurate way the “approximately,” then also
the waste will be reduced and even eliminated. Moreover, the marketing habits of
pushing products toward customers use big advertisements and attention-grabbing
claims to put products into the minds of customer supporting the mass production
system inserting needs where there are none.

However, nobody has ever taken into consideration the beginning-of-life. All
(producers as well as consumers) focus on the end-of-life of the products thinking
about recycle, reuse, lower impact on the environment, etc. The trend was even
designing products based on reusable components, recycled, or biodegradable
following the cradle-to-cradle concept, take the materials from the cradle of nature
but return it to the cradle of nature [17].

4.1 The Mass Customization and Sustainability

Mass customization contributes to sustainable business development by tackling
future waste before its production. By producing goods tailored to the customers’
need and wish, mass customization ensures to produce only what is needed [15]
(Fig. 2).

If we look at the evolution of production [19], we can see that from the (1)
craft production (when the products were essentially made only on the request and
requirement of the single customer), we went to (2) mass production (when the
products were designed and produced mainly for the average consumer but pushed
on the market before the consumer could even see the product — Ford Model T). We
are now very slowly entering the era of (3) mass customization when the products
are not only designed for each single customer but also produced only when the
customer has already bought the product. We can see that there is not only an
“evolution” of the production paradigm but also an “involution”: from the focus on
the customer, to the focus on the market, and then back to the focus on the customer.

The trend is bringing the production to a still innovative way to produce “things”
realizing only:

e What is necessary
* When it is necessary
* To customer’s specifications
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5 Beyond the Paradox with Mass Customization
Shoe Production

Footwear industry is a powerful example of a very large potential of the use of
this new production paradigm. Photo number 2 shows a shoe produced according to
mass customization principles, which clearly indicated that these shoes are made for
only one customer with his name and identification number for the system (Fig. 3).

Of course the production cycle and processes must be adapted. Simplifying from
the consumer (in this case one of the authors) point of view:

* Mass Production — the consumer goes to the shop where there are hundreds of
available pair of shoes. He/she chooses and tries several models until he/she is
(more or less) satisfied; for me I am never 100% satisfied because my left foot is
slightly shorter than the right foot. I always ask to try the number 41 for the left
foot and the number 42 for the right foot, but the shop never wants to sell me a
pair of shoes that are of different sizes! The client, me, is therefore not satisfied.
At the end, the consumer pays and walks out of the shop with the pair of shoes.

* Mass Customization — the consumer enters the shop where there are only few real
pairs for each model of shoe, and the client can touch and feel the material. Then
the user’s feet are scanned with a 3D machine, very similar to a 2D photocopy but
in 3D for the two feet. The computer analyzes the geometry of the feet and based
on the client’s desires and his/her daily needs (whether in the place of living,
work in or outdoor, occasion of use), and finally it proposes the best model of
shoes. The client can still choose color, materials for the upper and for the sole
and even the insole, strings, etc. Finally the computer, in communication with the
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Fig. 3 Customized shoe

factory, proposes a date when the customized shoes will be available. If the client
agrees, he/she will then pay and walk out of the shop with the receipt of his/her
shopping experience: it proves the payment of course, but it also indicates your
ID number to follow the production of your shoes and to ask for your feet’s data
and eventually change them in the future. The finished shoe will be sent directly
at client’s house or to the shop where the client can try on once more the shoes.

Is the shoe the only example of production paradox? No, there are many and
in different sectors. Research has shown that, for example, in the textile industry,
around 40% of the products are unsold. The fashion industry is particularly touched
by this problem.

5.1 Further Change Through the Paradigm: From
the “Consumer-Product” to the “Consumer-Producer”
Relationship

Along with the production paradigm change, there is another paradigm that is
changing, and it is also related to production but looking from a different hbox-
perspective.

Looking above at Fig. 2, there is a diagonal line crossing the timeline. This is
the divider between the market-push and market-pull perspective. This definition
is purely based on economic perspective because the economic reason has been the
dominant factor in the human society starting in the Renaissance period in Italy [18].
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However, if we want to explain in a different way this dividing line, we should
look what history is telling us. Before the Renaissance, the social reason was the
dominant factor, but in the Renaissance the economy has started its “emancipa-
tion” with the first trader and merchants. Then in the sixteenth, seventeenth, and
eighteenth centuries, the economy starts to develop in an autonomous way, and the
merchants were devoted to organize the work of other peoples. At the beginning of
the nineteenth century, there is an “inversion” and the economic reason beginnings
to take over the social one. In this period, the first industrial revolution takes place
but in fact it is not, as normally it is presented, just a technological revolution but a
social revolution: the people understand they can sell their work/effort and time for
a salary, and they become dependent of the economic reason.

The economic power starts its domination. There are several other steps in the
development and success of the “economic reason” and its greater and greater
dominance on the “social reason.” It is not our purpose to discuss in detail this
large phenomenon presented in thousands of books, but we want to reach up to the
contemporary time because it is when the worst results of the chain reaction is seen
and come into our interest. Just a small remark: even the terminology has taken a
new definition through the ages. For example, the word “company” comes from the
Latin “cum panis” that means “sharing the bread”: we have become so detached
from the original idea.

Actually the “economic science” has developed in such a way that it creates
more and more needs in the people, not only in the normal consumer goods (shoes,
clothes, etc.) but also for other products like cars and even in domains where the
economy was previously not involved like cinema, arts, music, etc. And in order to
respond to the increased needs of the market, new technologies and methodologies
are developed like automation, robots but also mass production, lean manufacturing,
etc. The system is so integrated that in its research for greater and greater efficiency,
it also creates enormous wastes that we can consider even insane. Because of
the efficiency, it is only economic, and therefore if a waste is justified, then it
is considered beneficial. The most absurd development of this insane path is the
speculation on future profits or “the futures” that brings the collapse of 2008.

But finally it seems that there are some seeds for the breaking down of the
reaction chain and bring back some value to the “social reason.” We should here
warn however that we do not think in terms of “social revolution” like Marxism or
communism because we have seen how the societies based on these ideas or ideals
have invariably developed and become subjected to the “economic reason” and the
last example is China that does not need any comments.

We are interested instead to try to find out how it is possible to change the way
we see the consumer and the product. In the mass production paradigm, the client
or the consumer sees the finished product in the shop or in the department store
or, more and more, on a screen during the online shopping. But then the product is
finished, and there is no possibility to adapt it according to the own desire or needs,
and there is no relationship between the client and the mass producer.

In the mass-customized paradigm, this changes: the consumer has a direct
relationship with the producer. The consumer becomes part of the process to design
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and produce the object he/she wants. The “relationship” between the producer
and the consumer becomes the most important aspect in the transaction: the
“social reason” is now taking over again, and a social relationship is established
and not purely an “economic reason.” This change of relationship has profound
consequences also on other aspects like reduction of waste (not trash!), less energy
required, less pollution but also, and probably more important, there is finally a
breaking down of the “economic chain” and its dominance on our market first and
moreover on the entire society.

6 Conclusion

We live in a time in which it’s clear the paradigm of mass production is not working
anymore in a sustainable manner, but it continues to be dominant, thanks to the
control of a broader standard that is the hegemony of the economy on cultural,
economic, social, ecological, etc. reasons.

In Billeter’s essay [18] there are various statements that he has brought from his
research and experience: we need to be open-minded to a plurality of paradigms.
The power of the economic reason is that it stands out as THE ONLY paradigm that
the society wants to sponsor.

Using scientific methodology, experience and research as presented in this paper,
we can develop other and new paradigms (like the greener mass customization).
Billeter writes in his book about China [18]: “I am in favor of a pluralism that I
would describe as absolute or radical because it is subject to any higher order and it
is not supposed to be absorbed into a larger reality. I consider this kind of pluralism
that Europe has as a most valuable product. I liked China, I studied its traditions
for fifty years, but I have not found this plurality. After this adventure, I feel to be
European for this reason: the plurality of persons, works or cities.” Furthermore we
would add plurality of paradigms and their consequences on an individual, animal,
plant, and even mineral and not only consider the impact of economic reason on the
planet.

The paper proposes an innovative view on a complex concept that the society has
so hardly stigmatized to create a paradox. It is necessary to have a critical approach
starting from a scientific measurable data.

The mass production paradigm is a very efficient way to make products and
push them on the market at prices that are affordable to a large part of the world
population because they answer to real clients’ needs. But mass production is just
a mean of a larger paradigm that is based mainly and almost only on the economic
reason, and this brings not only efficiency in price but also big waste, pollution,
and social conflicts (even among the nations to find and conquer primary natural
resources).

The mass customization paradigm can maintain the advantages of the “mass”
production but reducing considerably the disadvantages. The waste in terms of
energy and natural resources are considerably reduced, and the same for the
pollution.



Mass Customization and Personalization: A Way to Improve Sustainability. . . 249

Finally, we can restore the most important reason for the human society, that is,

the “social relationship” between the producer and the consumer where the product
is not just a mere economic transaction but a way to establish a relationship.

Today we have the technologies to make the change and go from mass production

to mass customization:

Virtual reality for design

Robotics and automation for production

3D printing for manufacturing

Smart factory or factory 4.0 for logistic and control
Smart city for integration

What do we miss then to make the change?
Vision
Political willingness

Education
Cooperation between sustainability stakeholders

If the vision will be accepted with political willingness to implement it, education

will be the primary tool for the success of the new society based again on “social
reason” and not exclusively on “economic reason.” Only by educating, from the
Latin e-ducere or take out from the new generations and not pushing with simply
notions, it is possible to demonstrate the contradictions of the society today and
to show which are the ways to change. Give the young generation the ideas and
systemic way to see the world in which they live, and they will be able to implement
the new society through one of the sustainable development goals: “Inclusive and
sustainable industrial development [ . .. ] for rapid and sustained increases in living
standards for all people [9].”
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Mass Customization and Environmental m)
Sustainability: A Large-Scale Empirical iy
Study

Enrico Sandrin, Alessio Trentin, and Cipriano Forza

Abstract A growing number of firms nowadays need to combine mass customiza-
tion (MC) with environmental sustainability management (EM). However, the
research on the synergies or trade-offs between MC and EM is still in its infancy.
Furthermore, the few findings available in the literature are partly conflicting: some
studies suggest that MC and EM may be synergistic, while others raise concerns
on the environmental sustainability of MC. This paper contributes to this debate
by presenting the results of the first, large-scale, empirical test of some of the
synergies suggested by prior research. Our results support the existence of two
types of synergies between the MC capability of parts commonalization and the
EM capability of product stewardship. One type of synergy is explained by the
fact that parts commonalization capability reinforces the positive effect of product
stewardship capability on environmental performance (interaction-based synergy).
The other type is explained by the fact that both these organization capabilities
require the same routines of cross-functional integration (shared routine-based
synergy). Besides enriching the debate on the relationships between MC and EM,
our results also contribute to the broader discussion on the compatibility between
economic and environmental sustainability dimensions.

Keywords Mass customization - Environmental sustainability - Commonality -
Product stewardship - Cross-functional integration - Moderation - Survey
research

1 Introduction

Both mass customization and environmental sustainability management are increas-
ingly relevant to manufacturing firms [1, 2]. Mass customization (MC) denotes the
ability of a firm to fulfill each customer’s idiosyncratic needs without substantial
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trade-offs in cost, delivery, and quality [3-5]. Environmental sustainability man-
agement (EM) means integrating environmental sustainability principles into busi-
nesses [6].

While more and more companies face the twofold challenge of combining MC
and EM [7], the existing literature mostly focuses on either MC [e.g., 8] or EM
[e.g., 9]. Only recently has research begun to investigate the possible relationships
between EM and MC. In particular, some authors have suggested that MC brings
not only economic advantages but also environmental benefits [e.g., 10, 11]. Other
authors have conversely raised concerns on the environmental sustainability of MC
[e.g., 12].

In summary, when it comes to the relationships between EM and MC, prior
research is very limited, especially as far as empirical studies are concerned [13],
and its results are at least partly conflicting. In view of this research gap and
these mixed findings, and considering that both MC and EM require specific
organizational capabilities [14, 15], the present paper uses secondary data to test,
on a large scale, the existence of synergies between the MC capability of parts
commonalization and the EM capability of product stewardship.

The remainder of this paper is organized as follows. Section 2 reviews the rele-
vant literature, while Sect. 3 develops the research hypotheses. Section 4 presents the
method we used to test these hypotheses, while Sect. 5 reports the analysis results.
Finally, Sect. 6 discusses the theoretical and managerial implications of the study,
as well as its limitations and directions for future research.

2 Literature Review

2.1 Organizational Capabilities and Routines

Organizational performance, including environmental performance, can be seen as
the result of organizational capabilities [e.g., 16]. These latter are often regarded
in the literature as combinations of organizational routines, which are repetitive
patterns of interdependent organizational actions [17]. In line with this view, an
organizational capability is defined here as the organizational knowledge of how
to repeatedly organize a number of inputs in order for the organization to obtain a
desired output [18]. It is worth noting that this conceptualization of organizational
capabilities, which is typical of the strategic management literature, differs from
the conceptualization that is common in the operations strategy research. The latter
stream of the literature regards capabilities as “business unit’s intended or realized
competitive performance or operational strengths™ [19: 730], thus focusing on the
outcome a capability is supposed to enable rather than on the “means” to achieve
that outcome [19].
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2.2 Environmental Sustainability Management
and Its Enabling Capabilities

Companies nowadays are expected to be responsible not only to their shareholders,
but to society in general, by matching their economic and financial results with
minimization of ecological footprint and increased attention to social aspects [20].
This attention to the well-being of society is reflected in the concept of social
responsibility, defined as “discretionary corporate activity intended to further social
welfare” [21: 795]. Corporate social responsibility is a theme that has gained large
prominence in academic research in recent times; in particular, large attention has
been paid to the preservation of the environment [22]. As previously mentioned,
the integration of environmental sustainability principles into a company’s business
is known in literature as environmental sustainability management (EM), and it is
a concept that emerged in the 1990s [23]. It was during that decade that the term
“eco-efficiency” was coined and organizations started to look for innovative ways
to reduce materials use, to utilize renewable energy, etc. [24].

In recent years, management scholars have become particularly interested in
the organizational capabilities underlying EM. Hart [25], in his seminal paper,
introduced this theme in the strategic management literature by proposing three
EM capabilities: “product stewardship,” “pollution prevention,” and “sustainable
development.” A few subsequent studies in the same body of literature have
proposed additional capabilities a firm should develop and deploy for EM. Some
of these capabilities have a clear environmental purpose stated in their definitions,
such as Aragén-Correa and Sharma’s [26] “proactive environmental strategy.”
Others, though supporting EM, do not have such an explicit environmental purpose
in their definitions and, therefore, can be seen as complementary assets for EM
capabilities rather than as EM capabilities. This is the case, for example, of Sharma
and Vredenburg’s [27] “stakeholder integration” capability, that is, the capacity to
develop trust-based collaborative relationships with stakeholders.

More recently, EM capabilities have become a topic of interest to the operations
and supply chain management literature as well. By focusing on the supplier
network, Bowen et al. [28] proposed the capability of “green supply.” Instead,
by looking at downstream supply chain operations, Miemczyk [29] identified 13
organizational capabilities for end-of-life product recovery, and Wong et al. [30]
focused on the capacity, called “process stewardship,” of efficiently using materials
and resources not only in end-of-life operations but also in the manufacturing and
distribution processes. With a holistic view of the supply chain, Bremmers et al.
[31] proposed the capability of “environmental information and communication,”
which is the capacity to communicate the firm’s environmental performance to a
variety of external stakeholders and to exchange information in the entire supply
network to reduce the product life cycle environmental impact. An even more
comprehensive perspective was finally adopted by Lee and Klassen [15], who
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proposed the following five EM capabilities, covering also organization design
aspects: “product environmental management,” “process environmental manage-
ment,” “organization environmental management,” “supply chain environmental
management,” and “relationship environmental management.”

2.3 Mass Customization and Its Enabling Capabilities

As compared to the research stream on EM capabilities, the one on MC capabilities
is more recent and relatively underdeveloped. The first authors to use the term “capa-
bility” in conjunction with the tem “mass customization” were Tu et al. [32], who
defined MC capability as an organization’s ability to produce differentiated products
without sacrificing manufacturing costs while also being able to quickly deliver
those products to individual customers. Similar to the manufacturing capabilities
studied in the operations management literature, Tu et al.’s [32] MC capability
is conceptualized as a competitive performance, rather than as a combination of
routines and resources that contribute to determine such performance [19].

Conversely, Zipkin [33] identified three MC capabilities that are more in line with
the “capabilities as routine bundles” view that is typical of the strategic management
literature: “elicitation,” “process flexibility,” and “logistics.” These capabilities are
related to the one proposed by Tu et al. [32] in that they can be thought as the means
that a company needs to employ to achieve Tu et al.’s [32] MC capability.

Subsequently, Salvador et al. [14, 34], elaborating on Zipkin’s [33] capabilities,
proposed another three capabilities that support the organizational movement toward
MC: “choice navigation,” “solution space development,” and ‘“robust process
design.” “Choice navigation,” which requires Zipkin’s [33] “elicitation,” is the
capacity to minimize the effort required of a customer to identify, within the
company’s solution space, the product that best satisfies his/her needs. “Solution
space development,” which too requires Zipkin’s [33] “elicitation,” is the capacity
to identify the product attributes along which customers’ needs diverge. Finally,
“robust process design,” which includes Zipkin’s [33] “process flexibility,” is the
capacity to reuse or recombine existing organizational and value chain resources to
fulfill a stream of differentiated customer’s needs.

More recently, Trentin et al. [35] added to this emerging debate in two ways.
First, they proposed another two MC capabilities that do not overlap with the ones
defined by Zipkin [33] and Salvador et al. [14], that is, “MC integration into strategic
planning” capability and “continuous improvement for MC” capability. Second,
they pointed out that Salvador et al.’s [14] “robust process design” capability
encompasses three, not necessarily co-varying, lower-level capabilities, that is,
“parts commonalization,” “process standardization,” and “suppliers flexibilization.”
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3 Hypothesis Development

3.1 Product Stewardship and Environmental Performance

Product stewardship capability is an EM capability, defined as the capacity of
a manufacturing organization to design new products with minimal life cycle
environmental impact [25]. Product stewardship entails integrating the “voice
of environment” into the new product development process and is one of the
three fundamental capabilities identified by Hart [25] in his seminal work on
environmental strategies.

Product stewardship capability improves environmental performance in several
manners, for example, by minimizing the use of nonrenewable resources, by
avoiding the use of toxic materials, by facilitating the reuse or recycling of products,
and by minimizing the environmental impact of the entire supplier system [25].
Accordingly, the following research hypothesis is proposed.

H1 Product stewardship capability has a positive effect on environmental perfor-
mance.

3.2 Parts Commonalization and Environmental Performance

Parts commonalization capability is one of the MC capabilities proposed by prior
research. It is defined as the capacity of a discrete manufacturing organization to
reuse the same product parts to fulfill a stream of differentiated customer needs
[35].

Parts commonalization capability may have both positive and negative effects
on environmental performance. The positive effects are due to reduced inventory
and lower obsolescence of product components as well as to fewer manufacturing
changeovers. Parts commonalization reduces the inventory of product parts by
virtue of the so-called risk pooling effect [36]. In addition, the use of common
parts across several products and among product generations reduces the risk of
parts obsolescence [36]. Finally, parts commonalization decreases the number of
manufacturing setups, which depends on the number of different parts and products
manufactured by a firm, by decreasing the variety of components [36]. Reduced
inventory, lower obsolescence of product parts, and fewer changeovers all imply
that less environmental resources are consumed, thus enhancing environmental
performance.

However, parts commonalization can also have negative effects on environmental
performance. This happens when parts commonalization leads to the use of parts
with excess capability for particular applications [37]. The production of these
over-designed parts requires higher consumption of resources, thus decreasing
environmental performance.
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Given that the existing literature supports both the view that parts commonal-
ization capability improves environmental performance and the opposite view that
a higher degree of parts commonality has detrimental effects on environmental
performance, we decided not to propose a specific research hypothesis on the effect
of parts commonalization capability on environmental performance.

3.3 Synergies Between Parts Commonalization and Product
Stewardship

The existing literature proposes two explanations for the existence of synergies
between the MC capability of parts commonalization and the EM capability of
product stewardship. One explanation revolves around the notion of interaction
effect, while the other relies on the idea that the same organizational routine can
help develop distinct organizational capabilities.

Interaction-Based Synergy A distinguishing feature of discrete manufacturing
organizations is the fact that their products are composed of separate components.
In such a context, the development of product stewardship capability leads to
designing product components with reduced life cycle environmental impact, such
as components with more recyclable materials. If a company has previously
developed the capacity to reuse the same component parts to fulfill heterogeneous
customer needs, fewer component parts will be needed to create a certain variety of
products, and common components will be used in larger volumes. Consequently,
the environmental benefits of designing a component with reduced life cycle
environmental impact will be greater if the component is shared across different
products [35]. Accordingly, the following research hypothesis is proposed.

H2 The positive effect of product stewardship capability on environmental perfor-
mance increases as parts commonalization capability increases.

Shared Routine-Based Synergy Both parts commonalization and product stew-
ardship capabilities require cross-functional integration [35]. Cross-functional inte-
gration is a process of interaction and collaboration in which an organization’s
functional departments exchange information and work together in a cooperative
manner to arrive at mutually acceptable outcomes [38, 39].

Cross-functional integration facilitates parts commonalization by easing reso-
lution of the complex trade-offs that parts standardization decisions may involve
(e.g., common components can lower manufacturing costs but also hinder the ability
to extract price premiums through product differentiation) [40]. At the same time,
cross-functional integration facilitates product stewardship because every step of the
value chain, from raw material procurement up to product disposal, must be taken
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into account to develop new products with minimal life cycle environmental impact
[25]. Based on the above arguments, the following research hypothesis is proposed.

H3 Parts commonalization capability and product stewardship capability are posi-
tively correlated.

4 Method

4.1 Data Description

The data used for the empirical analyses are part of the fourth round of the
High Performance Manufacturing (HPM) project. The sample used includes 304
mid- to large-sized manufacturing plants from 3 industries (machinery, electronics,
and transportation equipment) and 13 countries (Brazil, China, Taiwan, Japan,
Korea, Vietnam, Germany, the UK, Finland, Sweden, Italy, Spain, and Israel).
Twelve different questionnaires were developed by HPM researchers and were
directed to as many different respondent categories to obtain information from
the respondents who were most knowledgeable. In each country, HPM researchers
randomly selected a list of plants in each industry and, to maximize response rate,
contacted the managers of each plant to solicit the plant’s participation. In return
for participation, each plant received a detailed report comparing its manufacturing
operations profile to those of other plants in its industry. Owing to missing responses
to the survey items used in this study, 66 plants were removed using listwise
deletion.

4.2 Measures

Parts commonalization capability, product stewardship capability, and environ-
mental performance were measured using multi-item five-point scales, which are
reported in Table 1.

5 Results

Data analysis was performed via partial least squares structural equation modeling
(PLS-SEM). SmartPLS 2.0.M3 was used to evaluate the measurement model
and the structural model. A bootstrapping estimation procedure, in which 5000
random observation samples were generated from the original data set, was used
to analyze the significance of scale factor loadings in the measurement model and
the significance of path coefficients in the structural model. Before launching the
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Table 1 Measurement items and PLS-SEM results for the measurement model

Measurement item Std path load
Parts commonalization capability (NPD)* — CR = 0.81, AVE = 0.68
5-point Likert scale (1 = strongly disagree, ..., 5 = strongly agree)

PCC1: We have defined product platforms as a basis for future product variety | 0.70%%*
and options

PCC2: Our products are designed to use many common modules 0.94 %%
Product stewardship capability (EA)* — CR = 0.79, AVE = 0.56

Please indicate the degree to which your plant is engaged in the following
initiatives/practices:

(1 = no extent whatsoever, ..., 5 = very great extent)
PSC1: Life cycle analysis of the “cradle to grave” environmental impact of 0.77%%*
materials/products

PSC2: Environmentally preferable packaging for the products that you produce | 0.65%%%*
(recycled content, less volume, reusable packaging)

PSC3: Substituting environmental preferable direct materials or supplies for 0.817%%*
harmful or nonrenewable ones

Environmental performance (EA)* — CR = 0.91, AVE = 0.78

How does your plant compare to others in your global industry on:

(1 = much worse, ..., 5 = much better)

EP1: Raw materials consumption 0.88%**
EP2: Energy consumption 0.92%**
EP3: Water consumption 0.84 %%

*Respondent category (NPD new product development, EA environmental affairs)
p <0.001

PLS-SEM estimation, a construct that modeled the interaction effect between parts
commonalization and product stewardship was generated by using the SmartPLS
product indicator approach [41].

The assessment of the measurement model properties showed acceptable unidi-
mensionality, convergent validity, and reliability for all our multi-item measurement
scales (Table 1). Furthermore, Fornell and Larcker’s [42] procedure indicated good
discriminant validity for such scales. Finally, criterion validity for the environmental
performance construct was proved by linking this construct with another construct,
reflected by the item “overall environmental performance” and by the positive and
highly significant (p < 0.001) relationship between these two constructs.

The assessment of the structural model provided the structural model path
coefficients and their statistical significance reported in Fig. 1.

As shown by the path coefficients, the impact of parts commonalization capa-
bility on environmental performance is not statistically significant (p > 0.10).
Conversely, the path coefficient from product stewardship capability to envi-
ronmental performance is positive and statistically significant (p < 0.001), thus
supporting hypothesis H1. Likewise, the path coefficient from the interaction
construct (PCC x PSC) to environmental performance is positive and statistically
significant (p < 0.01), thus supporting hypothesis H2.
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Parts
commonalization
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Product
stewardship
capability (PSC)

Environmental
performance

Fig. 1 PLS-SEM structural model estimates (NS p > 0.10; **p < 0.01; ***p < 0.001)

The predictive power of the structural model was assessed by the coefficient of
determination (R?), according to which the model explains 22% of the variance
in the environmental performance [41, 43]. The predictive relevance of the model
was demonstrated by the value, greater than zero, of the Stone-Geisser’s Q? for the
environmental performance [41, 43].

The interaction between parts commonalization and product stewardship capa-
bilities was further investigated using the Aiken and West’s [44] procedure by
conducting moderated multiple regression analysis. In order to perform the regres-
sion analysis, the scores of the PLS-SEM latent variables were used as the values for
the variables of interests. The regression of environmental performance on product
stewardship capability was examined at each of three particular values of parts
commonalization capability (i.e., its mean value, low value at one standard deviation
below its mean, and high value at one standard deviation above its mean). The corre-
sponding three simple effect slopes showed that as parts commonalization capability
moves from low to high, slope increases while remaining highly significant, thus
showing that the positive effect of product stewardship capability on environmental
performance is positively moderated by parts commonalization capability.

Hypothesis H3 was tested using the Pearson correlation coefficient between the
latent variable scores of parts commonalization capability and product stewardship
capability. The Pearson correlation coefficient is positive (0.11) and (marginally)
significant at p < 0.10 (2-tailed), thus providing weak support to H3.
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6 Conclusions

The present paper adds to the existing literature in several ways. The first con-
tribution stems from the fact that prior research findings on the relationships
between MC and EM has mostly relied on conceptual research and exploratory case
studies designed to investigate a hitherto unstudied area [7, 13]. As the research
matures, however, there is an opportunity of designing explanatory surveys that
verify theoretical relationships in larger populations [45]. To our knowledge, this
is the first study to empirically test, on a large scale, the existence of the synergic
effects that Trentin et al. [35] posited to exist between the MC capability of parts
commonalization and the EM capability of product stewardship based on a single,
longitudinal case study involving a machinery manufacturer. The results of the tests
performed in our sample of 238 mid- to large-sized manufacturing plants from 3
industries and 13 countries support the existence of these synergies. This finding
enriches the emerging debate on the relationships between MC and EM not only
by strengthening the external validity of two of Trentin et al.’s [35] propositions.
This finding also corroborates the idea that MC and EM are compatible strategies,
in opposition to the concerns on the environmental sustainability of MC that other
studies have raised.

A second contribution can be noticed if one takes into account that MC
is a fundamental condition for the economic sustainability of a manufacturing
firm that faces highly heterogeneous demand and intense competition [35]. This
observation implies that the results of this paper also contribute to the broader
discussion on the compatibility between the different dimensions of sustainability.
The existing literature on this topic has been evolving following two main different
paradigms. The mainstream one is the win-win paradigm, according to which
economic, environmental, and social sustainability can be achieved simultaneously
[46]. According to this view, a positive association exists between EM initiatives,
with their environmental performance improvement outcomes and economic per-
formance [e.g., 47-49]. Conversely, the second paradigm, known as the trade-off
paradigm, argues that sustainable development can only be achieved if a firm accepts
a compromise between the three sustainability dimensions, which are in conflict
which each other [46]. According to this view, EM initiatives do not come for free
and may deteriorate the firm’s economic performance [e.g., 50, 51]. The present
paper adds to this debate by providing additional, large-scale, empirical support to
the win-win paradigm.

A third contribution emerges if one interprets the results of this study through the
concept of complementary asset for a certain strategy, defined as any organizational
element that increases the value of that strategy [52, 53]. Previous studies have
identified several complementary assets for an EM strategy, such as total quality
management processes [25, 54, 55], the organizational capabilities to generate
and successfully implement innovations concerning production processes [56],
and acceptance of change by organizational members [57]. The present paper
adds parts commonalization capability to this set of complementary assets for
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EM by providing strong support to hypothesis that the MC capability of parts
commonalization amplifies the environmental performance benefits of an EM
strategy that promotes the development of product stewardship capability. At the
same time, the weak support we found for the hypothesis that parts commonalization
and product stewardship capabilities positively co-vary suggests that not only is
parts commonalization capability a complementary asset for EM, but also product
stewardship capability can be a complementary asset for MC.

A fourth contribution of this study lies in its finding that parts commonalization
capability does not affect environmental performance directly. This result is some-
how unsurprising if one considers that prior research has argued both in favor of the
positive effect of parts commonalization capability on environmental performance
and in support of its negative impact on the same performance dimension. What our
findings suggest is that the positive effects tend to counterbalance the negative ones.
However, this is just a conjecture, which deserves additional research.

From a practical standpoint, the results of this study are of interest for at least
two reasons. First, they provide large-scale, empirical support for the idea that
improving cross-functional integration pays off both in terms of MC and in terms of
EM, thus helping companies faced with highly heterogeneous demand and intense
competition in improving both economic and environmental sustainability. Second,
this study shows that, in a discrete manufacturing environment, a high degree of
component commonality acts as a multiplier of the environmental performance
benefits of the capacity to design products and, hence, product components with
reduced life cycle environmental impact.

As with any other piece of research, this study is not without limitations, which
might be addressed in future research. The cross-sectional nature of the dataset
limits our ability to explore the causal relationships between the constructs of
interest in this research. In addition, our cross-sectional dataset does not allow
for testing the existence of the path dependence that, according to prior research,
explains the positive interaction effect of parts commonalization and product
stewardship on environmental performance. Testing this explanation will require
collecting longitudinal data. Another limitation of this study is its use of secondary
data. The measures in the HPM dataset were not designed for investigating the links
between MC capabilities and EM capabilities in the first place. Therefore, future
studies could be devoted to gathering primary data that allow for empirically testing
other relationships, involving other MC capabilities and other EM capabilities
than the two examined in this research. It must be acknowledged, finally, that the
positive impact of product stewardship capability on environmental performance is
somehow an unsurprising result, since the items used to measure this capability
capture a number of actions a company needs to take to reduce the life cycle
environmental impact of its products. However, these measurement items are
consistent with the strategic management view of organizational capabilities as
“means” or pathways to achieve a certain outcome [19]. Furthermore, the analyses
we performed showed good discriminant validity between the constructs of product
stewardship and environmental performance. At any rate, the issue of the impact of
product stewardship on environmental performance is not central to the aims of this
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research, which focuses on synergies between MC and EM capabilities. This impact
was included in our research model for the purpose of testing the existence of an
interaction-based synergy between product stewardship and parts commonalization
capabilities.
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Abstract The diversification of products that adapt to specific customer needs has
been a growing competitive advantage for many businesses. As customers become
more self-aware and demanding in their buying preferences, mass customization
(MC) is experiencing a considerable growth. In the light of growing trends towards
sustainable consumption, MC can become a strong drive for the implementation of
sustainable products and services. Product-service systems (PSS) exhibit attributes
that can be harmonized with several features of MC, for instance, the enhanced
communication mechanisms between customer and businesses. Hence, in this
paper, we explore the potential conjunctions of the PSS and MC business models
from a sustainable point of view. More specifically, we describe the opportunities
and challenges of a sustainable product-service system (S-PSS) with focus on
environmental impacts and how these services can influence the environmental
performance of a mass-customized product. A case study is presented that describes
the assessment approach that is based on the life cycle assessment (LCA) method on
three comparative scenarios for sustainable product-service systems for a television.
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1 Introduction

The increasing competitive nature of the consumer electronic market is leading
businesses to seek for new ways of differentiating themselves from competitors.
With that purpose in mind, mass customization (MC) has emerged as an alternative
to the mass production (MP) model as MC aims for the “technologies and systems
to deliver goods and services that meet individual customers’ needs with near
mass production efficiency” [1]. By choosing customizable products as the main
selling point, the MC model builds on a customer centric strategy, which implies
that demands and wishes of each customer are placed in the centre of the value
creation for the enterprise [2, 46]. Hence, the success factor of MC is highly
dependent on recognizing and adopting prevalent trends that customer segments
of the MC business are manifesting. One of those growing trends today is the
increasing concern of consumers on environmental and social issues that can lead to
a higher demand for sustainable products and for social and environmental business
practices. Furthermore, in the views of globalization, digitalization and economic
integration, consumers that adopt buying behaviours for a more sustainable lifestyle
present a much larger group which has gained greater leverage on the current
market dynamics [3]. For these reasons, businesses in development such as the MC
enterprises can benefit from reacting and anticipating to the potential consumers
who opt for sustainable business practices and products. Based on the premise
that sustainability can be a major success factor for MC, this study explores
the development of a sustainable MC business model through the application of
product-service systems (PSS), looking at sustainability mainly in terms of the
environmental performance of the business model. We aim to identify the aspects
that act in accord within both the MC and PSS models, providing opportunities for
correlation as well as obstacles that can arise from the integration of these types of
business models.

To that end, we follow on from the conclusions concerning PSS as a lever for
the environmental sustainability potential of MC as presented by Hankammer and
Steiner (2015) [4] —i.e. with the testing of three different MC-based PSS scenarios
for televisions, as part of the SMC-EXCEL project. The process and results are dis-
cussed in more detail in Sect. 5 of this paper. The analysis of environmental impacts
was based on the life cycle assessment (LCA) methodology. As the name implies,
LCA takes a life cycle approach to assess the product environmental impacts and
quantifies those in terms of environmental characterization factors such as global
warming potential, eutrophication, ecotoxicity, etc. LCA is a comprehensive and
reliable tool with wide recognition and application within environmental science
communities, industry and policy makers.
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2 Mass Customization and Sustainability

A commonly known definition of MC is provided by M. Tseng and J. Jiao, who state
that MC “is the production of goods and services that meet individual customers’
needs with near mass production efficiency” [1]. More specifically, MC can be
understood as a “paradox-breaking manufacturing reality that combines the unique
products of craft manufacturing with the cost-efficient manufacturing methods of
mass production” [5]. In craft manufacturing, product prices are high, and the
production process takes considerably more time than in mass production processes
[6]. In contrast, mass production focuses on efficiency. As MC aims for a hybrid
strategy that combines mass production and craft production, its success depends on
several factors such as stability and control of all processes [7], as well as efficiency
through economies of scale and highly economical but also flexible manufacturing
systems [8]. In contrast to mass producers, mass customizers create product variety
in combination with low prices to meet individual customer needs [7, 9].

Sustainable benefits that can be achieved through mass customization are widely
discussed among practitioners and researchers. Some argue that MC could reduce
overproduction, resource consumption and enable more efficient models of reuse
and recycling [4, 10]. Others ponder that the diversification of products would
reduce the efficiency of production and supply chain processes as production cycles,
assembly lines and logistics of transportation become more complex [10]. The
negative impact on sustainability performance could emerge from a greater use
of resources, from inefficient transportation methods or from the modular features
of the product that can lead to higher energy and material consumption [10].
Porabdolloahin et al. [11] find that the mass customization model can present both
positive and negative environmental impacts when compared to mass production.
The study further explains that each of these factors is dependent on the specific
MC approach that is chosen. Similarly, Bruno et al. [10] explain that MC is not
either sustainable or unsustainable but has indeed the potential to contribute to
sustainability.

Hence, there is no clear indication whether the MC model contributes with
substantial environmental benefits or which type of MC model would result in
a greater environmental performance [4]. However, as Medini et al. explore the
operational aspects of sustainability and mass customization, they found that
“companies seeking better sustainability performance are pushing forward the
capacity of their production systems and supply chain towards more customized
products” [12]. This may be taken as an indication that not only can sustainability
act as a success factor on MC but also that sustainable business practice is more
inherent to customization than it has been conjectured.
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3 Product-Service Systems

According to Manzini and Vezzoli [13], a PSS is a strategic decision to move from
designing and selling physical products to designing and selling systems of products
and services that together can satisfy the user’s needs. Several studies on PSS
recognize three archetypes, which are classified as product-oriented, use-oriented
and result-oriented PSS [14]. Product-oriented PSS is where the product offered is
integrated with one or more services, while the product ownership remains with
the customer. Product-oriented PSS are found, for instance, in warranty contracts,
maintenance services or product installation. For the use-oriented variation, the
product is the property of the producer, and the customer pays for a specific use.
Common examples are leasing, renting or sharing services (e.g. for vehicles). The
result-oriented PSS is when the customer pays the producer for a result as, for
example, by outsourcing the work of moving furniture with a moving company.
In the present study, we will focus only on the product-oriented PSS variant, in
application to the mass customization of televisions — the main question examined
being how different PSS strategies may affect the environmental performance of the
same television product [15].

One of the first studies on PSS in the late 1990s by Goedkoop et al. [16] already
envisioned the potential for environmental benefits as it concludes that there is
a “positive perspective of PS systems for unlinking environmental pressure from
economic growth”. PSS have also been largely adopted by environmental strategists
as they see its potential for the design field through dematerialization, efficient use
of resources and consumer behavioural change [17, 49].

4 Product-Service Systems in Mass Customization

Hernandez et al. [15] argue that part of the competences required for PSS are
innovation capacity, flexible operations and better communication skills. Regarding
the last point, they state that “the rapid evolution of information and communi-
cation technologies (ICT) could give SMEs the competences required to develop
sustainable PSS”. The requirements regarding the use of ICTs could be equally
applied to the MC model as it not only offers a product but also a buying
experience that depends on a well-designed user interface, accessibility and the
optimal number of customizable features vs. the time invested in customizing those
features. Consequently, the MC business also involves a high level of dexterity with
ICTs and E-commerce as its sales strategy is largely based on a configurator in the
form of a software or web application [18].

The efficient use of communication technologies such as ICTs requires a well-
founded communication strategy, a statement that is applicable for any business
model that seeks to operate in today’s digitalized market. For MC and PSS, however,
the communication strategy is a more critical aspect within the business as the
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interaction with customers is intensified and becomes a predominant cost- and
time-sensitive issue. The interaction with customers is strongly permeated by the co-
creation process, where customers partially define features of the product or service
that better fit their needs [18]. Thus, for both MC and PSS, to provide this added
value to the product or service delivered, managing expectations from customers
and the challenges that arise from the co-creation process is an important aspect to
consider [19, 20, 50].

Furthermore, MC requires innovation capacity to balance the efficient use of
resources through mass production methods with product variations that affect
processes such as supply chain, design and assembly [18, 21]. Analogously,
Hernandez et al. state that more efficient firms with higher innovation capacity and
flexible operations are not only part of the benefits of sustainable PSS but also
a requirement for its successful implementation [15]. Innovation capacity is thus
another important factor that is shared among these two business models.

Finally, the modular design of a product is a key enabler for an efficient MC,
and accordingly, modularity extends in form of flexible operations to the production
processes and supply networks as well [10, 45, 47]. Likewise, standardization and
modularity are also mentioned in studies on sustainable PSS as important factors to
consider as they not only help to reduce process time and cost but also extend the
durability and longevity of products [4, 17].

As several correlations can be identified for the MC and PSS requirements, we
see it as a positive indication that PSS could be harmonically integrated within the
MC business model. Goedkoop et al. [15] described, in 1999, MC as one of the
major trends matching the PSS concept explaining that “for consumers it is the era
of MC. End-users select commercial offers that suit their individual needs at lower-
than-ever costs [...]. The client has come to regard product and service as two
parts of the same commercial deal, thus blurring the borderline between product
and service” [16].

Starting from the premise that MC and PSS can be efficiently coupled into one
system, the next section aims for those features that relate to the sustainable potential
that may rise through the SMC with integrated PSS solutions. In order to do so,

Figure 1 presents the key features in which MC and PSS reach consensus in their
common requirements. These key features served as a guideline for the analysis
on opportunities and challenges for sustainable MC through PSS. The analysis is
supported by the insights obtained through the SMC-EXCEL project, in which the
application of PSS through a sustainable MC pilot project was modelled and tested
with users through a survey.

4.1 Opportunities for Sustainable Mass Customization
Through PSS

The first key feature is communication strategy, which is outlined by a customer-
business synergy of MC and PSS that requires a regular and reciprocal interaction
between business and customer. This interaction is characterized by the co-creation
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Fig. 1 Synergies between mass customization and product-service systems

process and enhanced through the application of ICTs [48]. As MC allows
businesses to receive direct feedback from customers on their products or services,
a stronger link between business and consumer can be created. Similarly, it is
often in the nature of services to have a steady exchange of information with
users (e.g. leasing, renting). In consequence, PSS has the capacity to influence and
promote behavioural change of consumers for a more sustainable consumption [17].
Similarly, the SMC-EXCEL project results showed that consumers can be “nudged”
to select a more sustainable product type by simply including more sustainable
features in the presented configuration that is provided at the beginning of the
configuration process.

The customer-business synergy can be further promoted through product stew-
ardship, one of the main patterns characteristic to PSS and which is often related
to its sustainable version known as extended producer responsibility (EPR). EPR
can be defined as “...a resource and product-centred approach to environmental
protection and social consideration, whereby producer, brand owner, consumers,
corporations, communities, retailers, recyclers, local and national governmental
agencies share in the responsibility for the life-cycle of a product (design, use and
disposal)” [22]. By including PSS in MC, the elements that constitute EPR cannot
only become inherent to the MC business strategy but even reinforce EPR as a
sustainability concept. To explain, first it must be considered that both MC and
PSS make use of the co-creation process, but it is mostly in the MC model that co-
creation is a fundamental component, while for PSS it is not indispensable for its
fundamental structure. Vasantha et al. even stated that “it is criticized that the PSS
design methodology neglects the specification of the roles and responsibilities of
the stakeholders co-designing PSS offerings, and that there is a low understanding
of the uniqueness of this process and how to implement it in real time” [23].
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Fig. 2 Market potential of sustainable services [24]. (SMC-EXCEL project)

Imbedding EPR into the co-creation process could lead to the benefit that the
responsibility and stewardship role assumed through EPR may distribute more
evenly among business and consumers. Through co-creation, EPR generates a
greater involvement of users at the decision level when industry sets the parameters
for planning and market developments. The customer becomes less a subject
but rather an actor in the market configuration and, consequently, he/she may
also recognize more strongly their own role and responsibility for sustainable
consumption. Supporting this theory, a survey conducted for the SMC-EXCEL
project on a sustainable configurator confirmed that many users have a considerable
interest in environmentally friendly product choices as well as sustainable PSS
(marked in white bars) as shown in Fig. 2.

The innovation capacity in sustainable PSS is another important aspect when
considering investments in new technology, materials or processes. The latter ones
usually require medium to high investment and can imply cost critical effects on the
business performance. Costs of sustainable services, however, can vary significantly
depending on innovative structures that can be adopted in the MC business model.
In the case of product-service systems that aim for the replacement of the product
for its function (e.g. leasing or renting), the service implies often a change in the
structural configuration of the business. It would mean replacing the entire business
structure with a new one, which would most certainly require significant investment.

But other sustainable services that can be achieved through innovation and
require a less radical change can be take-back services, extended warranty or
software assistance services. In the case of televisions, for example, the producer
may build into the TV software a reminder function that informs the consumer when
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to adjust the brightness levels of the TV (e.g. during winter time). The product is
not dematerialized but rather assisted by the manufacturer so that the impacts of the
product through its life cycles are diminished.

For the third category, modularity and opportunities can be found within certain
PSS that are essentially not changing the product itself but rather the environmental
impacts caused by the product at different life cycle stages. The environmental
impacts related to the design of physical elements and processes in MC can be
further transferred through PSS to the impacts of all the products life cycle phases.
For instance, if the take-back service of products would be applied, the MC business
needs to consider as well the end-of-life (EoL) scenario of the product as assembly
lines may become also disassembly lines and transportation as well as agreements
with third parties from the recycling industry must be arranged. Therefore, the
modular feature of MC does not remain applicable only to its internal operations
and prolongation to the supply chain level but also to those stages after sales such
as the use and disposal phases.

As PSS have the potential of influencing the life cycle of products at post-
production stages and even at multiple stages at the same time, it also has the
potential to generate greater positive environmental impacts than single parts or
components at a multisystem level. For example, if one component of the TV can
be selected with either aluminium or bioplastic material, it causes a small impact
compared to the overall product system. With a take-back service, however, all
parts including the aluminium or bioplastic component can be recovered and enter a
more efficient recycling stream. For small materials that are valuable but difficult to
extract such as gold in PCBs, the take-back service applied by every manufacturer
of TVs could theoretically also change the processes within the recycling industry
as the distribution, disassembly and recovery channels become more efficient for
this material. Finally, PSS can also be regarded as the enabler for creating closed-
loop systems by applying circular economy principles (e.g. take-back) which would
not be the case with the standard MC model. On that account, the MC model may
not just reduce impacts by offering eco-design solutions but, in fact, offer products
with virtually zero impact. A summary of opportunities for sustainable PSS in MC
is shown in Fig. 3.

4.2 Challenges of Sustainable Mass Customization Through
PSS

The challenge in the communication strategy is, primarily, to provide accurate
environmental data on the product or service in a transparent and comprehensible
way to customers. In the experience gained during the SMC-EXCEL project,
the communication of sustainable features presented through the configurator to
users revealed that disassociation and unfamiliarity to certain terms can hinder the
understanding of sustainable features. As information such as kg CO2-equivalent
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Fig. 3 Sustainable PSS and MC correlations

values or carbon offsetting is often not known, it is important that this information
is translated in more familiar concepts. Furthermore, complementary information
should be included for vague or unclear concepts (e.g. premium warranty). The
placement of information or, more specifically, the user interface (UI) design is
equally relevant for an efficient and fast absorption of information and co-relation
between the features of the product and its environmental impact. Results further
showed that the aspect of trustworthiness, as seen with the high ranking of the
A+ energy efficiency label, can constitute a mayor decision factor in the selection
process of users. The challenge in this regard may be the continuous upholding of a
transparent image through a greater clarity in communication and certifiable results
as, through an intensified communication, the risk of defamation or being labelled
as “greenwashing” the product can be higher and cause greater repercussions to the
business.

The innovative capacity is a latent requirement for both MC and PSS businesses
as both seek a competitive advantage by differentiating themselves to other busi-
nesses models. However, innovation can bear significant challenges, in particular for
SMEs. Zimmermann and Thomi categorized the barriers to innovation for SMEs
in the following areas: (1) lack of organization and skills, (2) financial barriers
and (3) bureaucratic barriers. Furthermore, they consider that the main barriers are
generally attributed to high costs, uncertainty in economic success, lack of internal
and external funding sources, lack of skilled workers, legal requirements and lack
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of market information and technological expertise [25]. Especially in regard to eco-
innovation and sustainability, the lack of skilled workers [26], which may also be
interpreted as skills obtained through collaborative research ventures, is found to be
particularly important for the proper environmental assessment and communication
of environmental information through the SMC business. To overcome these
barriers, the SMC/project conclusions point out the importance of a well-designed
environmental assessment methodology that is developed in collaboration with
external experts and that may give indication on the environmental benefit obtained,
such as through PSS, versus the investment that it may require.

As mass customization is characterized by its modular nature, it allows a great
amount of possible combinations of elements and for which each requires a single
data output in terms of price, weight and environmental impact. The SMC-EXCEL
[24] project concluded that modularity in view of sustainable mass customization
assigns a similar modular approach to sustainability features such as, for instance,
the environmental assessment process. This type of modular system requires a
flexible and combinatorial assessment method that allows for the addition and
subtraction of independent components. For a classic LCA, it would require an
analysis of each possible device combination, which is unfeasible to apply directly
on MC. As such, for the SMC-EXCEL study, a matrix-based solution space was
applied which enabled the independent definition of each data value for each
component. These data values were broken down into their contribution to each
life cycle phase of the component for the environmental assessment, allowing the
needed flexibility when combining components and assessing sustainable PSS that
affects one or several life cycle phases (e.g. transport) of a product.

The material and processes can be partitioned and categorized in separate product
elements. In that way, data can be simplified, and the environmental assessment for
each component becomes more feasible. By a standardization strategy, for example,
in processes and design of modules, information on the impacts for each component
may be used for more than one product, making the process of environmental
assessment more efficient. In the case of product-service systems, the evaluation
of the environmental performance of a variable product changes significantly. As
mentioned before, PSS is not calculated as a separate component but, instead, on
how it affects the system of the product in its entirety and across different life cycle
stages. Through the SMC-EXCEL project, it was evident that the environmental
assessment method selected for MC should, by any means, include a life cycle
thinking approach allowing the more accurate calculation of impacts across the life
cycle phases. The adaptation of LCA to this study is further described in chapter
“Demand Engineering in Mass Customization Using a Data Driven Approach”.

Besides the adaptation of a suitable environmental assessment method, another
challenge related to the environmental assessment was the large amounts of
data required, which can be a time- and cost-intensive process. Especially for
external data, the business may encounter several barriers such as confidentiality of
suppliers’ information, location source of raw materials and know-how on business
practices from other sectors such as the recycling industry. Consequently, the
validity of data collected can be questionable as the data quality decreases if the
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supply chain information is inaccurate. Thus, as complications already exists in the
initial stage of data collection, it is advisable for the business to receive counsel
from experts that can filter and set up a structure for the most viable and accurate
data compilation. Additionally, for the design and implementation of PSS, data plays
a significant role for the environmental impact assessment. As PSS would require
specific focus on the life cycle phases of the product for different components and
materials, the problematic on gathering external data may be even more significant.
These barriers could be overcome more easily if businesses within an industry
collaborate, and with support of policy, set up data platforms and networks for a
better exchange of information.

S5 Case Study: Television and Sustainable PSS in Mass
Customization

5.1 Literature Review on Environmental Impacts of Television

A few years ago, in 2010, the plasma technology television was considered as the
leading and most important technology on the television market. A study conducted
in that year describes the environmental impacts of a plasma display panel (PDP)
television over its life cycle. The results indicate the importance of the energy mix
during the use phase. With a fossil-based electricity mix, the phase dominates the
whole life cycle of the television. Observing the production process, the electronic
components have the biggest impact. Furthermore, the conclusion from this study
was that recycling has a positive effect on the end-of-life phase. All in all, the
responsible and long-term use of a television has a positive effect on associated
environmental impacts [27].

Another study focussing on the impact of the use phase of a television found that
“The use phase due to electricity consumption dominates the life cycle impacts in
nearly all categories” [28]. Bakker et al. [29] think of this statement as a heuristic
that can serve as a guideline for designers to implement eco-design in the early
development process of products. Generally, the importance of eco-design is rising
to face the increasing importance of sustainability. Since the lifespan of a television
has significantly dropped since the year 2000, the focus on the use phase and
therefore the energy consumption as the main cause for an environmental impact
might no longer be applicable [29]. Also, technology of televisions has evolved
so that the energy efficiency of a liquid crystal display (LCD) with the recent
light emitting diode (LED) backlight is not comparable with, for example, cold
cathode fluorescent lamp (CCFL) backlight technology. Bhakar et al. [30] compared
different monitor technologies and, indeed, found that the use phase has a lower
impact with LED than the manufacture phase. However, as the size of the screens
has risen over the recent years, energy consumption is rising as well, even if the
efficiency is improving [31]. The case study on the “Econova” concludes that
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focussing on both use phase and materials together with emphasizing recycling
shall lead to a more sustainable television set. Hence, the impact of the production
phase can become more relevant through higher energy and material efficiency
and because more devices are produced and more material is needed. Due to the
increased size of screens and impacts through energy consumption, however, the
use phase can still be considered as one of the major environmental impact factors
of televisions.

Besides the approach towards the use phase, the end-of-life phase is the main
topic of a case study on LCD televisions published in 2015. This study identifies the
PCBs as a hot spot for environmental relevance. With the evaluation of different
recycling processes, the study underlines the importance of understanding the
required process, especially, when no or insufficient reliable data is available. Hence,
further work should focus on the estimation of the volumes of the end-of-life product
in order to optimize the recycling process [32].

The state-of-the-art analysis of existing LCA studies on televisions highlights
the importance of the production/manufacturing and the use phase, although the
different technologies of televisions and assumptions on screen size, energy source
or usage time can shift the paradigm on environmental impacts considerably
between these two product phases.

5.2 Life Cycle Assessment and Comparative Scenarios

Consumers can easily influence the sustainability of a mass-customized product
by their configuration choice. Therefore, three PSS scenarios for a sustainable
business model were performed and analysed based on the findings of a television-
configurator pilot that was conducted as part of the SMC-EXCEL project. These
scenarios were calculated as a variation of a full-scale LCA study for a basic
television set. The comparative PSS scenarios chosen were take-back service,
premium warranty and the switch to a renewable energy provider. The scenarios
were modelled with the open LCA software, using ecoinvent 3.2.

Scenario 1: Take-Back Service In the configuration process, the consumer has
the option to select a “Take-back Service”, i.e. where the consumers pay for the
collection of an old television and delivery of a new one, indirectly assisting the
manufacturer in increasing their recycling rate. The recycling rate of the television
set in a standard situation (without take-back) is assumed to be 45%, based on
information from the WEEE Directive where in 2016 a minimum of 45% of average
electronic waste shall be collected [33]. Furthermore, Eurostat [34] data indicated
that the collected and recycled amount of electrical and electronic equipment (EEE)
in 2014 in Europe did not differ significantly, and hence, the same 45% rate of
collection was used for the recycling rate. The take-back service can potentially
increase the possibility for recycling — its rate is assumed to be increased to 75%.
Television sets contain different valuable and rare-earth elements such as, gold,
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silver, indium, yttrium and europium. Therefore, a higher recycling rate is an
advantage for securing the supply of these critical materials. However, the recycling
rate of these materials differs from under 1% (indium) up to over 50% (gold).
Furthermore, more specific information on rare-earth elements are often restricted
under trade secret [35]. Since especially some rare-earth elements today have only
a very small recycling success, it is not realistic to calculate these materials with the
higher recycling rate. Nevertheless, the scenarios show the possibilities if a higher
recycling rate can be achieved. Furthermore, as no reliable rates were available, this
was applied to all elements equally.

First, the environmental impact is compared focusing on the global warming
potential over a time horizon of 100 years (GWP 100) using the impact assessment
method CML (baseline). As the recycling rate has no direct impact on the production
and use phase, only the disposal phase is illustrated in Fig. 4. The disposal phase is
a rather small part of the whole life cycle of the television; therefore, relating to the
overall environmental impact, the savings estimated was 2.2%.

In case of the recycling rate, the impacts resulting from the material used is of
greater interest. The concerning impact category deals with the depletion of abiotic
resources, e.g. metals and minerals [36]. The characterization factor is kg antimony
equivalent. Antimony is a toxic semimetal, which is used for semiconductor devices
like diodes [37] and therefore was used to represent rare materials required to
manufacture a television. In comparison to the category climate change — GWP
100, the main contributors to this category are different, as illustrated in Fig. 5.

As shown in Fig. 5, the CO,-emitting hot spot use phase is no significant con-
tributor to the impact category “abiotic depletion: elements and ultimate reserves”.
More relevant are especially the power and main board and of smaller interest, the
LCD display. For instance, the “integrated circuit production” is used in the main
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Fig. 5 Comparison between the categories “climate change — GWP 100” and “depletion of abiotic
resources — elements and ultimate reserves”

and the power board. In order to produce this component, copper, gold, lead, nickel,
silver and zinc are needed. Therefore, the increase in the recycling rate due to the
take-back service has a positive impact on the depletion of these materials.

Scenario 2: Premium Warranty Through the configurator the consumer is given
the choice to extend the warranty. Assuming a standard use phase of a television with
a common two-year warranty, an extension up to 10 years is possible. This scenario
includes picking up the damaged television from the consumers home/location and
either repairing it or when this is not economically viable, replacing with a new
television.

In order to assess the significance of the comparison between the warranties,
the common excepted useful life of a TV was noted. A study conducted by the
Oeko-Institut e.V. and the University of Bonn on behalf of the German Federal
Environmental Agency [38] evaluates the use phase assumed in different LCA
studies which were conducted between 2007 and 201 1. Here, the usage period varies
from 6 to 10 years. According to other data collected by the GfK [39], a German
market research institution from 2008 to 2012, the usage period of flat televisions is
constantly under 6 years.

For the LCA, a coefficient of approx. —27% is calculated as saving of CO;
emissions. This number consists of the approach that 63% of the devices that were
brought into a repair café can be fixed. However, over time, the unavailability
of some spare parts is increasing, up to 36% in the 10th year. Together with the
baseline approach of CO, emissions per year, a coefficient is calculated, which is
also implemented in the environmental LCIA and this scenario. While a standard
user who is assumed to change his television after 6 years needs one and two-thirds
of a television in 10 years, the “premium” consumer only needs one TV over this
time period. During the warranty period, some televisions have to be repaired or
replaced by the manufacturer. All in all, in comparison to one standard television
set, approx. 27% of the production and disposal phase can be saved. While the
assembly and disposal phase are affected by the premium warranty, the use phase



Opportunities and Challenges of Product-Service Systems for Sustainable Mass. . . 279

900.0
2 7000
-
=
5
A 500.0
S 3000
o
2 1000
-100.0 .
Standard Warranty - 10 Years Premium Warranty - 10 Years
® Disposal -10.76 -7.88
m Usage 596.58 589.54
Transport 8.45 6.19
Production 359.72 263.32

Fig. 6 Scenario 1: Impact of premium warranty. (CML (baseline) climate change — GWP 100)

is enlarged from 6 to 10 years, assuming that the energy efficiency is not increasing
with reparations or exchange of the television. Neither it is downgraded by a longer
use phase. In case of the second television that is needed when standard warranty
is selected, it is assumed to balance its improved efficiency by its possible bigger
screen size or developed technology.

In order to analyse the various aspects of the premium warranty, the method CML
(baseline) climate change — GWP 100 is analysed in Fig. 6. showing the amount of
CO»-equivalent of the two described scenarios observing a use phase of 10 years,
broken down to the impact of the single life cycle phases.

As during this premium warranty period, some television need to be repaired
or changed, material is needed. Overall, the savings resulting from production,
transport and disposal are approx. 103 kg CO;-equivalent. In order to illustrate
the savings of CO; even better, Fig. 7 shows as positive value of the amount of
CO, that is emitted during a standard warranty usage period over 6 years. The
negative value bar illustrates the savings due to premium warranty. This diagram
presents the positive impact of the decision for premium warranty model even better
in comparison to the standard.

Choosing premium warranty has both a positive impact on the environment and a
financial benefit for the consumer. First, approximately 18% of the amount of CO;-
equivalent can be saved in comparison with a standard television set which is used
6 years. Second, two-thirds of the price of the second televisions are saved as well.

Scenario 3: Switch to Renewable Energy Provider In the life cycle of this
television set, the use phase is the highest contributor in terms of the global warming
potential, as it “produces” the largest amount of CO;-equivalent. The share in
renewable energies in 2014 in Germany was 26.2% [40]; hence, this scenario applies
to almost one-third of the energy used to run a television. The calculation of different
energy providers and energy mixtures is based on the assumption that the television
will be used in Germany. The chosen energy inputs in the use phase for each scenario
together with the corresponding parameter are shown in Table 1.
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Table 1 Definition of the different energy mixes

Scenario Energy flow (ecoinvent 3.2)

Standard EU mix Electricity, low voltage | market group for electricity, low voltage —
UCTE

German energy mix Electricity, low voltage | market for electricity, low voltage — DE

Swiss energy mix Electricity, low voltage | market for electricity, low voltage — CH

Swiss energy mix, Electricity, low voltage, label-certified | market for electricity, low

label-certified voltage, label-certified - CH

The standard scenario is calculated using a European energy mix that shows the
interchange between 24 countries in the EU [41]. Datasets for renewable energy
were limited, and as such a Swiss renewable dataset was used — which was certified
“naturemade” by the Association for Environmentally Sound Energy, Switzerland.
The label ensures that the energy is from 100% renewable or even ecological sources
[42].

First, the CML (baseline) category “climate change — GWP (100)” was calculated
for the modelled scenarios, the results of which are presented in Fig. 8. As the energy
mix only influences the use phase of the television, the production, transport and
disposal phases were combined into one category.

The results indicate that different energy mixes have a great impact on the
global warming potential of a television set. In general, the Swiss energy mix
has a small contribution to climate change, and the Swiss label-certified energy’s
contribution is only 5.8% on the whole life cycle, so the overall amount of CO;-
equivalent that is emitted is 226,51 kg CO»-equivalent. The German energy (2014)
mix consists of around 26.2% of renewable energy [40]. The renewable energies in
2014 themselves mainly consist of on- and off-shore wind energies, photovoltaics,
biogas and hydropower [43]. In comparison, the Swiss energy mix in 2014 mainly



Opportunities and Challenges of Product-Service Systems for Sustainable Mass. . . 281

Swiss Energy Mix. label-certified _
Swiss Energy Mix _
German Energy Mix _
Standard I

0.0 100.0 2000 300.0 400.0 500.0 600.0 700.0

Use Phase = Other Phases

Fig. 8 Global warming potential of different energy mixes during use phase. (CML (baseline)
climate change — GWP 100)

consists of renewable energy, which are mainly hydropower energies (64.2%) and
nuclear energy (33.5%) [44]. These energy sources are known to be low-carbon.
Therefore, the overall lower amount of CO;-equivalent, which is emitted during
the use phase, of the Swiss energy mix compared to the German energy mix is
explicable. The selection of the energy provider for the use phase is crucial for
the overall carbon footprint of the television. In case of the energy provider, the
implementation of a sustainable service can have significant positive impacts on the
sustainability of the television.

6 Discussion and Conclusion

6.1 Key Findings and Major Contributions

There exist several environmental assessment methodologies which can vary signifi-
cantly by their input requirements, complexity, environmental focus and application
on business operations. In the initial application of PSS on mass customization, it
is advisable that the methods of performance and its interaction with the company’s
data are developed with experts in the relevant fields of knowledge. At this stage,
we consider that an environmental assessment method that also includes a life cycle
thinking perspective is imperative when using PSS in MC.

As PSS would require special focus on the life cycle phases of the product for
different components and materials, the problematics on gathering external data may
be even more significant. For the success of using PSS in MC, close relationships
to these experts are advisable. With the help of policy recommendations and the
creation of networks for exchange, these barriers can be overcome, and the PSS can
be developed more accurately.
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While observing the sustainability of PSS, focussing on the whole life cycle
is a key aspect to evaluate the environmental impacts. A full-scale life cycle
assessment is therefore advisable to validate the outcomes of simplified calculations.
Furthermore, the close examination of the life cycle highlighted the main contributor
for negative environmental impacts, which in consequence can lead to an evaluation
of the meaningfulness of the different PSS. The comparative scenarios showed that
the impact of the apparent main contributor “energy” can be easily reduced by
a switch in the energy provider. As the general amount of renewable energies is
increasing, the focus for sustainability will shift to the production phase. Therefore,
the interest particularly in the extension of the use phase and the recycling of the
disposed devices is increasing in order to create a sustainable MC television. This
challenges the PSS to focus on the end-of-life phase to enhance a closed-loop
life cycle. To achieve this, a close relationship between the MC company and the
stakeholders associated with the production and disposal of the device is required.
The consumer is also an important stakeholder, as they come to the fore in the
MC approach, especially, since the level of sustainability depends on their selection
of PSS. Thus, when the PSS and their effect on the environment are advertised
properly, the services provide a good opportunity to raise the level of sustainability.

6.2 Limitations and Further Research

The barriers of data collection and exchange of data beyond internal business
operations may be overcome more easily if businesses within an industry and with
support of policy would collaborate and set up data platforms and networks for a
better exchange of information.
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