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Abstract

The smart factories that are already beginning to appear employ a completely new approach to product creation. Smart
products are uniquely identifiable and know both their current status and alternative routes to achieving their target state.
Smart factories allow individual customer requirements to be met, meaning that even one-off items can be manufactured
profitably. In smart industry, dynamic business and engineering processes enable last-minute changes to design and produc-
tion, delivering the ability to respond flexibly to disruptions and failures on behalf of suppliers. This paper presents a case
study of product development and design process renovation according to changeability paradigm in one-of-a-kind industrial
environment. It demonstrates how integration of changeability with agile design strategies crucially contribute to improve the
operations of a highly individualized product development business. Successful management of ‘never-ending’ engineering
changes appears to be the most important aspect in this field. Contribution of the presented work is a generalized framework
that demonstrates how companies in such specific environments can improve competitiveness through the utilization of
changeability concepts. The included case study validated the proposed changeability model and offers valuable insights
into how to implement this in practice.
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1 Introduction competition, increasing operational costs, and the rapid
pace of technological innovations, business organizations
have started to shift their operations towards smart business

environments.

Rough competition in the global marketplace demands
highly functional products, high-quality service, shorter

delivery lead-time and increased environmental friendli-
ness, all with suitable cost. Although advanced manufac-
turing technologies can partially address these challenges,
advanced design techniques are considered crucial since
most design and manufacturing properties of a product are
influenced by the design decisions made in the early design
stages. Product development (PD) is the process of trans-
forming customer needs into an economically viable prod-
uct that satisfies those needs. Faced with intensive global
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There is a number of initiatives that promote smart indus-
try development, including Advanced Manufacturing Part-
nership 2.0 (AMP, 2014) and Industrial Internet (IIC, 2014)
in the USA and Industry 4.0 (Kagermann et al. 2013) in Ger-
many (Liao et al. 2017). Industry 4.0 is focused on creating
smart products, procedures and processes. Within a smart
factory, self-organizing value chains can be optimized in real
time. This requires an appropriate regulatory framework,
as well as standardized interfaces and a harmonized busi-
ness process (Kagermann et al. 2013). Decisions on process
adaptions are, in most cases, made by humans currently. In
the future, the decision process will be supported by knowl-
edgeable and self-optimizing manufacturing systems (Yan
and Xue 2007; Brettel et al. 2014).

Staying competitive demands high responsiveness, espe-
cially on the field of supporting late design decisions to
narrow down the time gap between design freeze and sys-
tem delivery. Particularly in small and medium enterprises
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(SMEs), the PD effort is of vital importance to retain product
quality with manageable manufacturing costs and fulfilled
customer requirements. Frequently, PD teams are under-
sized due to resource limitations. They are highly depend-
ent on suppliers and required to respond to short develop-
ment cycles (Chen et al. 2012). This context may lead some
decision-making to more conventional alternatives because
they are perceived as low risk in the short term, but they
can undermine the future of the company in the medium
and long term. One possible way out of this gridlock is to
develop structured methods and optimize them to create
value in the PD activities (Leite et al. 2016). The architec-
ture of a system must remain changeable and evolutionary
even after being introduced to the market place because
the changing environment and evolving needs will affect
its success throughout its entire lifecycle. There has been a
recognized paradigm shift in the past two decades from mass
production to mass customization. The need for mass cus-
tomization is based on fragmented demands, heterogeneous
niche markets, favourable, high-quality, customized products
and services, and shorter product lifecycles. Therefore, the
degree of variety supported by standard product platforms
and their derivatives, and supported by the possibility of
re-using standard components across products, has become
crucial for commercial success (Fricke and Schulz 2005).

Due to the complexity, associated cost, and general uncer-
tainty of performing the creative design process, significant
value exists in reusing the design information developed in
previous design efforts. Many complex engineering systems
are developed through modifications of existing ones (Jar-
ratt et al. 2011). In Sciences of the Artificial, Simon (1996)
defined the complexity of a product in terms of the con-
nections between its parts and called engineering products
‘almost decomposable systems’ where connections between
parts of a system can never be fully avoided. Many indus-
tries, such as the automotive industry, are working on mod-
ular designs, with clearly defined interfaces between sub-
systems, to make integration easier and to facilitate the reuse
of sub-systems across a product range. However, deciding
the right time and the right parts of the system to imple-
ment design flexibility is not a simple task (de Neufville
and Scholtes 2011). There is, thus, a need to differentiate
between components that are more suitable for standardiza-
tion and components that are more suitable to absorb future
changes in such systems.

Since the introduction of adaptable design, continu-
ous efforts have been made to improve the design method.
However, there is particularly limited information available
regarding business operations that produce a large number
of distinctly different part numbers in limited quantities
(Qudrat-Ullah et al. 2012). Lean production encourages the
systematic elimination of wastes to produce products and
services at the rate of demand. It offers many benefits, such
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as reduced inventory levels, higher product quality, reduced
lead times, higher productivity, and reduced costs. On the
other side, agile production is the capability of a manufac-
turer to operate profitably in an environment of continually
and unpredictably changing customer demand (Ghobakhloo
and Azar 2018). Agile production is the next step, after lean
production, in the evolution from mass production to mass
customization. They are two production strategies that can
co-exist in one system. Lean production is the most suitable
when the demand is predictable, variety is low and volume
is high (Potdar et al. 2017). The agile and lean movements
have inspired new approaches, and processes have changed
(Turner 2017).

Implementation of lean techniques in SMEs’ PD teams
has specific requests (Leite et al. 2016). Flexible engineering
change management (ECM) for rapid engineering changes
has been identified as a central enabler for agile PD of physi-
cal products (Schuha et al. 2017). Al-Ashaab et al. (2016)
developed a tool that helps to identify the actual status of
lean principles in PD processes, while the integrated per-
formance measurement framework for lean organization
considers all functions within an organization (Sangwa and
Sangwan 2018). Following an extensive and systematic
research of existing literature, together with the real case
study findings, the paper provides a novel contribution to
this field as it explores and discusses the idea of adaptable
design from the perspective of the smart one-of-a-kind
production environment. According to Fricke and Schulz
(2005), the four key aspects of changeability are adaptabil-
ity, robustness, agility, and flexibility. Later in this research,
robustness will be omitted due to its complex and broad
background (for more, consult the research of Varl et al.
2016). Instead, platforming will be introduced because its
principle is directly linked with agile engineering and sup-
ports other aspects in a great manner. Adaptability charac-
terizes a system’s ability to adapt itself towards changing
environments. Adaptable systems deliver their intended
functionality under varying operating conditions through
changing themselves. That is no changes from external have
to be implemented into such systems to cope with changing
environments.

The paper evolves the idea of incorporating changeabil-
ity into an individualized product’s architecture. The study
sheds light on how to approach such transformation chal-
lenges, wherein the presented case study offers valuable
insights into how to implement appropriate measurements
in a real, highly individualized PD environment. The gener-
alized form of the proposed framework is the main contri-
bution of the article, as it represents a universal solution for
such business environments. In Fig. 1, the transition from
traditional production A) to agile production B) is shown,
where robustness, modularity, flexibility and adaptability
compound design for changeability, which is, together with
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Fig. 1 Transition from traditional production to agile production

parametric structure and smart design rules, a foundation
of smart factory and agile business operation. In adaptive
design, PD has to be divided into efficient preliminary prepa-
ration of design activities and quick adaptation to a specific
customer requirements. This preliminary preparation is very
important and provides quick responsiveness in the next
steps. Design for changeability, which is carried out in the
preliminary preparation, is the core of this article because
adaptation to specific customer requirements is always sub-
ject to intense time and cost pressures.

The paper is organized as follows. Section 2 reviews
related research work on agility paradigm, adaptable design,
design and product adaptability, smart processes and dis-
cusses key issues in adaptable design. In Sect. 3, the gen-
eralized framework of one-of-a-kind product development
process transformation according to the principles of adapt-
ability is presented. Real industrial background is presented
in Sect. 4, explaining phenomena of one-of-a-kind prod-
uct development process and why adaptive type of design
requires creative design process, where significant value
exists in reusing existent design information. Core of the
paper, the validation of the generalized model represents
Sect. 5. Application of changeability in real one-of-a-kind
product development is presented via three main principles:
flexibility, modularity, and platforming. Each principle is
explained through an illustrative example of application to
a real industrial environment during the case study. Discus-
sion and assessment is given in Sect. 6 through presentation
of list of savings, resulting in PD process according to agile
principles. Considerable decrease in engineering changes
is also presented. Finally, conclusions are given in Sect. 7.

2 Literature review
2.1 Outbreak of smart industry

The first three industrial revolutions came about as a result
of mechanization, electricity and IT. Now, the introduction
of the Internet of Things and Services into the manufactur-
ing environment is ushering in a fourth industrial revolu-
tion. Industry 4.0 is focused on creating smart products,
procedures and processes (Filho et al. 2017; Lu, 2017).
Smart factories, which constitute a key feature of Industry
4.0, are capable of managing complexity, are less prone
to disruption and are able to manufacture goods more effi-
ciently. The learning factory that integrates the shop floor
and top floor via suitable cloud services supports holistic,
problem-based learning and evaluation of research projects
(Faller and Feldmiiller, 2015). Wang et al. (2017) argue
that the smart factory framework consists of four layers:
the physical resource, industrial network, cloud, and super-
visory control layers. Big data are collected in the cloud
from the smart things in the physical layer and interacts
with people through supervisory control. Hermann, Pentek
and Otto (2016) identified some generic design principles
for Industry 4.0: interconnection, decentralized decisions,
information transparency, and technical assistance. By
meeting individual customer requirements, a smart design
process allows individual, customer-specific criteria to be
included in the design, configuration, ordering, planning,
manufacture and operation phases and enables last-minute
changes to be incorporated. Changeability of a product
plays an important role when transforming a traditionally
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designed product into a smart and highly efficient business
operation.

2.2 Agility as a foundation of productivity

In the last two decades, significant research effort and pro-
gress have been made towards the development of funda-
mental understanding of and effective tools for various
aspects of early design processes. One of the representative
works is the systematic design approach by Pahl and Beitz
(1988). Many design theories and methodologies have been
developed and are widely accepted and used in the design of
products, processes, and systems. Examples of engineering
design research include axiomatic design (Gu et al. 2001,
Suh, 2001), function-based design (Pahl and Beitz 1988;
Hashemian and Gu 1996), product family/portfolio archi-
tecture, modular and platform design (Siddique and Rosen
2000; Du et al. 2001; Simpson et al. 2001; Simpson et al.
2007; Sand et al. 2002), TRIZ-based design and innovation
(Fey and Rivin 2005), design for manufacturing, assembly,
services and environment (Dixon and Poli 1995; Martin
and Ishii 2000), design reuse (Fletcher and Gu 2005) and
concurrent engineering design (Stjepandi¢, Wognum and
Verhagen 2015).

Agility enables the industry to deliver customized, equi-
tably priced, and superior-quality product in an efficient and
time-bound manner. It streamlines the internal and external
disturbances of the industry that arise due to uncertain mar-
ket conditions (Leite and Braz, 2016; Potdar et al. 2017).
Engineering systems that are adaptable and/or robust to
changes do not need to be changed. Alternately, engineer-
ing systems that are agile and/or flexible to changes can be
changed efficiently by the manufacturer and the user. Fricke
and Schulz (2005) also state that it is not necessarily useful
to implement all four aspects of changeability throughout
the entire system architecture. Instead, attempts to improve
system changeability should be guided by the question:
‘Where in the system architecture do I need what type of and
how much changeability?” As will be demonstrated later,
the answer is not trivial; rather, it depends on a number of
circumstances.

2.3 Adaptable design

Adaptable design (Eckert et al. 2004; Fricke and Schulz,
2005; Gu et al. 2004, 2009; Fletcher and Gu 2005; Tavcar
and Duhovnik 2005; Liu et al. 2010) is a relatively new
design paradigm that aims to create designs and products
that can be easily adapted for different requirements. It is a
promising methodology for increasing the potential for the
reuse of design information. Adaptable design can generally
be divided into design adaptability and product adaptability
(Gu et al. 2004). When the design of a product is adaptable,
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much of the same design can be used to produce new prod-
ucts or modified to adapt to new technologies and demands.
The process of adapting an existing design, versus producing
new designs, usually results in savings in development time
and design and production costs. Although these benefits are
mainly for the producer, they also provide the user with more
customized products, perhaps at more reasonable costs. If,
alternately, the product itself is adaptable, it benefits the
user by replacing several products with one or by providing
increased functionality.

2.4 Design adaptability, product adaptability

Producers are generally concerned with design adaptabil-
ity because benefits of adaptability result from the fact that
one adaptable design can be used to create new products for
different customers. Thus, the same basic design, existing
common parts and assemblies, process plans, production
setups, inventories and supply networks, and expertise can
be used in several production scenarios, resulting in reduced
costs and development time and increased efficiency. Design
adaptability is most applicable to manufacturing companies
that produce a family of products with similar functions.
Various models can be different adaptations of a basic design
where every model includes a different set of features and
functionalities. Figure 2 shows an example of a product
where the same general design (i.e., same platform) and the
majority of the modules/parts were reused by a project with
two different product configurations.

Product adaptability is the capability of a physical prod-
uct to be adapted to satisfy the changed requirements. It is
usually achieved by modifying the existing product, such
as adding new components and/or modules, replacing or
upgrading the existing components/modules with new ones,
and reconfiguring the existing components/modules. The
user can benefit from product adaptability by reusing most

PRODUCT 1

CUSTOMER
REQUIREMENTS 1 FLATFORMA -1
o w @ @ ﬁ

CUSTOMER | | PLATFORM A —
REQUIREMENTS n

MANUFACTURER

PRODUCT n

CUSTOMER

Fig.2 Design adaptability: deliberately planned design process
allows its single execution, while different physical product configu-
ration modes can be later realized
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components/modules of the existing product rather than hav-
ing to purchase a new product.

According to research, adaptability is important to the
customer for two reasons. First, the customer may sometimes
be involved in similar projects. Substantial capital, time and
expertise are invested in these projects. It is essential to reuse
the designs and engineering knowledge as much as possi-
ble. For example, a customer orders a number of different
products. It is necessary for the customer to have all the
products standardized with adaptable equipment solutions
due to easier maintenance. Second, due to the complexity
of these projects, it is often impossible to predict all design
requirements and finalize the design before the construc-
tion begins. Figure 3 shows an example of a product that
can serve two different end-product modes. High product
adaptability enables the customer to adapt the product to his
needs in the shortest amount of time with the least resources.

2.5 Design for changeability
2.5.1 Flexibility

Thomke (1997) defined design flexibility as a function of the
incremental cost and time of modifying design choices: the
higher the cost and time of modifying a design, the lower the
design flexibility. His analysis led to the conclusion that pro-
jects characterized by high design flexibility have better per-
formance, i.e., less design effort in terms of person-months
and a greater number of changes in physical prototypes,
which is an indirect indicator of the ability to incorporate
new needs in later stages of development. Thomke and Rein-
ertsen (1998) highlighted that adopting inherently flexible
technologies is one of the three strategies for increasing
flexibility in NPD; the second is to modify management
processes (e.g., progressively lock down requirements and
keep multiple backup approaches viable even after concept
selection), and the third is to exploit product architecture to

PLATFORM A

PRODUCT MODE 1

CUSTOMER
REQUIREMENTS 1

ADDITIONAL MODULES
AND EQUIPMENT

M5 PRODUCT MODE 2

MANUFACTURER CUSTOMER

Fig.3 Product adaptability: example of localized adaptability that
allows realization of different product configuration modes during its
lifespan

reduce the cost and time of modifying a design. MacCor-
mack et al. (2001) introduced the new concept of flexibility
in NPD. They identified five basic practices that support
flexibility.

2.5.2 Modularity

Modular design aims to develop a product architecture con-
sisting of physically detachable units (modules) (Ali and
Saed 2002; Gershenson et al. 2003, 2004; Jose and Tollen-
aere 2005). Because the modules in a modular product are
relatively independent, these modules can be designed and
manufactured separately. There are numerous advantages to
modular products. For example, by carefully modularizing
a product, the designs for the earlier models can be used in
a new model without any changes. Modular design can also
help in creating a range of products with minor variances
and allows some components to be used across product vari-
ants and product lines due to standardization of the functions
and interfaces.

To help understand the complexity of product design and
efficiently derive products for customized requirements, the
definition of the product architecture has been proposed to
decompose a complex system into subsystems or chunks.
Ulrich and Eppinger (2012) defined a product architecture
as consisting of three elements: (1) the arrangement of func-
tional elements; (2) the mapping relations between functions
and physical elements; and (3) the specification of the inter-
faces among interacting physical components.

2.5.2.1 Platforming Product platforming is a specific solu-
tion approach that addresses a subset of the challenges men-
tioned in previous sections. It focuses mainly on offering
high product variety to customers while reducing devel-
opment and manufacturing costs. In platform design, the
common components for a number of products are grouped
as the platform to be shared by these products (Jiao et al.
2007; Simpson et al. 2007). The products sharing the same
platform usually form a family of products. Platform design
is considered as the extension of modular design using the
platform — the main module — in all the products of this fam-
ily. In adaptable design, the functions of different products
can be achieved using the platform design approach. When
certain functions are required, the modules with these func-
tions are then attached to the platform.

Simpson et al. (2001) identified three categories of
platforms. General Platform design generally entails the
identification of common attributes within a series of prod-
ucts, otherwise referred to as a product family. Generally, a
platform is any set of standardized parameters, which are
maintained within a group of products for compatibility.
Component Standard Platforms unify manufacturing issues
in multiple products using common components whenever
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possible. Modular Platforms use modules from more than
one product so that common parts are used whenever pos-
sible. Commonality refers to the extent of similarity of the
product characteristics from a particular point of view, such
as requirements, design features and even physical struc-
tures. The most successful application for platform develop-
ment is dominated by scale-based family design and opti-
mization, wherein commonality represents shared settings
of variable values among variants and is assumed to reduce
manufacturing complexity and thus improve economic effi-
ciency (Messac et al. 2002; Nayak et al. 2002; Hernandez
et al. 2003; Dai and Scott 2006).

2.6 Initiated changes and emergent changes,
change propagation

Changes are omnipresent in the development and design
process of an individualized product (e.g., power trans-
former) and can occur at any stage of the development of
the product. Gautam and Singh (2008) state that there are
three types of changes to products: innovation, continuous
improvement and forced changes. Continuous improvement
and innovation are common productivity options to keep the
customer satisfied and willing to buy. Generally, we differ-
entiate between two different sources of change, which are
handled in a very similar way but have very different causes:

— Emergent change, caused by the state of the design,
where problems occurring across the entire design and
throughout the product lifecycle can lead to changes.

— Initiated change, arising from an outside source, typically
a new requirement from customers or certification bod-
ies, or initiated by the manufacturer.

Emergent changes occur in response to problems arising
during the design process at all levels of integration: in the
design of parts, in the design of entire systems, during sys-
tem integration, during production and assembly or during
final testing. The later they occur in the design process, the
more costly changes can become. The design of a power
transformer is strongly customer-driven, and therefore cus-
tomer requirements are a major source of initiated changes.
Generally, new requirements are known at the beginning of
the design process for a particular project, although it often
occurs that some of them arise in the course of the design
due to unforeseen reasons. Initiated changes usually include
customer requirements, problems with past designs, innova-
tions, certification requirements and retrofits.

Systems and parts respond to change in different
ways, ranging from systems that do not pass on change to
those that amplify change. Eckert et al. (2004) differenti-
ate between four types of change propagation behaviour:
constants, absorbers, carriers and multipliers. The way a
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particular system reacts to change depends on its potential to
absorb or multiply change, which can be buffered by change
margins. As more and more compromises are made dur-
ing the design process, these margins decrease as changes
are absorbed. A more comprehensive review of engineer-
ing change and its propagation can be found in Jarratt et al.
(2011) or in Koh et al. (2015), where the authors discuss the
idea of using engineering change forecasting to prioritize
component modularisation. However, part of the featured
research has been focused on methods to reduce product
variety through standardization. This is truly a challenging
task and even contradictory for one-of-a-kind production
environments. The essence of one-of-a-kind products lies
particularly in strict compliance with the customer's require-
ments. Complete subordination to a product’s individuality
is key in creating value to such enterprises. However, it is
also necessary to standardize parts of the product for which
the customer usually has no requirements in means of their
individuality.

2.7 Key issues in adaptable design

Many researchers have argued and illustrated that, the later
in the design process changes are made, the greater the costs
of the changes are. By waiting until the detailed design is
completed to consider configuration optimization, some of
the best benefits of the process may be lost. Generally, con-
figuration design can take place at any time between the last
part of conceptual design and the early stages of detailed
design. Two main design approaches are widely used in con-
figuration design: modular design and product platforming
and families (Gu et al. 2004). An approach for achieving
some general adaptability is based on the localization of
modifications. That is, the architecture of the product is
designed in such a way that changes in one place are pre-
vented from propagating into the rest of the product. Such
architecture is called “segregated architecture.” To make the
product/design more adaptable, interfacing between sub-
assemblies is also critical to ensure the adaptability.

In the academic field of engineering design, a large body
of research has been published over the last decade address-
ing various aspects of product family fulfilment, particularly
in modular design, product family architecture and prod-
uct family design and optimization. It is well recognized
that platform-based development has a significant effect on
the aspects of cost, performance/quality, and variety (Fix-
son 2007). Modularity and commonality are accepted as
two essential characteristics in platform development with
multi-functional views, and they may co-exist and are logi-
cally inseparable in the product creation process (Jiao et al.
2007). Based on their research, Gu et al. (2009) claim that
there have been many design theories and methodologies
developed in the past decade to improve design efficiency
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using design knowledge, case-based reasoning, knowledge-
based design, design histories and rationales, design reposi-
tories and design reuse. Even ontologies were utilized for
formalizing domain knowledge in a way to make it acces-
sible, shareable and reusable in design (Darlington and Cul-
ley 2008). All of these design methods can help designers
consider design adaptability. In the next section, the real
industrial background is presented via an illustrative exam-
ple of a highly complex one-of-a-kind product — a power
transformer.

3 Generalized model of one-of-a-kind
product development process
transformation according to the principles
of adaptability

The presented generalized model of one-of-a-kind product
development is the result of several years of systematic aca-
demic research and intensive collaboration with a real indus-
trial production environment. It comprises findings gathered
during literature research combined with own experiences
gained through author’s collaboration with industrial part-
ners. Focus has been put on the development and design
process of a complex one-of-a-kind product. On a basis of
previously described principles, merged into the master
engineering paradigm — changeability — the process has been
reconstructed according to an idea of unlimited product indi-
viduality, which appear to be a necessary precondition for
a successful launch in today’s market. Figure 4 presents a
generalized framework of such PD process transformation.

As Fig. 4 indicate, a product structure and design pro-
cesses are inextricably linked between each other. It is of
a crucial importance which activity, how much time and
how much costs are necessary to conduct a specific design
change. Therefore, beside product decomposition also
design process decomposition and classification of design
activities was done. The design activities that occur more
often and are suitable for automation were supported with
special tools for faster and more reliable execution. Design
activities were systematically analysed, classified, and sup-
ported in the most appropriate way. A concurrent adaptation
of the product structures and design processes was necessary
in several cases. The final result is significant acceleration
of design processes, and the reliability of the product design
was improved too. We divided the transformation process
into three consecutive main phases: the preparation process,
classification process and redesign process. The deliberately
executed preparation process is of particular importance,
while careful product decomposition into relatively inde-
pendent subassemblies is crucial for a subsequent success-
ful classification process. Decomposition has to yield three
main groups of components or design processes (BB1A and

BB1B, BB2A and BB2B, BB3A and BB3B). Categorization
generally follows managerial policy and strategic decisions.
Classification process is thus unique for any single company,
as it has to be attentively tuned according to the structure and
characteristics of an actual product. In the sample company,
classification process is the responsibility of the chief design
engineers, where they work closely with engineers, respon-
sible for development and management of start-up parts,
assemblies, library of standard parts, etc. The core group
in design process domain (BB2B) comprises core design
processes that enable individual adjustment of product plat-
form with components. The core group in product domain
(BB2A) comprises characteristic components that define
the product. These components are individually adapted to
certain project requirements via controlled process re-engi-
neering. This means that any modification is executed with
special concern, as any changes to those components usually
mean almost certain accommodations to adjacent, usually
subordinated subsystems. In another group, components
and design processes that are suitable for standardization
are classified (BB1A and BB1B). Those components and
design processes are usually very important for the agility
of the entire design process. Although they are usually not
of great importance to customers, they simplify the structure
of the product in means of standardized solutions, especially
in detailed design. With their help, any individual project
gets a certain degree of large-scale product characteristics
and form supplementary standardized part. The last group
contains components and design processes that are suitable
to be changes (BB3A and BB3B). They form creative part
of the design process. Such components are typical for one-
of-a-kind production since they increase customer-perceived
value and supporting design processes have to execute sub-
ordinated design tasks effectively.

Product decomposition and redesign are complex activi-
ties which require a systemic approach. The authors propose
application of design for changeability based on flexibility,
modularity, and platforming. Implementation details are pre-
sented in the case study in the Sect. 5.

In the third, the process re-engineering phase, numer-
ous tools are encouraged to be used: case-based reasoning,
knowledge-based design, ontologies, design reuse and oth-
ers. A fundamental distinction can be drawn between two
types of models:

— Planning models provide transparency with regard to the
creative value-added generated by engineers and thus
make it possible for complex systems to be built. An
example of a planning model would be a schematic used
by an engineer to explain how he or she has implemented
appropriate functions to meet the requirements placed
on a system. As such, the model contains the engineer’s
knowledge.
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Fig.4 Proposed generalized framework of a highly efficient one-of-a-kind PD product transformation according to the principles of adaptability
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— Explanatory models describe existing systems to acquire
knowledge about the system through the model. This typ-
ically involves using different analysis processes, such as
simulation. Explanatory models are often used to validate
engineers’ design choices.

Models offer huge potential — and not only in the con-
text of smart industry. For example, they allow the risks
involved in a project to be reduced through early detection
of errors or early verification of the demands placed on the
system and the ability of proposed solutions to meet these
demands. They can also provide a transparent information
flow that enables more efficient engineering by improving
interdisciplinary cooperation and facilitating more consist-
ent engineering data. One-of-a-kind research and develop-
ment (R&D) has to be continuously improved via iterative
process, during which designers perform back loops and
repeat phase 1, phase 2 and phase 3 occasionally to meet
the desired rate of product development.

The generalized model summarizes the whole approach
and proposed principles in one page. The industrial exam-
ple of the large power transformer demonstrates and vali-
dates application of changeability in product development
through: flexibility, modularity, and platforming and product
family design.

4 Real industrial background and sample
company presentation

A sample company is a renowned producer of large power
transformers with a one-of-a-kind business model. The
design of each new power transformer (Fig. 5) suits an adap-
tive type of design (Duhovnik and Tavéar 2015). When a
new design problem arises, it is solved through the modifica-
tion of an existing design rather than performing the design

process from scratch. Due to the complexity, associated cost
and general uncertainty of performing the creative design
process, significant value exists in reusing existent design
information. Each customer approaches the manufacturer
with his or her own set of specific requirements. The basic
working principles, as well as the peripheral functional
requirements, are fully known, and the design model is well
defined. The design begins from the same baseline every
time, which is the selection of the appropriate parametric
3D model layout of each respective subassembly. The design
and functional characteristics of individual assemblies are
generally known in advance. Parametric models consist of
parametric subassemblies and parts, the design of which is
well-considered and based on experience and knowledge
of the company, as well as a number of standard compo-
nents. The essence of the problem for any new design is thus
expressed in the search for a new technical shape that would
optimally meet the individual requirements of each specific
client. Despite a well-structured and content-rich parametric
library of start-up assemblies and parts, each new individual
contract demands a modification of numerous details, which
makes each final product unique. The individualization pro-
cess includes parametric change of prepared-in-advance
components and sometimes a certain degree of completely
new designed components.

5 Application of changeability
in one-of-a-kind product development -
generalized framework model validation
with the case study

In this section, application of changeability in real one-of-a-
kind product development is presented via three main prin-
ciples: flexibility (E1.1), modularity (E1.2) and platform-
ing (E1.3) (Fig. 4). Each principle is explained through an

Fig.5 An example of two power transformers, where the same functionality is realized with two very different shape models. Agile PD plays a

key role in company competitiveness
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illustrative example of application to a real industrial envi-
ronment during the case study. This section represents a core
of the applicative research and a basis for further research
activities and validation of a generalized framework of a
highly efficient one-of-a-kind PD process transformation
according to the principles of adaptability, as proposed in
Sect. 3. Methodology of application of changeability in one-
of-a-kind product development during case study is presented
in Fig. 6. In the flowchart activities are presented in appropri-
ate chronological order. On the right side of the Fig. 6, out-
comes of each phase are stated. Initial process flow mapping
is the foundation of all further activities. Results of the com-
pany business model analysis enable preparation of product
structure and design process transformation guidelines. These
guidelines may be specific for each individual company, tak-
ing into account its profile and product range. Design process
and product structure transformation is first applied and eval-
uated as a pilot project. Collected experiences and results of
evaluation are basis for preparing strategy for implementation
of improved product changeability, which should be tailored
to each individual company. Product changeability considers
flexibility, modularity, and platforming domain. Implementa-
tion towards improved changeability follows in several steps
because it can be time consuming.

Generalized model, presented in Fig. 4 was created not
only on the basis of a literature review, but in several imple-
mentation steps. The model was set up first and then this
model was confirmed in the individual steps on the basis of
overall evaluation. During the implementation, the model
was validated and in some cases supplemented if necessary.

5.1 Flexibility (E1.1)

Table 1 combines five basic practices with observations and
experience gained during a case study. The development and
design process in sample company underwent extensive
renovation, during which the below stated tools, methods
and measures proved to be very useful in the one-of-a-kind
business environment.

5.2 Modularity (E1.2)

An aspect that greatly influences adaptability, flexibility and
agility is the concept of modularity. The underlying prin-
ciple of a segregated architecture is to prevent changes in
some part of the product from propagating to the rest of it. A
segregated architecture encourages the development of self-
contained and relatively independent assemblies or modules
that can be detached, modified, relocated, and replaced eas-
ily. The operation of modularity analysis at different devel-
opment stages is the strategic result of a search for potential
common technical solutions. The earlier modularisation pro-
cess provides more freedom to define architectural content

@ Springer

and allocates the function-component mapping relationship,
as shown in Fig. 7. With one-of-a-kind product development
during a case study, research team was especially focused on
physical and parametric modularity.

Functional modularisation relaxes the constraint of the
predefinition of sub-module level components and offers a
fundamental approach for proactive platform development.
Assuming the basic physical element as fixed, physical mod-
ularisation generates the modular product architecture by
re-arranging these elements into larger units (modules) and
is adopted for product or platform redesign. Parametric mod-
ularity considers the product structure as essentially fixed,
and the product characteristics are varied only within the
boundaries of the individual elements or parameters. This
type of approach provides the least freedom to change the
product structure and only pursues a certain commonality at
the detailed module/assembly design stage.

In a one-of-a-kind PD and design process, usually only
physical and parametric modularity exist according to the
nature of the variation or adaptive design process. Figure 8 pre-
sents the synergy of physical and parametric modularity, which
was, during this research and case study found to be crucial
for the transformation of a traditional development and design
process into a highly efficient operation of almost unlimited
design flexibility and short time-to-market performance. With
systematic implementation of modularity principles into its
business model, a sample company gained valuable progress
in the field of process excellence. It took a company several
years to transform different segments of the PD process from
a traditionally organized process, where every subsystem is
designed individually, into a structured, three-level process,
where subsystems are mutually linked with a substantial num-
ber of self-aware components. On the first level (configuration
design/physical modularity), a general product architecture
is defined via selection of an appropriate platform for each
product subassembly. The level-1 smart loop enables an effi-
cient configuration design process because all platforms are
interchangeable due to the unified connecting interfaces. The
level-2 smart loop enables an exchange of parameters between
the first and third levels. On the third level (detailed design/par-
ametric modularity), the detailed product architecture is set via
the flow of parameters, where parametric modularity enables
effective design iterations in the case of late design changes.

5.3 Platforming and product family design (E1.3)

During this research, a scale-based platform approach
for creating variants with different performance require-
ments by ‘stretching’ or ‘shrinking’ the platforming ele-
ments has been proved to be an efficient tool for custom
or small-scale PD. Figure 9 shows novel structure of a
sample assembly, characterised by standard part (left) and
creative part (right), which ensures quick adaptation to
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Fig. 7 Modularity occurrence along the PD process
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Fig.9 Novel structure of a sample assembly (magnetic circuit), characterised by standard part (left) and creative part (right), which ensures

quick adaptation to new requirements

new requirements. Figure 10 shows an example of a fully
parametric 3D platform, which achieved substantial design
time savings, up to 40% in comparison to the former, step-
by-step design process.

Table 2 shows a detailed list of savings, which were rec-
ognized as a direct consequence of the implied renovation.
The values in this table were obtained via the performance
analysis of conducted projects of a sample subassembly (in
this case, a magnetic core — Figs. 9, 10) during a 1-year
test period. Although results for different subassemblies
may vary, a similar general trend was noticed.

Figure 11 shows the number of completed projects in
mechanical design department for the studied product
segment. The analysis clearly shows a considerable drop
in necessarily engineering changes, which are the con-
sequence of non-optimal product design. The results are
in direct association with the enhanced robustness of the
development and design process.

The improved performance (Table 2) and less engi-
neering changes (Fig. 11) clearly validate advantages of
design for changeability that was implemented on the case
of large power transformers according to the generalized
model presented in Sect. 3.

During case study research, team observed that certain
limitations nevertheless exist. One of the main issues in
the evolution process described above is finding an opti-
mum degree to which design reuse should be limited.
Exaggeration in this field can lead into less creative devel-
opment and design process, which further causes design
fixation and cursory exploration of possible design alterna-
tives. Presented research indicates that an optimum degree
of standardization combined with design reuse may be dif-
ferent for any specific production environment.
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6 Discussion and assessment

The theory of changeability has been a widely studied
engineering paradigm in the past two decades because
it represents a fundamental and universal engineering
approach to efficient NPD processes in versatile produc-
tion environments. Although the majority of research work
in the professional literature has been conducted in the
fields of mass industry, there has been noticed a tendency
to shift the research activities to an individualised produc-
tion environment in recent years. We estimate that agility
is especially interesting in the field of customized prod-
ucts, as quick adaptation to customer requirements and
the ability to use the existing design solutions as much as
possible are crucial for commercial success. Successful
management of never-ending engineering changes appears
to be the most important aspect in this field. Accordingly,
introduction of changeability into a highly individualized
production environment is mostly about enhancing the
robustness of the NPD process, which leads to minimi-
zation of rework activities, reputation on the market and
overall excellence of a company. The featured research
aims to deliver a generalized framework of a one-of-a-kind
PD process transformation according to the principles of
changeability. The case study demonstrates how compa-
nies in such a specific business environment can improve
their profitability through the utilization of changeability
concepts.

Introduced framework has been developed, tested and
proved to be efficient in a highly individualized industrial
case, in which every single order is specific and contains
customer-tailored solutions. Table 2 shows a detailed list
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Fig. 10 Fully parametric 3D platform of a magnetic circuit; both
models were created from the same parametric model. The scalable
platform with built-in modular attributes enables the model to be cus-

of savings, which were recognized as a direct consequence
of the implied renovation. The values in this table were
obtained via the performance analysis of conducted pro-
jects of a sample subassembly (in this case, a magnetic
core — (Figs. 9, 10) during a 1-year test period. Figure 11
shows the number of completed projects in mechanical

tomized and adjusted according to new design parameters and cus-
tomer specifications in a considerably short amount of time. The effi-
cient iterative process enables late design decisions

design department for the studied product segment. The
analysis clearly shows a considerable drop in necessarily
engineering changes, which are the consequence of non-
optimal product design. The results are in direct associa-
tion with the enhanced robustness of the development and
design process.
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Table 2 Complete list of savings, resulting in PD process renovation according to agile principles

Item Tprgp [min] T;p [hrs] Tprw [hrs] Trorar, [hrs] EC rate [%] Projectrate [/ Project rate
year] (T) [/year] (R)
Before implementation 60 16 24 40 5 45 40
After implementation 10 5 18 23 1 78 45
Performance improvement 50 11 6 17 4 33 5
+500% +220% +33% +74% +400% +73% +13%

Tprep=time for preparation. All necessary data for an uninterrupted design process are gained during this time

T;,=time necessary for the completion of a 3D design of the featured assembly (magnetic core)

Tprw=time necessary for the completion of a corresponding technical documentation

Trora =total design time (Tsp + Tpry)

EC rate=percentage of realized projects where engineering change was necessary (rework)

Project rate (T)=number of realized projects per year per person (theoretical projection)

Project rate (RT)=number of realized projects per year per person (actual). In 2013, 2 engineers designed 80 projects in total. In 2018, 3 engi-
neers designed 135 projects in total, where development activities (they run in parallel with projects) have taken approximately 3—5% of total

time available

700
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584
600

500 430
389
400

300

200

5 T 35 155
| - - -

0
2016 2017 2018 2019
Year

® Number of projects Number of engineering changes
Fig. 11 Engineering changes per year in comparison to completed
projects

The conducted design process re-engineering and product
redesign for changeability is complex and long-term activ-
ity. Several departments and experts from different disci-
plines must be actively involved. Due to the complexity and
associated cost, re-engineering can be implemented only
with strong support from top management. The generalized
model and case study present systemic approach and prin-
ciples, however several implementation details and support-
ing tools must be determined in the context of the specific
application.

We claim that the proposed framework would there-
fore also be useful in small and medium-batch production.
According to our experience, the greater the individuality
and smaller the batch size, the shorter the development and
design lead-time. Therefore, we argue that the proposed
framework can further be developed in the case that devel-
opment and design lead-time is longer. The expert system,
for example, can further be expanded with additional tools to
support software autonomous decision-making, for example,

@ Springer

with change propagation models, part history lists, inte-
grated FMEA analyses, etc., which would enable an even
more advanced automatic compatibility check for different
product configurations already in the early development
phase. We strongly encourage the management of small- and
medium-sized enterprises that provide customized, one-of-
a-kind products to start with re-development of their product
development and design processes according to the proposed
framework. Feedback information via published studies
would be an important and valuable contribution to further
development of this specific branch of otherwise broad field
of smart industry doctrine.

7 Conclusion

Design for changeability, a design strategy developed to
cope with engineering changes, incorporates the following
four aspects: adaptability, robustness, agility and flexibility.
System architectures characterized by these attributes will
yield great enhancements. Technology insertion throughout
the entire system lifecycle to ensure superior system capa-
bilities and customized functionality is possible. Upgrade
opportunities and the ease of customization lead to high
attractiveness to customers or stakeholders. Additional
principles, such as independence, modularity, scalability or
design reuse, support the implementation of the four above-
mentioned attributes and thereby enable rapid responsive-
ness to emerging and changing markets and efficient product
adaptation to numerous individual customer requirements.
In the article, an extensive transformation of an illustra-
tive example of a one-of-a-kind product according to the
principles of changeability is presented. The focus of the
comprehensive renovation has been put on establishing the
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above-mentioned four main aspects of the product change-
ability in the specific, highly individualized production
environment. Design reuse aims to maximize the value
of customization efforts by reusing successful past design
information in whole or in part for future designs. The
ultimate aim of design reuse is to assist the designer in the
development of high-quality products that meet all cus-
tomer requirements while expending the least amount of
effort and resources. Design reuse as a concept was devel-
oped and researched extensively in the computer science
and software development fields and later implemented
in various fields of mass production environments. The
valuable contribution of the paper is the demonstration
that the transfer of optimization principles, techniques and
tools, known from the mass industry, into a highly indi-
vidual type of production is possible and can be efficient
and beneficial in a great manner when certain rules and
limitations are taken into consideration.

The conducted research demonstrates that the exposed
issue is complex, and therefore its professional width
requires the cooperation of the entire company. In prac-
tice, successful change management means finding the
most reliable and the least time-consuming way to design
a product that would fully meet the customer’s require-
ments and preferences. The conducted case study has
revealed that this is possible by developing holistic solu-
tions and designing standardized systems, combined with
highly efficient platform designs that consider modular-
ity and scalability coupled with a consideration to reduce
indirect costs. The results of the featured research are
promising in multiple aspects and offer various opportu-
nities for further development. The proposed framework
(Fig. 4) has been designed as a three-stage transition pro-
cess. In the preparation process (phase 1), the complete
product has to be decomposed to the part level. In-depth
analysis enables a competent classification process (phase
2), where we suggest that components are classified into
three basic branches: components that create the core of
the product, components that are appropriate to undergo
a standardization process, and components that represent
the creative part, which has to be changed to add value in
terms of a customized product. The last phase is where
the real development and optimization begins, for which
the analysis, presented in the previous section, has proved
that, with deliberately chosen principles, tools and meth-
ods, the traditional PD process can be transformed into an
agile, highly efficient operation. The proposed framework
is generalized, which makes it directly applicable in simi-
lar business environments and thus helpful for establishing
the best-practice guidelines for promoting competitiveness
in one-of-a-kind PD processes.
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