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Preface

The present book brings together a variety of topics that deal with the product design
process. It aims in following a holistic approach and incorporates a number of direc-
tions, i.e. conceptual design, design methodologies, sustainability, manufacturing,
product analysis, materials, design and manufacturing technologies. Product design
by itself is a very trendy topic, especially nowadays that the product lifecycle has
been decreased and the available technologies become more advanced. It involves
processes with increased value and can be extended to areas that computerized
approaches are not very common.

A number of high-quality works have been incorporated within the following
chapters. The initial Chapter “Industrial Design: Shaped by Technology and Users.
Past, Present, AM and the Future” examines how industrial design has influenced
and been influenced by additive manufacturing, viewed in the context of the major
technological breakthroughs of the last century and the different views of the user
brought about by societal change, a key factor for industrial designers. The Chapter
“Using the Axiomatic Design in Engineering” aims in presenting the methodology
of Axiomatic Design (AD) that can be applied in order to solve a wide variety of
problems. It is possible to apply AD to subjects in humanities and social sciences.
Properly using those axioms leads to the best design solution for products, processes
or systems. The Chapter “4D Printing on Textiles: Developing a File to Fabrication
Framework for Self-Forming, Composite Wearables” presents and compares two
methods of “file to fabrication” techniques for generating self-forming textile shell
structures: The first is based on printed patterns related to their stress line simulation
and the second on modified geometrical patterns in relation to their curvature
analysis. Furthermore, the buckling degree of the composites in relation to their
fabric thickness and elasticity is investigated. The Chapter “Personalized Fashion
On-Demand and e-Fashion Business Models: A User Survey in Greece” aims in
identifying the reasons for which fashion on demand in Greece is only seen on a
restricted scale, by investigating consumer attitudes towards e-commerce and their
predispositions towards a new platform of personalized products. Chapter “Machine
Learning to Classify and Predict Design and Fabrication Solutions of Architectural
Prototypes Driven by Sustainable Criteria” deals with a methodology for using
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Machine Learning (ML) in an attempt to classify and predict design solutions of
complex structures and products, considering static and geometric criteria as well as
criteria of sustainable fabrication during the development of small-scale prototypes.
In order to achieve this, a series of approaches are incorporated in the suggested
methodology, including Topology Optimization (TO) analysis, design solutions
development, post-processing analysis of the design solutions and ML investigation.
Chapter “Evaluation of the Station Uniform for Firefighters by Anthropometric
Method on the Basis of the Physico-mechanical Properties of the Material” aims in
testing firefighters’ clothing in different body positions during their work, using the
anthropometric method developed at TTK University of Applied Sciences, according
to which the suitability of the size number and height of a firefighter’s station uniform
can be assessed. Research conducted with the Rescue Board revealed that more
complex body positions test the properties of special clothing materials and cause
discomfort to the wearer. Chapter “Development of Modified Polymethyl Methacry-
late and Hydroxyapatite (PMMA/HA) Biomaterial composite for Orthopaedic
Products” explores the feasibility of PMMA by the supplement of Hydroxyapatite
(HA) based bone cement at varying ranges of 4—16 wt.%. The supplement of 10% HA
nanoparticles to the powder of PMMA bone cement increased flexural strength by
12.8% and compression strength by 21.2%. The distribution of reinforced nanopar-
ticles in the nanocomposite was studied using Fourier Transform Infrared (FTIR)
spectroscopy and X-Ray Diffraction (XRD). With the help of Scanning Electron
Microscopy (SEM) study of the fractured surface of the proposed nanocomposite
bone cement, the reason behind the change in mechanical properties was observed.
Chapter “Conceptual Design for Innovation: Process and a Knowledge-Based
Approach” introduces the crucial initial stage of product innovation design. It
focuses on method to innovation design and knowledge-based approach that leads
the user through the design process, helps identify critical issues and propose new
conceptual schemes for specific configurations. The definition and types of innova-
tive conceptual design are introduced and the factors that affect individual creativity
are analysed. A process of innovative conceptual design is proposed. Based on the
characteristics of product design, cognitive psychology, knowledge-based approach
and information technology is incorporated into design technology. Based on the
cognising process, the design activities are defined, knowledge is recommended, and
then, suitable creative solutions are evaluated and selected. Chapter “Establishing
Product Appearance Specifications with the Identification of User Aesthetic Needs
in Product Conceptual Design” presents the basic concepts of aesthetic needs
and product specifications in conceptual design. The user aesthetics needs are
considered one of the significant determinants in increasing user satisfaction. In
this regard, the importance of establishing product appearance specifications to
identify user aesthetic needs is discussed. A method is introduced to demonstrate
the significance of considering aesthetic and emotional needs when establishing
product appearance specifications in product conceptual design. The final Chapter
“Digital Transformation of the Product Design and Idea Generation Process” deals
with the transformation of the product design and idea generation process influenced
by modern digital technologies. Influences on the first stages of the product design
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process are considered. Market research as the information source is subject to drastic
changes due to the introduction of data gathering techniques in the digital era and
emerging of the product intelligence process and tools. The introduction of artificial
intelligence in concept design and idea generation offers exciting possibilities in
creative design problem solving, suggesting future automation of the design process.

The editors acknowledge the aid of Springer Publications and express their grati-
tude for this opportunity and for their professional support. The editors also express
their gratitude to all the chapter authors for their availability and for delivering their
high-quality research work.

Kila Kozani, Greece Panagiotis Kyratsis
Kila Kozani, Greece Nikolaos Efkolidis
Aveiro, Portugal J. Paulo Davim

February 2022
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Industrial Design: Shaped by Technology )
and Users. Past, Present, AM, Cestte
and the Future

Steinar W. Killi

This chapter examines how industrial design has influenced and been influenced
by additive manufacturing, viewed in the context of the major technological break-
throughs of the last century, and the different views of the user brought about by
societal change, a key factor for industrial designers. A holistic method for designing
for additive manufacturing is presented, and emerging technologies such as virtual
and augmented reality are introduced as a future game changer for industrial design
and user involvement.

1 The Past

The industrial revolution did not just occur in one period [1], but in three. There is
also a notion that we are today entering the fourth period of industrial revolution
[2]. Whether the industrial revolution is made up of two, three or more periods is a
subject of discussion [3, 4]. So too is when the periods started and how long they
lasted. I will, however, use the three industrial revolution model in the following [4],
toward the end of the chapter discussing whether additive manufacturing is part of
a fourth industrial revolution. The industrial revolutions are considered to have had
a significant impact on and are therefore used as a backdrop to industrial design,
later additive manufacturing possibly being a key facilitator of the fourth industrial
revolution [5, 6].

S. W. Killi (X))
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The first industrial revolution period started around 1760, and was driven by the
introduction of steam power, textile factories, and labor saving production methods,
the period fading around 1860 [7]. This first industrial revolution was started and
driven by technology, changed the lives of everyone, in the western world, and
spurred the new capitalism [8]. It was also a prerequisite for industrial design, as it
introduced the concept of mass production. Changes in this period were, in the first
period, primarily in raw materials, the introduction of loom produced textiles, and
the industrialization of farming. The second industrial revolution was therefore the
period that gave birth to the industrial designer, the period starting in around 1870 and
fading with the outbreak of World War One. The changes in this second industrial
revolution period [9] included milestones such as standardization, manufacturing
methods, machine tools, and interchangeable parts, this period therefore representing
one in which end product or consumer product production was industrialized, a
prerequisite for the emergence of the industrial designer. Products for large-scale or
mass production therefore needed to be designed, the industrial designer emerging to
fill that role. The third and the possible coming fourth industrial revolution [10] has
changed the role of the industrial designer, the second industrial revolution giving
birth and defining the industrial designer, which I will describe below.

Industrial design was brought about by developments in technology [11], the
birth of the profession being a direct result of the invention and adoption of mass
production and the assembly line [12]. This not only changed production methods,
but also design itself, the design process morphing from designing for the few to
designing for the many. Two professions, the artisan and the engineer, were brought
together by this change and fused into one, there being good grounds to claim that the
industrial designer is the child of these two professions [13—15]. Industrialization of
design furthermore brought the emergence of ergonomics [16], the first phase being
measure and fittings, later transitioning into user needs. Henry Dreyfuss’ studies in
anthropometry [17], and actual measurements of the human body, also paved the
way for a closer relation to the user, their needs, and limitations. It was, however, as
is so often the case a war, the second world war, that led to the enhanced impact of
ergonomics, primarily in the positioning of knobs and controls on airplanes [18]. The
involvement of users would become increasingly important in the following years,
the understanding and interaction with users being one of the most important skills
of an industrial designer [19]. I will return to this throughout this chapter.

Institutions that educate industrial designers usually have one foot in both the
artisan and engineer professions, often more in one than the other, many poly-
technical schools offering bachelor’s and master’s degrees in both engineering and
industrial design. Art schools also offer bachelor’s and master’s degrees in both arts
and crafts and industrial design [20]. Industrial designers are therefore a diverse
group, spanning from artists who industrialize their crafts using mass production
methods, to engineers who focus on anthropometry [21] and production ability. The
most famous representative of the latter is probably Henry Ford, whose concept of
designing for manufacturability [22, 23] was a paradigm change in product design,
his only problem being said to be how to produce enough cars. There are also good
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Fig. 1 The Wassily Chair, an iconic design by Marcel Breuer, depicted on a German stamp in 1998
(Photo, Shutterstock)

examples of artists who transformed their crafts to achieve simpler and faster produc-
tion. Bauhaus designer Marcel Breuer designed his iconic Wassily chair, see Fig. 1,
after being inspired by his Adler bicycle frame of seamless steel tubing, developed
by Mannesmann, which was bent into shape without breaking [24]. The Wassily
chair changed furniture design. It was first built by the artist/designer, its complex
expression combined with simple construction making it a “must have design object”
even today 100 years later.

The role of industrial design is, as stated above, to design products for the many. I
will, therefore, in the following, highlight some of the many synergies and paradigm
changes that have taken place in industrial design over the years.

An American Chemist, Earl Tupper, in 1946 introduced a new product, a plastic
food storage container. His invention was not the box, but the durable plastic it
was made of, PE, he designed the box using the material he had invented [25]. It
was at first not a success, collecting dust on store shelves, but became an iconic
marketing story. Housewife Brownie Wise discovered the product and started to sell
it to other housewives at home parties, which are often called Tupperware parties.
These parties do still exist, and are still the only way to get hold of the genuine
item, see Fig. 2. Plastic containers made of polyethylene for food storage are, of
course, today ubiquitous and produced by a plethora of manufacturers. The success
of Tupperware, however, began with the invention of a material, and was brought to
fruition by a marketing process driven by user insight.

Tupperware parties were not only a new way of selling products, through social
gatherings, but also a source of input from users. The user groups, the housewives,
were quite homogeneous, but were also an expert group that could give feedback on
current products and on potential new products. It’s not quite co-creating, but the
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Fig. 2 Tupperware products (Photo Mona Svendsen)

home parties definitely provided good insight and valuable feedback to designers
[26].

The third industrial revolution arrived [4] in the 1950s, spurred by the introduction
of mainframe computers, digitization, and eventually the internet [27], the industrial
designer also being revolutionized in this. The second phase of ergonomics spurred by
this revolution was driven by the emergence of usability [28], which in turn changed
the role and focus of the industrial designer. The mix of electronics and objects, for
example, in radios, TVs, and video recorders led to more complex products, and so
to the term usability becoming an important element in design. The development
of the computer mouse is a good example. The first prototypes of a point and click
device were constructed in 1963. It, however, took many years before the mouse
we know today was developed, the first generations being far from intuitive to use.
Each mouse was supplied with a thick user manual [29]. Usability was therefore the
precursor of interaction design [30].

Jumping to the 1960s and 1970s brings us to the introduction of a new technology
that had a major impact on industrial design and the designer. This technology was the
Computer Numerical Control (CNC) machine, which allowed shapes to be milled,
drilled, and lathed automatically from a coded control system. Digital drawings
prepared on computers combined with CNC gave a much higher degree of accuracy
and repeatability. The molds for car exteriors were, prior to CNC, handmade, the
shapes often being voluptuous, intricate and including huge curves [31]. If you,
however, looked very carefully at these handmade molds you would see that the left
side was not the same as the right. Making the molds was also quite time consuming.

The introduction of CNC meant that the designer could now transfer drawings
directly to production, and could be confident that the molds would be accurate
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Fig. 3 A Beetle and a Cortina (Pictures from family albums)

and perfectly symmetric [32]. This transition in design and production techniques
was something that consumers could see in the products of the time. CNC had
a number of limitations in its infancy, double curved surfaces being for example
difficult to program [33, 34], the designer therefore suddenly being limited in scope.
The introduction of these limitations can be clearly seen in the ending of the iconic
Volkswagen Beetle story [35], a truly voluptuous, curvy car and the introduction
of the next generation, the Golf. There were almost no double curved surfaces on
the Golf, the expression of the Golf being, of course, not just due to production
limitations but also trends and other user needs. Other cars introduced at this time
also showed a similar trend, double curves being replaced by hard lines and flat
surfaces. Take a look at the Ford Cortina shown in Fig. 3. The pictures of the Beetle
and the Cortina, which are from a family album, were taken in the same year. The
designs of the two cars are, however, very different.

The technology of today does not, however, limit shape in the same way, double
curved shapes being again found on cars. Some companies still today make a full-
scale clay model [36]. However, the digital models and not molds taken from the
clay model as previously, are used in production. Computer models provide many
opportunities, but also have limitations, which industrial designers still today need
to understand. Computer modeling programs, despite continuous improvement, still
have shortcomings, in particular with the meetings between different shapes. This
type of extremely complicated mathematics can be performed successfully by the
human hand and eye, but not necessarily repeatably. The designer therefore has to
be able to both give the product the desired shape, but also understand what can be
digitized, where the limitations to digitization lie.

Many other factors other than technology have led to changes in the industrial
designer profession [37]. These include trends, new laws, a more globalized world,
and social media.

The third phase of ergonomics is based on the concept of designing for pleasure,
emerged in this period [38]. Design transitioned in this phase to focusing on satisfying
needs. Not just basic needs, but also needs at a metalevel. Products were now, for
example, required to also please and create enthusiasm, this optimization to a more
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Fig. 4 Door opener with new and old button (Photo Steinar Killi)

expansive user experience lifting the importance of interaction design. This can be
exemplified by looking at how the term universal design has changed design and
architecture.

North Carolina State University in 1996 defined the term universal design [39],
which changed design focus from designing for the average user to designing for those
who did not fit under the label “average” [40]. Designing also for those who are for
example shorter, taller, or who have disabilities, led to a change in the design process
of both industrial designers and architects. The philosophy behind this approach is
that taking a wider spectrum of users into consideration would benefit everyone,
those for example with disabilities but also those who could be labeled average [41].
The introduction of this design approach can be clearly seen around us today, one
example being the backdoor of a university built in 1999-2001, as shown in the
picture below (Fig. 4).



Industrial Design: Shaped by Technology and Users ... 7

Fig. 5 Double railing, to cater for the height differences of people (Photo Steinar Killi)

The door was first built without taking into consideration universal design, as
shown by the white switch for opening the door in the picture. The building was,
however, later refurbished to meet universal design standards, and a new button for
opening the door was installed. This button is much longer than the original one, so
a wider group of people can reach it. The old switch was, interestingly, not removed,
as this would have been expensive and would have required the whole doorframe to
be changed. The door therefore has two working door openers, these aptly providing
a visual representation of the adaption of designs to new insights and laws. Figure 5
shows a double railing that caters to people who are taller or shorter than average.
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Fig. 6 A smart lid for a jar of jam, two parts that rotate and make it easy to open

Figure 6 shows a quite genius lid for jars of jam, it consists of two parts, an inner
lid and an outer rim, the rim rotates around the lid, making it easy to open, for all.

Universal or inclusive design therefore aims to provide solutions that not only help
those with disabilities, but provide better products for everyone [42]. Other examples
include electric toothbrushes, low entrances to trams and buses and wider doors to
shops and bathrooms.

The industrial designer has, throughout these industrial revolution periods and all
the changes they represent, been designing products for mass production. Is the next
revolution in design, however, a move toward customized mass production?

Digitalization is the prerequisite of the fourth industrial revolution [2], which
builds on the third. The complexity of the artificial intelligence, augmented reality,
robotics and 3D printing [43] involved in this digitization means that this revolution
will take longer. It will, however, change how people create and live their lives, and
how we create value. The industrial designer will also be changed by this revolution,
perhaps more than ever before. The revolution has just begun.

How additive manufacturing can challenge and transform the term indus-
trial design.
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2 Additive Manufacturing

Additive manufacturing was introduced at an auto show in Detroit in 1988 [44]. The
technology at that time was labeled stereolithography (see Fig. 7) and involved the use
of alaser to harden resin built up layer by layer based on a digitized model constructed
in a Computer Aided Design (CAD) program. The technology was initially devel-
oped to build models quickly, and with high precision, and therefore led to the
term Rapid Prototyping, other AM technologies coming to market in the following
years. SLS (Selective Laser Sintering), which used a pulverized nylon powder, also
used a laser to fuse/sinter the plastic powder layer by layer. Support structures were
not required, as the powder around the sintered part provided perfect support, the
finished parts being excavated from the powder cake as shown in the picture (see
Fig. 7). Another method used plastic coiled cord, the plastic being fused in layers like
toothpaste, as shown in the picture (Fig. 7). This technique is called Fused Deposition
Modelling (FDM) and is the most widely used, this being the technology found in
private homes and schools. Other technologies have also been developed, and I will
return to the interesting ones later. Rapid prototyping found its place, in the 90s and
beginning of the 2000s, in companies that develop products. All car companies had,
for example, rapid prototyping workshops with a number of machines, the ability
to quickly produce precise models being a tremendous help to designers. Decisions
could also be made more quickly [45], making it easier to involve stakeholders in
the design process. The technology was primarily used to build prototypes. The first
time this technology was used to produce a part for actual use is, however, difficult to
determine. Additive manufacturing was probably used for the first time to produce a
spare part that was difficult to source. The spare part could have been quite simple,
as in the pictures below of knobs and details for an old drawer (Fig. 8).

The technology was given many different names over the years, including rapid
prototyping, the term evolving into rapid manufacturing when the idea of using the
technology to produce parts emerged, finally becoming AM. We should also not

Fig. 7 From left SLA (Stereo Lithography), SLS (Selective Laser Sintering), and FDM (Fused
Deposition Modelling) (Photo Steinar Killi)
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Fig. 8 Example of spare
parts for an old drawer
(Photo John Bugge)

forget 3D printing, which is probably the most widely known term and one that
visualizes the technology best [46].

The use of additive manufacturing technology started to mature at the beginning
of the 2000s, the ability to produce very complex parts, even unique parts, opening
up new opportunities. Artisans or craftspeople were some of the first to use this
technology to produce commercial end user products, a famous example being the
Trabecula bench designed by Janne Kyttinen. Not many copies of this bench were
made, and the price was high. It, however, served as an inspiration and example of
the opportunities AM could provide. Similarities can be drawn between this and the
Wassily chair designed by Marcel Breuer. Not many of the chairs were also sold. It,
however, paved the way for using free form technology creatively, and showcased the
possibilities of the technology. The picture below shows a very early example of the
artistry of the artist and graphical designer Marius Watz. A digital “swirl” has been
given physical properties and been produced using an indirect metal infusion method
from a sintered wax model of steel particles infiltrated with bronze. Five examples
of this artefact were made, and were awarded for the best engineering achievement
in Norway from 2007 to 2011.
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Fig. 9 Left and middle, the digital swirl that’s been made into a solid part, last picture, Design
Marius Watz (Photo Marius Watz and Steinar Killi)

The above (Fig. 9) shows the movement of artists, via technology, into the design
role. Can we, however, also see the engineer? The answer to this is a very clear yes.
Let’s take a look at probably the most famous industrial AM project, in the hearing
aid industry. A number of companies, including Siemens, around 2004 developed
a method for customizing hearing aids [47]. Only a limited number of hearing aids
were available at this time, users having to pick the one that fit best. This was not
a good solution, as ears are complex and differences between people can be great.
Picking a hearing aid from the small number available is also quite a long way
from the universal design credo. AM has, however, provided a perfect solution to
hearing aid design and production. Hearing aid components are small, complex, and
expensive, therefore becoming the benchmark for other entrepreneurs considering
AM as a manufacturing method. The process has been described in a number of texts
[48] and is briefly as follows. A mold of the patient’s ear is taken by a doctor in silicon,
and is sent to the production facility where the mold is scanned. The digitized model
is then hollowed to make space for the electronics, and then printed. The electronics
are installed and the complete hearing aid is then shipped back to the doctor and
patient as a unique, customized product. AM as a manufacturing method, and its
benefits, have been showcased by both artists and engineers. How would, however,
industrial designers use AM?

Very few consumer products were produced using AM for quite some time, these
products also being at the experimental and discursive end of the scale. There are
many reasons for this, the most widely cited being the shortcomings of the technology.
AM was still too slow, too expensive, not accurate, or repeatable. The materials
required were also in short supply, and there were quality issues, both mechanical
and aesthetic [49, 50]. These issues are slowly beginning to be addressed, new AM
technologies seeking to improve all areas of the technology. We can turn to Adidas, a
super brand that produces millions of shoes each year, for an AM example. Adidas had
been experimenting with AM as a production method for a special line of sneakers,
the Futurecraft [51], for around 10 years. The idea was to design a sole with a
structure that was customized to the user, stiffer in some areas and softer in others,
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the first generation using SLS. The structure was, however, too brittle and the sole did
not last long. The introduction of Carbon’s new technology (DLS), which allowed
the production of a high-quality sole within an hour or two, represents the point at
which Adidas could start thinking about mass production, tens of thousands of the
Futurecraft 3 shoe being produced, see Fig. 10. They were, however, not customized,
just produced using AM. This resulted in a quite expensive product, but with an x
factor of being “3D printed” [52]. This neatly brings us to the second reason why
custom products have not become the huge hit anticipated two decades ago.

AM provides a number of benefits. But it also presents challenges. This is illus-
trated in the figure below, Fig. 11, which shows an experiment we conducted some
years ago.

The manufacturing costs of a product are an important component of total costs,
and should therefore be taken into consideration when developing a new product.
Saving a few cents on materials or production time can lead to huge savings and
improved earnings, but only where a very large number of components are produced.

Fig. 10 Adidas Futurecraft. The sole is produced using DLS (Digital Light Synthesis) from Carbon
(Photo Steinar Killi)
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Manufacturing cost
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Fig. 11 Comparison of cost, development, and production of a phone cover using AM and injection
molding (Drawings William Kempton)

Tooling costs can also be written off across the many components produced. A tooling
cost of $100,000 for the production of 100,000 parts gives a tooling price per product
of $1. Materials, machine, and development costs are, of course, also in addition to
tooling costs. Development costs are a significant contributor to total costs, but can
be spread across the total number of parts produced. If the development cost of a
component is $100,000, then this adds another dollar to the total costs per product
where 100,000 are produced. There are no tooling costs in additive manufacturing,
so saving this cost of $100,000. Parts can therefore be produced at a lower cost, pure
production costs per unit being independent of volume. Development costs have not,
however, evaporated.

The product must still be designed and the costs associated with this must be
spread across all the parts produced. If development costs are still $100,000 and just
100 parts are produced, then each part will have a start cost of $1000. As we can see,
AM production costs of $10-50 or even $100 therefore are just a small proportion
of total costs, which includes development. This situation can be represented by two
curves, as shown in the example above, Fig. 12. The two curves show the total cost
(all costs included) per part as a function of the total number produced, the first
curve being for AM, and the second for injection molding The cost for producing
just one phone cover using AM is much lower than where injection molding is used.
It will, however, be far from cheap, the phone cover being very expensive and also
quite simple. The figure therefore shows that injection molding should be used if we
expect to produce more than around 1,100 copies. These curves would be different
if the cover was more complex and the tools were more expensive, the intersection
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Fig. 12 First left shows how measurements were derived from a 3D scanning of the customer’s
head/face, the middle picture showing the elasticity of the form, setting up the borders for how
the design can be stretched. The last (far right) shows three examples, all different in size, but
recognized as the same brand (Design and photo Kathinka Bene Hystad)

between the two curves moving to the right and more covers needing to be produced
for injection molding. This, however, is the point at which the industrial designer
comes in, irrespective of whether designing for mass production, designing for mass
customization or designing unique products for limited number runs for a high-
end market. The industrial designer moves toward craftsmanship for the high-end
product, becoming more of an artisan, and requiring a new design approach for this
new paradigm.

Mass customization did not of course start with AM [53]. There have always been
options when buying products. The famous model T-Ford introduced by Henry Ford
was available in different colors when launched. It was, however, not long before
it was discovered that black paint dried fastest, all cars then only being available in
black to increase production speed. This change led to the famous quote by Henry
Ford of: “people can have the car in any color they want, as long as it is black!” Today
you can customize your car in many, many ways, the total number of combinations
of, for example, color, interior, and engine for each model often extending into the
millions [54]. Today’s assembly lines cater for all these variations, a visit to a car
manufacturing plant showing cars of different colors and with different interiors all
moving along the same assembly line, the different parts being delivered to the right
car through the use of an extremely complex logistic system. The designers have facil-
itated the different options. They are, however, out of the loop when manufacturing
begins.

Hearing aids and Adidas are examples of mass customization. The true potential
of AM as a tool for industrialized customization is, however, often not realized.
Adidas has chosen to continue to produce standard sizes, even though the production
technology can provide individualized shoes. A large amount of data would, however,
need to be collected and processed before AM could be used to generate a customized
sneaker.
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3 The Present

3.1 Custom Sunglasses

Another example is the sunglasses developed by a master’s student at Oslo School
of Architecture and Design in 2005 for mass customization. The pictures below,
Fig. 12, show the process.

The process begins with a start design that can be twisted and customized based on
data derived from a face scan of the customer. The sunglasses frame dimensions could
be stretched and tweaked to the width of the nose, and the distance between a number
of major points on the face. The customer could finally make small adjustments to the
frame before being produced using AM. This example not only provides a functional
product of perfect fit, but also one that aesthetically fits the personal taste of the
customer, within a predefined limit. The designer made the bridge of the sunglasses,
the Y, the recognizable branding element, an element which could also be tweaked
to absorb changes, so catering for an elasticity of form [55]. The designer developed
a template which allowed users to adjust the glasses for fit, but also to their personal
likings, the overall expression of a distinct brand through this also being secured. A
number of AM glasses have been subsequently introduced by leading designers, but
not as a customizable product. This example illustrates the emergence of interaction
design and its morphing into service design, a number of touch points allowing
the user to influence the solution, even at different levels. The design process then
becomes part of the service, which is strongly connected to the product. We also see
this in kitchen solutions. A kitchen can relatively easily be planned, drawn and so
customized to a specific room and to the buyers’ specific needs and desires.

The insights gained from this student’s work and from the work of others have
led to the development of an AM design approach. I will, in the following, give
an introduction to this method, which has been covered in more depth in the book
“Additive Manufacturing, design methods and Processes” [46].

3.2 The AICE Approach

The AICE approach attempts to address the complete design process, not just the final
preparation of a design for AM (a misconception in society about how AM should
be best used). A number of companies have, over the years, approached me with
concepts for new products, most being almost ready for production. Their question
usually is “Can you produce this more cheaply than injection molding?” My answer
usually is no. The product has been designed for a conventional production method,
optimized (for example) for injection molding and has a price per part of less than
$1. AM should, in other words, have been made the production method from the very
beginning, and before major decisions were made. This would allow the designer to
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base the design on the possibilities and challenges/problems of AM. Figures 13 and
14 show how this change influences the product development process.

Conventional production processes typically lead to a linear development path,
starting with design, moving through engineering before finally arriving at produc-
tion. There are overlaps and the designer is very often a part of the whole process,
often coming to the factory to watch the first products being produced. This can
sometimes lead to (hopefully) small changes, made either directly at the produc-
tion site, and sometimes offsite by the engineers. The plastic used may not be the
perfect choice or the screws need to be adjusted. It is, however, extremely rare that
the process must be returned all the way back to the designer and the design process
started again. This process can be described as a trickle-down process (see Fig. 13).
The introduction of a production method that does not involve high tooling costs
suddenly, however, provides an opportunity to challenge this process. A product
can move faster through the process, so allowing it to be produced for testing in
the market and for feedback to go all the way back to the design, for incorporation
into the final version. This very much resembles computer software development,
the product quickly getting to market, the design then being updated. This could
be labeled a trickle across process (see Fig. 14), industrial designers building on
methodologies first developed by interaction designers.

Design Production

)« >
e P b

Engineering

Fig. 13 Trickle down, the classic linear (waterfall) process. Interactions between the different steps
toward production. The designer, engineers, and manufacturers are, however, assigned quite specific
roles (Drawing Inger Steines, Stein Rokseth, Steinar Killi)

Production

Design

Engineering

Fig. 14 Trickle across. The designer moves to the center of the product development model, feed-
back continuously trickling across the full width of the model (Drawing Steinar Killi, Stein Rokseth,
and Inger Steines)
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3.3 The AICE Method

The AICE method is thoroughly presented in [46]. An outline of the method and
some examples are, however, given below. AICE is an acronym for Adapt, Integrate,
Compensate, and Elongate, which are the pillars of the method. These pillars influ-
ence each other, but in succession and in the direction of the acronym. I will give a
short introduction to each below, starting with the first, Adapt.

Adapt. The first pillar of the method addresses the analytical and creative stage,
an example being the adaption of existing design methods to the new opportunities
provided by AM. AM gives a very high level of freedom of form. Methods such as
forced relations [46] can be used or value through extra functionality can be added
to a product at almost no extra cost. The pictures below (Fig. 15) are examples, taken
from a project in which design students were required to develop phone covers for
AM production, which were sold for a short period on the website http://fabrikkah
0.no/.

Rasmus Agerup developed a quite comprehensive phone cover with a lot of extra
functionality, including a cardholder, an adjustable support for watching movies and
personalization. All the features were developed early in the process, as shown by
some of the pictures from the process.

The next pillar, Integrate, relates to designing for additive manufacturing. This
field has been covered widely, especially in white papers from AM machine devel-
opers. This stage focuses on features that can change with production method [56].
For example, if method is changed, will any support structures need to be removed?
Is there a minimum wall thickness? The phone cover sample was developed for SLS,
which allowed rotational hinges and a thin pocket to be designed and produced.
However, the use of the SLS method required how the loose powder would be
removed to be considered, the design therefore avoiding pockets where powder would
be hard to remove.

Compensate. Different AM processes have different limitations and challenges,
which must be addressed [57]. Accuracy will vary with technology, which however

Fig. 15 Left, images from the design process. Right, the actual result (Design and photo Rasmus
Agerup)
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is, despite continuous improvement, still an issue [58]. So is cleaning and post-
processing. Compensate involves the integration of these limitations and challenges
into the design, this maybe also acting as a feature. Perfect fit of phone covers is an
AM challenge, covers easily being a little too big or a little too small. Some flexibility
is also needed to achieve a snap functionality, and it should also be possible to remove
the cover. We can see, looking at the cover in Fig. 15, patterns of holes in the surface
that give the cover the elasticity and snap fit to the phone required. These patterns
can, however, also be used to add value, through using them to create personalized
symbols, letters, or even pixelated pictures. This requires an industrial designer to
hold core competencies such as a wide understanding of materials, their aesthetical
possibilities, and mechanical properties. It also requires an understanding of materials
beyond the material, including light, RFID fields, and sound.

This production method does, however, involve a paradox. The method favors
low volumes and more precise and unique/customized products. The low volumes,
however, mean that development costs will, as described earlier, be huge per part.

Elongation, the last pillar is the solution to this, products being designed for an
elongated life. There are many ways of achieving this. We described hearing aids
earlier, the production system used allowing the design to be tweaked, so opening
up for customization at an industrial scale. The hearing aids are, however, not really
designed, the design being just a mold of the patient’s ear. The process and fitting of
electronics is, of course, designed. The actual shape of the hearing aid is, however,
given by the ear and not by a designer. The sunglasses are a more relevant example,
design involving two key factors. The first is the development of a design that can
be tweaked within set limits, each measurement having minimum and maximum
values. The final design is therefore generated from a scan, measurements being
made in a CAD program. The visual appearance of the sunglasses, unlike the hearing
aids, is a vital part of the sunglasses’ value. The designer furthermore introduced a
branding element, the “Y” bridge between the glasses, to allow new branded editions
of the sunglasses. This also serves as a recognizable element that links the different
sunglasses and opens up for new versions. This mix of permanent elements and
adjustable components and areas, framed by the designer, allows a potential user
to cocreate the design. The user therefore moves deeper into the design process,
enhancing the functionality of the product and as an experience.

The design process of the phone cover and the sunglasses differ slightly from
the classical process depicted in Fig. 13, migrating from the classical process to the
trickle across model. The designer is much more involved throughout the process,
and the path back to the drawing board is quite short. AICE, like most methods, is
also about disrupting an existing mindset, and giving a process focus and direction.
If you know and understand a method, then you can challenge, improve, or change it
at your discretion, this becoming clearer in iterations, especially where real changes
are made, not just superficialities such as change of color.
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4 The Future

AM is not a technology of the past. Nor are processes such as injection molding,
casting, or other manufacturing methods. They will all continue to be enhanced and
optimized for many years to come, the majority of products being manufactured
using classical production methods. New technologies will also emerge. Let’s take
a look at some that we can envisage being implemented, tested, and developed.

This chapter began with a description of the different industrial revolutions, one
of the instigators of the fourth revolution being claimed to be AM [52]. There are,
however, other instigators including nanotechnology, artificial intelligence, human—
machine interface, advanced digital production, and complementary and other tech-
nologies [59]. An example from the maritime industry showcases this well, it being
from a huge research project OpenVr, which is closely connected with industrial
partners such as Vard. The project seeks to use technology, develop technology
and converge/compliment technology closely with the users, mainly professionals
working on large ships and in a very complex working situation [60]. The tools used
include virtual reality and augmented reality, which give designers the opportunity
to work closely within the environment they are designing for, and to test in real life,
on a ship bridge and in a simulator, the interaction between the designers and the
users being a vital element in the development of innovative solutions.

We see that a mix of design techniques and materials (both physical and non-
physical) enables a process in which advanced technologies can be paired with direct
user involvement. This will speed up the design process, lower risk, and therefore
costs. The situation can in itself, as shown in Fig. 16, be extremely complex, but
can be carried out in a plain room using VR (Fig. 16). Bringing users into this
situation therefore represents an additional challenge. An important tool for industrial
designers can, in the near future, be more experiential methods such as augmented
reality. This could bring the users even closer to the development process, in real
time.

Fig. 16 Designers move inside a virtual environment, a bridge on a huge ship. They can test out
different solutions, and interact directly with potential users, the ship’s crew (Photos Etienne Gernezs
and Jon Erling Fauske)
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Technology clearly influences the designer, the process, and the result. There
is, however, a growing understanding of the role of the user in this development
path. At the start of this chapter we can see that the designer had a user in mind.
Henry Ford, however, was focused on producing as many cars as possible, removing
user/customer options in his endeavor to achieve this goal. Tupperware was, alterna-
tively, developed and flourished through direct contact with the customer, feedback
from Tupperware parties giving designers much greater insight than selling off the
shelf. AM is, however, on the threshold of taking this further, customizing on a
personal scale now seeming to be within reach. What we can anticipate from the
near future is new technology not just making the world more complex, but also
bringing the user closer to the design process, and to the technology.

5 Summing Up

The intention behind this chapter was to provide both an insight into how the role of
the industrial designer has changed since emerging almost exactly 100 years ago. The
role of the industrial designer emerged from the introduction of new technologies
and from changes in how we look at users of the products designed. The emergence
of a disruptive technology like additive manufacturing can also be a gamechanger
for the industrial designer. These changes do not just involve the adoption of a
new technology, but also the interpretation of how this can change the relation to
users. Looking at universal design and how we can develop an environmentally,
but also economically and societally sustainable future, it becomes obvious that we
need to think and act differently. This is also the reason behind introducing the
idea of different revolutions. If AM is going to have the impact that would justify
the term revolution, then greater value has to be created by producing smarter and
viewing the users as both people and the planet [61]. This could be achieved by
products truly being a part of a circular system, being desirable and useful prod-
ucts, made on demand, closer to the customer, and of materials that can be easily
recycled/reused when the lifetime of the product comes to an end. This can also be
achieved by engaging and connecting different groups in different product develop-
ment processes. This is depicted in Fig. 17 as possible distributions between different
stake holders, from home designer/prosumer, to artisans, to big international compa-
nies. The top panel shows a possible distribution of production between stakeholders,
the lower panel showing how design could be distributed between stakeholders. There
are, as we can see, many possibilities for changing the entire product development
process.
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Production distributed between different stake holders

Fig. 17 Top panel. Different possibilities for distributing production between different stake
holders. Lower panel. Distributing design between different stakeholders (Drawings Inger Steines
and Steinar Killi)
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Suh introduced two design axioms to the engineering community about four decades
ago. Compared with other theories which presuppose an algorithmic or an iterative
approach specific to a field of engineering, Axiomatic Design (AD) can be applied to
solve a wide variety of problems. It is possible to apply AD to subjects in humanities
and social sciences. Properly using those axioms leads to the best design solution
for products, processes, or systems. The work briefly presents the AD approach in
its three essential parts: axioms, structure, and process. Thus, this chapter presents a
decision-making process using the first axiom. Then it illustrates the second axiom.
The AD literature is analyzed, and the published papers were divided into theoretical
developments or applications grouped by their field. The advantages and disadvan-
tages of using AD compared with other design processes like QFD, TRIZ, and
Taguchi are presented.
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1 Introduction

Engineering is defined as the practical application of pure science or the application
of science to the optimum conversion of nature’s resources to the uses of humankind.
A scientific theory is applied to develop, design, and analyze solutions in all engi-
neering branches. Over the years, there were proposed specific approaches for solving
the wide variety of problems that respond to the questions “How to do things better?”’
and “How to do better things?” which engineers usually have to answer. Due to the
practical aspect of the main goal, each solution has to satisfy conflicting require-
ments and safety requirements for a given cost. The significant functions of engi-
neering are research, development, design, construction, test, modifying, installing,
production, inspecting, maintaining, operating, and managing a wide variety of prod-
ucts or systems. Engineers manage to manufacture, supervise design and processes,
recommend materials, conduct failure analysis, provide assistance services, etc.

Axiomatic Design (AD) theory was introduced to the engineering community
about four decades ago. AD aims to avoid conflicting requirements. The idea is
a consequence of students’ project activities where they studied design processes
and the quality of design solutions at the Massachusetts Institute of Technology
conducted by NP Suh. This design theory was a real breakthrough because it can
integrate all the main characteristics and ingredients of the design process. Due to
its axiomatic approach, AD generalize and establish a common core for important
design issues such as efficiency, robustness, simplicity, and probability of success.
As Suh says, AD claims to establish a scientific basis for design [1]. Moreover, AD
provides a scientific foundation for designers to compare the possible designs and
choose the best option. The time and costs associated with the product development
are minimized, and the customer needs are detailed.

For the first time, considerations regarding the possibilities of the existence of
an axiomatic design methodology were to be published in May 1978 [2] discussing
the axiomatic approach to manufacturing problems and manufacturing systems. In
that first publication, several hypothetical axioms and some of their corollaries are
presented with examples to illustrate the basic concepts. In 1990 Suh published his
first book [1]. He explained the principles of design and emphasized that Axiomatic
Design (AD) aims to make people more creative, prevent randomly looking for a
solution, minimize the iterative process called “trial and error,” and choose the best
concept from the multitude of proposed concepts. In the early years, the cumulative
number of publications was relatively low. After the first decade, the number of
papers has significantly risen probably because of the second book published by Suh
[3], in which he presented the AD advantages and applications.

The community with AD interest has been developed further, and in 2000 the first
edition of the International Conference on Axiomatic Design (ICAD) was held in
Cambridge (MA-USA). Since then, Cambridge and Worcester (MA-USA), Seoul and
Daejeon (Korea), Lisbon (Portugal), Florence (Italy), Xi’an (China), Iasi (Romania),
Reykjavik (Iceland), and Sydney (Australia) have hosted the ICAD conferences.
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Fig. 1 Number of papers with AD topic, published over time in ICAD proceedings or indexed in
Web of Science

Since 2013 the conferences have been held annually except for the pandemic restric-
tion in 2020. Regarding the indexation of volume proceedings, the conference
succeeded WOS indexation in 2015, 2016, and 2018. Figure 1 shows the papers
published as ICAD conference papers in gray columns for the corresponding years.
The blue columns represent the number of papers indexed in the Web of Science
(WoS) database with the keyword Axiomatic Design.

To evaluate and classify these publications, few authors publish studies of liter-
ature review of AD publications [4-7]. In [4], Kulak et al. considered the papers
published from 1990 till 2009. He classifies papers into four main groups, type of
axiom used, application area, theoretical consideration on the method, and the type
of evaluation. The study emphasized the discrimination concerning the used axioms
in favor of the first axiom. The number of papers ranked the following application:
Product Design, Decision Making, Software Design, System Design, Manufacturing
System Design, and others.

In the form of a literature review, Rauch et al. [5] investigate the number and
type of publications between 1996 and 2005 dealing with AD in Manufacturing.
The data basis of this analysis is the works indexed in the Scopus. The study shows
the preponderance of the first axiom vs. the second one and the application papers
compared to the theoretical development.

A nomothetical empirical study of AD application in academic publication
between 2013 and 2018 is presented in [7]. The conclusion is that the number
of papers concerning system design grew significantly, but the number of papers
concerning application for Software design has reduced.

With time, some private companies are involved in the AD community. Many
projects have been conducted to promote, provide training, and implement the AD
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methodology in the design and development processes (www.axiomaticdesign.com).
A software named Acclaro was proposed and used for implementing axiomatic
designs in the industry with the main advantage of overcoming the barrier of
managing many functional requirements of the design and facilitating the application
of the axioms.

Recently, Dr. B.J. Park gave the funds to create the AD Research Foundation
(www.axiomaticdesign.org). ADRF aims to spread knowledge, provide education
and promote axiomatic design methods.

In some universities around the globe, AD is a course in the curricula.

2 AD Approach: Axioms, Structure, and Process

Axiomatic Design theory became a powerful tool for designing new products,
systems or processes or analyzing and improving the existing design solutions. Due
to its axiomatic approach AD apply to a wide variety of problems [1-6]. According
to Merriam-Webster Dictionary, the meaning of the word “axiom” is “an estab-
lished rule or principle or a self-evident truth,” and its synonyms are “postulate” and
“maxim.” Like any other axioms in science, the validity of Suh’s axioms, relies on
the lack of observations to the contrary within their domains of applicability. Since
1978, when the first paper was published [2], nobody had come to prove that the
axioms are not valid.

Brown presents [8] AD using three pieces: axioms, structure, and process. Each
piece can be decomposed into two elements, as it is represented in Fig. 2. The
design problems are formulated during the design process, and the design solution
is developed, from abstract to detailed, across customer, functional, physical, and
process domains structures. The zigzagging decomposition process happens between
domains at one level, then proceeding to the next, more detailed level, constantly
checking if the axioms are respected.

According to the AD theory, the entire design process of a new product or the
improvement of an older design should be consistent with the following two axioms:

Independence Axiom (1.1 in Fig. 2): “Maintain the independence of functional
requirements.” A product or system design is considered ideal if all functional
requirements are independent of the others. The independence avoids any interaction
among them, which can have unintended consequences. Without interaction, the
functional design requirements are adjustable and controllable, and:

Information Axiom (1.2 in Fig. 2): “Minimize the information content of
the design.” This Axiom helps choose among multiple possible solutions by
favoring those with the greatest possibility of fulfilling the functions, maximizing
the probability of success. Therefore the design satisfies the customer’s needs.

AD theory proposes four design domains, Customer Domain, Functional
Domain, Physical Domain, and Process Domain.


http://www.axiomaticdesign.com
http://www.axiomaticdesign.org

Using the Axiomatic Design in Engineering 29

Axiomatic Design

1. Axioms 2. Structures 3. Process

1.1. Independence: 1.2. Information: 2.1. Design | | 2.2. Design | | 3.1. Zigzagging | | 3.2. Physical
Maintain the inde- | | Minimize the domains hierarchies | | decomposition | | integration
pendence of the | | information and
functional require- | | content constraints
ments
Facilitate  adjust- Maximizes the Decomposes Decomposes ||Developing Integrating all
ment, controllabil- probability of laterally by type | |vertically by|[detail down| |selected
ity and avoids itera- success of domains: level of detail | | through the hier-| [physical items
tion and unintended Customer, in the archical domains| |into a com-
consequences Functional, domains plete design
Physical solution
Process
Constraints

Fig. 2 Parts and elements of Axiomatic Design, after [8]

The Customer Domain consists of all the Customer Needs (CNs) or what the
customers want or what is needed. A proper requirement gathering process or identi-
fication of the customer needs or other stakeholders’ needs (manufacturing, transport,
salespeople, etc.) is essential for the final design solution [9]. Significant CNs will
be missed without recognizing all stakeholders, which probably leads to missed FRs
and a less valuable design solution [9]. CNs should describe the fundamental needs,
preferences, and constraints like cost, weight, volume, etc.

The Customer Domain maps into the Functional Domain. Its elements are the
Functional Requirements (FRs) that describe the functions of the design solution.
The FRs should state the design objective and should begin with verbs. The selection
of good functional requirements (FRs) is essential for design solutions. According to
Suh, “a design solution can be no better than its FRs” [1]. In [10] Thompson proposes
a helpful classification of other FR-like entities, challenging to differentiate from
real FRs. Such entities are the non-FR that describe the qualities or characteristics
of the design solution, the optimization criteria (OCs) that indicate a maximizing
or minimizing function, and the selection criteria (SCs) like cheapest, lightest, most
robust, etc. The top-level FRs should be the minimum list of functions that satisfy all
CNs which means the FRs should be collectively exhaustive concerning the CNs. FRs
should be mutually exclusive concerning each other [8] at any level of decomposition.
The top-level FR is FRO, decomposed at the next level into FR1, FR2, FR3, etc. The
children of FR1 are FR1.1, FR1.2, FR1.3, etc.

In the Physical Domain the elements, the Design Parameters (DPs) describe
how to implement the solution physically. The DPs are the physical items that fulfill
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the FRs. Ideally, the specific DP should influence only the FR that it is intended to
satisfy. Moreover, the choice of the DP should meet the FR so that it ensures the
highest probability to fulfill a requirement. In other words, the design to choose has
the lowest information content.

In the Process Domain, the Process Variables (PVs) describe how the DPs are
produced. Ideally, the PVs have a one-to-one relation with the DPs.

Developing the design hierarchies in all these domains by vertical decomposition
at each level of detail and during the zigzagging decomposition process, System
Constraints (Cs) are also considered. Cs introduces limits or restrictions at any
level and can influence all items, e.g., weight and cost limitations [8].

Design hierarchies are established during the design process by
mapping/zigzagging decomposition process between domains at one level,
then proceeding to the next level (Fig. 3). Brown deals with the difficulties of devel-
oping good hierarchical decompositions [11]. Decompositions are used to solve
problems when the solutions are not immediately obvious because the problems
are too large or complex. In AD, the mapping runs the design across the domains.
Vertical decompositions decompose the elements of a domain hierarchically and
from abstract to detail. The children of a component must be collectively exhaustive
(CE) with respect to the parents. The children must be mutually exclusive (ME)
concerning each other at each level. Solving the horizontal and vertical puzzle raises
a solution at a level of decomposition. In addition, considering the second axiom,
the appropriate decomposition has the minimum information content, symbolized
as CEME-min.

After the decomposition is complete, the selected items from the physical domain
can be physically integrated into a complete solution.

The axiom of independence requires that the functions of the design (functional
requirements, FRs) remain independent.

What = How

What ——, = How

What ——,__—= How

appmg mappmg .WPPMQ .

Customer Functional Physical Process
domain domain domain domain

Fig. 3 Design activity approached as a process of “mapping” information, as a result of the
transition from one field to another (Adapted from [3] and [12])
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Subsequently, at a certain stage of application of the axiomatic design, it is
necessary to get a physical issue to materialize each functional requirement. As
aforementioned, the solution is the design parameter (DP).

The design matrix depicts the relations between functional requirements and
design parameters.

Thus, the general matrix relation that connects the FRs functional requirements
to the DPs design parameters has the form:

{FR} = [AI{DP} €y
[A] is the design matrix corresponding to a transfer function between the FRs
functional requirements and the DPs design parameters.

In relation (1), A; is [1]:

0FR;

;= 2
' aDP; @
When there are n functional requirements, relationship (1) [1] has the form:
FR] A]l ...A]n DP]
A R A 3)
FR, Ay .. A DP,

Ideally, fulfilling a specific requirement by a DP; design parameter does not affect
any other functional requirements. It significantly increases the system’s flexibility
to modifications for improvements [13].

Matrix A allows to classify the type of designs:

(a) Adiagonal matrix corresponding to the so-called uncoupled design (concepts).
Ithas Aj; =0, for all i #

A 0 . O
0 A»n. O
[A] = 2 0 4)
0 0 .A,

When the matrix [A] is diagonal, each of the functional requirements FRi
is met by a design parameter DPi. We will thus be dealing with an uncoupled
design matrix.

(b) A triangular matrix, corresponding to the situation where there are non-zero
elements either above the diagonal (upper triangular matrix) or below it (lower
triangular matrix) [1, 14, 15]:
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A 0 . 0
Ay A . O

[A] — 21 A22 0 (5)
Anl AnZ . Al’lﬂ

Such a matrix defines a decoupled design (conception). When the design
matrix is triangular, the independence of functional requirements is ensured by
setting the DPs in a certain order. Equation 5 shows a decoupled design. DP;
is the first to set, followed by DP, and so on. If the design matrix cannot be
reduced to a triangular matrix, the design is coupled.

Therefore, the design should have a diagonal design matrix or a triangular
matrix.

The following example shows a decoupled design, where each X is a non-
zero element:

FR, X DP,
FR,y=|XxXXx |-{DP, (6)
FR; XXX DP;

(¢) A coupled design matrix contains non-zero elements above and below the
diagonal that columns and row changing cannot solve:

Ay A . Ay
Arx A»n . A

[A] = 21 Ax . Az, )
Anl AnZ . Ann

The number of FRs (functional requirements) equals the number of DPs (design
parameters) necessary to achieve an ideal design. Thus, the design matrix [A]
is square. The independence axiom is met for uncoupled or decoupled designs.
Uncoupled designs ensure an ideal design.

However, the number of FRs may differ from the number of DPs. In this case, the
following design categories are:

(1)  If the number of FRs exceeds the number of DPs, the design equation is as in
the following example:

FR; X 0
FRa Y =| 0 Xx {
FR;3 Azl Az

DP } ®)

DP,

It shows a Coupled design or some FRs cannot be fulfilled. The previous
relation shows FR; cannot be met if A3; and A3, are zero. However, if at least
one of the two elements has non-zero values, we are dealing with a coupled
design [15].
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Fig. 4 Hierarchical decomposition of FRs functional requirements, design parameters DPs and
PVs process variables by zigzagging

As mentioned before, if the number of functional requirements is equal to
the number of design parameters (and when we are dealing with a diagonal
matrix or a triangular matrix) the axiom of independence is met. We deal with
an ideal or a decoupled design.

(2) A design is a Redundant design if the number of FRs is less than the number
of DPs. The relation illustrates an example:

DP,

FRi| [Au O Az Ay |) DP, ©)
FR,| | 0 Ay Ax Au|| DPs

DPy

The zigzag decomposition takes place between domains and across all domains,
as depicted in Fig. 4. From FR, the design goes to DP, and eventually to PV. Thus
FR;, FR, and FRj, are images from DP, that exhaustively fulfills FRy. Each FR
allows reaching a DP, DP;, DP,, and DP;. The process ends at the leaves DPs. A
leaf is a single part that can be manufactured or an artifact accessed in the market.

3 Using the First Axiom of Axiomatic Design

The following example briefly presents how to use the first axiom of Axiomatic
Design. The first axiom is widely used, while the second has fewer applications due
to the challenge of achieving good designs. For this reason, this introductory chapter
of AD will only present an application of the first axiom.

The example is the design of a polishing device. The polish device rotates brushes
with abrasive blades (Fig. 5) that allows achieving a good adaptation of the blades to
the shape of the helical groove. The high-speed rotating brush has a portable device
with a shaft to fasten radial abrasive blades made of cardboard or textile. These blades
incorporate abrasive grains on one or both of their active surfaces.

Such a device is necessary for polishing the surface of a helical groove located on
an outer cylindrical surface. Polishing should ensure a low roughness at the groove
surface. The surface to polish is part of the equipment that moves food materials in
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2

Fig. 5 Schematic representation of the polishing process using rotating brushes with abrasive
blades: (1) the shaft of the rotating disk driven in a rotational movement with speed n;; (2) abra-
sive blade; and (3) workpiece in rotating motion; n,,—the rotational movement of the workpiece
(Adapted from [16])

Rotating the brush with abrasive blades

Rotating
the workpiece

Longitudinal feed movement

Fig. 6 Machining scheme valid in case of polishing a helical groove using the rotating brush with
abrasive blades (Adapted from [17])

a cylinder. Low roughness ensures not to retain food debris on the surface. Figure 6
shows the process, the rotation of the workpiece, and the longitudinal movement of
a rotating brush.

The device is part of experimental research activity of the influence exerted by the
parameters specific to the polishing process (considered here as input elements in the
system related to the polishing process) on the values of parameters of technological
interest (process output parameters). The input parameters are the dimension and
material of the small abrasive grains, the rotating speed of the brush and workpiece.
Finally, it is taken into account the vertical and horizontal angles of the brush axis.



Using the Axiomatic Design in Engineering 35

To further develop the experimental research concerning the polishing process,
the following customer requirements were formulated:

CN: The device must be able to be used on an existing machine tools in a small
mechanical workshop;
CN;: The device must provide conditions for changing polishing parameters.

Notice that the Customer’s Needs are about a device, not the polishing process.
Therefore, the polishing input parameters regarding the abrasive material are not
considered. It makes the main functional requirement (zero-order) to be:

FRy:  Research on the polishing process of a helical groove.
DPy: Polishing device at a workpiece location.

The zero-level functional requirement may be used to design a simple DP product.
However, if the product is not available, it is necessary to decompose the functional
requirements into lower levels (levels 1, 2, 3, etc.). In the situation under analysis,
the design is decomposed until the second level. The first level decomposition is
highlighted in Table 1, showing the (FR;) and (DP;).

Figure 7 presents the proposed design for the polishing device. It is found that
for polishing the existing helical groove in the workpiece located and clamped in the
universal chuck and the live center, a portable drilling machine is used. This portable
drilling machine is clamped through a bracelet-type device on the disc, which can be
rotated and fixed in a certain angular position using some nuts. The respective nuts
are screwed onto threaded rods, which are secured to the fixed disc. The threaded
rods pass through a groove in the form of an arc of a circle existing in the disc, which
can be rotated and thus immobilized in the desired position.

The detailed description of FRs and DPs at the second level of decomposition is
described in Table 2.

The device can be clamped in one of the four locations of a lathe ordinary tool
holder due to its endowment with a part that has a parallelepiped-shaped step. The
abrasive blade brush materializes the polishing process. The guide of the tool slide
can be rotated and fixed at an angle whose value is determined by taking into account
the angle of inclination of the helical groove in the workpiece. The immobilization

Table 1 FRs and DPs on the first level of decomposition

Functional requirements Design parameters

FR1: Rotate the brush with abrasive blades at | DP1: Portable drilling machine
different rotational speeds

FR2: Rotate the workpiece with different DP2: Universal lathe
rotation speeds

FR3: Adjust the angle of the vertical axis of | DP3: Mechanical subsystem for rotating and
the brush fixing the brush at a certain vertical angle

FR4: Adjust the angle of the horizontal axis of | DP4: Mechanical subsystem for rotating and
the brush fixing the brush at a certain horizontal position
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Fig. 7 Device for polishing the surface of a helical groove placed on a cylindrical surface using
rotating brushes with abrasive blades: (1) portable drilling machine; (2) bracelet device for clamping;
(3) disc; (4) nuts; (5) fixed disc; (6) lathe tool holder; (7) parallelipipedic-shaped part; (8) abrasive

blade brush; (9) guide of the tool slide (Adapted from [17])

of the guide in the desired angular position is done using nuts. All these components

are parts of the usual equipment of the universal lathe.
The axiomatic design has been used to analyze older projects and identify ways

to improve them. Sundar et al. [18] expressed an interesting point of view. They set
out to investigate how the human ear meets the specific requirements of axiomatic

design.

4 The AD Second Axiom

According to AD, the design is a decomposition process from the highest levels to
the sleeve level. At each level of decomposition, the first and Second Axiom applies.
In the previous section, we saw ways to classify the designs. The design to choose
might be uncoupled or decoupled. A coupled design is a poor design. From all
acceptable designs, the one with the highest probability of success must be the one

to choose.

This section presents some of the most common methods to evaluate the proba-
bility of success. It shows the definition of information from the probability density
function (pdf), the evaluation with fuzzy logic, and the Dempster-Shaper method.
Moreover, it gives place to Delphi methods to evaluate information.
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Fig. 8 Probability density function for a design with a single FR

The Second Axiom of AD states: minimize the information content of a design.
The information is a measure of the probability of success so that it allows to choose
the design with the highest probability of success.

Figure 8 shows the pdf of a single FR, the system pdf, the design range, and the
common area. The common area is the intersection between the system area and the
design boundaries defined for the FR.

The FR is accomplished if the working system is within the Design range. Figure 8
also shows the nominal value of the design and the bias to the system probability
density function (pdf). The more extensive the design range, the higher the proba-
bility of success of the design. Notice that the computation occurs in the Functional
Domain, not the Physical Domain.

The probability of success is the relation between the common area and the system
area (Eq. 10). The system area is unitary when using a pdf.

Common Area

= 10
P System Area (10)

According to the Shannon equation, the information content, I, expressed in bits
for a single FR is defined in Eq. 11. The lower the information, the higher the
probability of success.

I =1log,(1/p) = —log,(p) (11

In many designs, the system pdf is unknown. If the designer achieves a mean
and standard deviation, a normal distribution is defined, which allows estimating
the probability. For example, the average power of an equipment and its standard
deviation can come from the heat needs and schedules.



Using the Axiomatic Design in Engineering 41

In other applications, there is no knowledge about the pdf. However, the system
range is known, making it possible to compute the information using uniform distri-
butions. Uniform distributions commonly allow the evaluation of the pdf for mechan-
ical tolerances. It can be used to calculate the information of two or three FRs for
any design, uncoupled, decoupled, or coupled.

Fuzzy logic has been used to evaluate the system pdf by using the system member-
ship. The System membership function can be a triangular, trapezoidal, sigmoid
function, or any user-defined or computed. The system range is usually known, and
the function shape can be selected from the designer’s experience. Moreover, FR may
arise from fuzzy algebra if a mathematic expression defines the FR. Each parameter
of the mathematic expression has a membership function.

Figure 9 shows an example of a system membership computed from a mathematic
expression.

The Figure 9 depicts a system membership function computed from the product
of fuzzy numbers. The design membership is a trapezoidal function in the example,
other than a crisp design range.

The system membership area is not necessarily unitary in the fuzzy sets theory.
Therefore, Eq. 11 applies to pdf applications as well as fuzzy applications.

As the reader already read, a design with more than one FR system can be uncou-
pled, decoupled, or coupled. As already mentioned, from the available designs, the
one with the minor information content must be the design to choose.

The matrix shape is essential to define the information content of the design.

If the design is uncoupled, all FRs adjust independently. The join probability P of
all independent events is the product of all probabilities. Therefore, the information
content is the sum of the information of the FRs, as depicted in Eq. 12.

Fig. 9. Membership function System membership
for a single FR
p(x) A

Design membership

1_
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I=—log,(P) =—log([ [pi) =) (—logy(pi)) = Y _ I (12)

Each probability p; is achieved by knowing the system pdf of a system membership
function.

If the design is decoupled, there is a sequence to tune the FRs. Referring to Eq. 6,
FR; isthe first FR to adjust, then FR; and finally FR;. In other words, FR; is subjected
to FR;, and FR; to the occurrence of FR; and FR;. The probability problem turns
into a Bayesian probability. For decoupled designs, the probability is according to
Eq. 13:

P = p(FRy) - p(FR;|FRy)- p(FR3|FRy, FRy) (13)

In sequential applications, the probability of fulfilling an FR is in the context of
all former FRs. In a failure evaluation, an FR; is a function affected by a former
letdown of FR;.

In many engineering situations, the picture is well described by fuzzy logic.
Experts can estimate ranges of values of an event subject to the occurrence of previous
events. Moreover, they can define a type of fuzzy function from their knowledge of
the problem. Triangular functions are the most used ones. As a result, the probability
of the design is the product of all fuzzy events in a sequence.

Similar reasoning applies using the Dempster-Shafer Theory (DST) to estimate
the information of a decoupled design.

DST uses belief, a measure of what we know, and plausibility, the measure of
what we can know about the event or scenario. The design can be defined in different
uncertain scenarios at the same time. Therefore, DST is most attractive for the higher
decomposition levels of any design when knowledge about the complete system is
scarce.

In DST, the events have a frame of discernment ® with n mutually exclusive
and exhaustive singletons. Suppose the frame of discernment has three singletons
® = {f1, f2, f3}. It can correspond to a known scenario f;, improved scenario f,
and unknown scenario f ;. The set of all subsets ® is the power set P with 2" sets.

For three singletons,

P ={0. {iL {20 {58 U, R AN LA Y UG A -

Let A be any set of sets of P. It represents a proposition A € P. The example can
be f1,f2 f1 and f, and none of them.

The mass probability m(A;) is the basic probability assignment (bpa). The focal
elements are the sets with non-zero mass. The bpa can be used to compute the
information content. Likewise, the pdf, bpa has the properties shown by Eq. 14:

m@ =0, Y mA)=1 (14)
Mass probability maps the values of a power set, not from the x values of a universe

of discourse. The belief in a set A;, is the sum of mass evidence in the subsets B such
that B C A; (Eq. 15):
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bel(A;) = Zm(B) 15)

BCA

Equation 16 shows the plausibility pl(A;). It is the evidence in all subsets of A;
that intersect B.

pl(A) = > m(B) (16)

BNA#0

BI(A) and pl(A) allow computing the information content. Therefore, it makes
bl(A) and pl(A) the lower and upper bounds of the probability of fulfilling an FR.

Finally, despite the lack of scientific foundation of the Delfi models, it is worth
presenting it because of their broad application. Delphi models are an iterative process
of Estimate-Talk-Estimate. A panel of experts compares the probability of success of
different designs. Then they discuss the results and compare them again. The process
is supposed to converge to a decision. The group must have all the necessary skills
to make a proper decision. Delphi methods can be applied to evaluate the probability
of success of different designs. Moreover, a panel of experts can decide between two
coupled designs, case no uncoupled design is available.

5 Comparison with Other Design Methods

This section analyzes common concepts, values, practices, and assumptions between
AD and other design methodologies. It explores different methods to create a design
framework together with AD. We will call framing how to merge concepts, values,
and practices from several design methods to create frameworks that ensure a greater
capability to create value.

5.1 Context of Comparison with Other Design Methods

Design Theory and Methodology (DTM) is a field of design research that deals with
the study of design principles, knowledge, procedures, and practices. We could say
that the objective of the DTM is instead focused on the way it is designed (principles,
practices, activities) than on what is designed (products or services).

The ways in which scientific knowledge evolves are complex and different. The
early stages are based on observations, experiments, events, intuition, imagination,
and the gain is a collection of facts. The facts are validated by testing strategies in
the context of hypotheses. Not infrequently this road encounters many difficulties.

We could consider that scientific knowledge starts from facts interpreted in a field
of hypotheses to reach laws.
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This is also the case with DTM which begins with a collection of individual design
cases and evolves into more abstract and general forms intending to become a general
(universal) or abstract theory about design.

There is a wide variety of DTMs. The elaboration of a list of DTM may risk
not including all methodologies. A comprehensive list of twenty-three DTMs is
summarized in [19].

Over time, several classifications of DTMs have been attempted. Tomiyama
proposed one of the classifications that seemed appropriate to this approach based
on GDM (General Design Theory) founded by Yoshikawa [19].

According to GDP, knowledge can be mathematically formalized, and for this
three axioms are proposed:

e The first axiom (“axiom of recognition”) according to which any entity can be
identified and modeled by attributes;

e The second axiom (“axiom of correspondence”) establishes a one-to-one cardi-
nality between the set of entities and the set of entity concepts;

e The third axiom (“axiom of operation”) is according to which the set of entity
concepts and the set of abstract concepts form a topological space.

Mathematically, theorems may be derived from these axioms to explain the design
process.

From a GDT perspective, the design process is a mapping of the functional space
to the attribute space, defined on the set of conceptual entities, as exemplified in
the GDT proposed by Tomiyama [19]. Three different categories of using DTMs in
design activity have been identified, such as [19]:

e Using DTM to generate a new design solution (based on creativity, modification,
adaptation, combination, systematic approach, etc.);

e Using DTM for the development of adjacent functionalities (QFD, AD, DfX,
Taguchi, etc.);

e Use of DTM for design knowledge management (design knowledge management,
concurrent engineering, etc.)

These categories are not mutually exclusive, and some design methodology
overlaps two or more areas.

However, Axiomatic Design appears in categories together with Taguchi method,
QFD, DfX, FMEA, analysis technique, optimization technique, and genetic algo-
rithm. Therefore, the Axiomatic Design can relate to other methods in the same
category (compare what is comparable).

In the following subsections, we will analyze/present comparisons of the
Axiomatic Design methodology with the Taguchi, QFD, and TRIZ methodologies.
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5.2 Comparison AD and Taguchi Method

The literature in the field [19-22] states that the method was first proposed by Genichi
Taguchi in the 1950s in Japan at NTT (Nippon Telephone and Telegram Coop.). It
was also stated that the Japanese industry accepted it well. In the 1980s the method
was introduced in the US and then in Europe.

Robust parameter design is a method of systematic application of DoE (Design
of Experiments) to optimize projects by improving their transfer functions.

The central concept of the method is the sensitivity of a design to the uncontrolled
factors encountered in production as well as in use.

According to the method, the loss of quality during the life cycle is assimilated
with the deviation from the desired performance, and a good design minimizes the
loss of quality. Such a model is considered as robust as it is less sensitive to noise.

The concepts of Taguchi theory could be summarized as follows:

1. The primordiality of quality in the design phase and not of inspection;

2. Immunity of the product to uncontrolled environmental factors;

3. Evaluate the quality costs of the entire system by measuring the deviation from
the standard.

In order to achieve the desired quality of the product through design, the methodology
recommends a three-phase approach:

1. Systems design—identifying appropriate work levels for design factors.

2. Parameter design—determination of factor levels based on the condition that
the influence of uncontrolled factors (noise factors) produces minimal variation
in system performance.

3. Tolerance design—focusing attention on the tolerance of the factors determined
in the previous stage, factors that have a significant influence on the product.

The Taguchi method uses the concept of the loss function to define the evaluation
of product quality, a function that expresses the loss in use of a product due to
variations in product function and other losses (secondary costs). Losses are estimated
by mean square deviation from the target value and the smaller they are the more
robust the design is.

The use of Taguchi methods for the application of design axioms is an approach in
which the author argues that the engineering analysis methods developed by Taguchi
are consistent with the two axioms of axiomatic design set forth by Suh [23]. The
proposed framework, especially when the number of requirements is very high,
starts with AD by organizing the problem in terms of functional requirements. Each
functional requirement requires a controlling factor that can be determined using
the Taguchi method and the experimental design. The author concludes that AD’s
language is different from that of Taguchi methods, although the principles are the
same: independence of functional requirements and minimization of design infor-
mation content. There are examples where AD is combined with several tools (the
seven quality control tools) and the design of experiments [24]. The link between
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the complexity and robustness of a system is a topic debated in the literature. AD
and Taguchi methods are inevitably taken into account when discussing this topic.
Gohler presents a quantitative approach to relate robustness and complexity using
a model-based probabilistic [25]. Authors define complexity through the degree of
coupling (directly related to axiom 1 of AD) and the level of contradiction between
functional requirements. The problem that the authors set out to clarify is whether
there is an association between the degree of coupling and the level of contradiction
of a design on the one hand and its robustness on the other.

There are many and varied approaches to developing frameworks for design.
An example is a framework for robust design and Variation Management Frame-
work (VMF) by combining central models to Robust Design, and the Domains of
Axiomatic Design [26]. The authors concluded that VMF has proven to be a valu-
able framework to communicate robust design and variation to engineering and senior
management levels.

An example of sustainable product development by integrating Robust Design
criteria and Axiomatic Design principles is presented by [27]. The authors propose
a design framework in four steps. Once the customer requirements are selected, the
axiomatic design process proceeds.

Product design frameworks ensure quality in the conceptual stages instead of
quality inspection, where the quality of a product remains undetermined until the
product is built and tested [28]. The author proposes a methodology for integrating
design for quality in modular product design by considering the underlying principles
of axiomatic design and robust design along with the product’s perceived quality. For
evaluating the modular architecture, metrics are defined. Each module (Membership
functions) is evaluated based on robustness and compliance with the axiomatic design
principles.

Oh [29] equates the relationship between functional requirements (FRs) and
design parameters (DPs) as a transfer function. Suppose a specific value of a DP
determines that the corresponding FR reaches a particular target. In that case, the
variation of this design parameter will determine a variation of the corresponding
functional requirement around a value. A Taylor series expansion can approximate
this variation of the functional requirement. The transfer function is developed using
two matrices in the relationship between functional requirements and design param-
eters: one that reflects independence (Axiom 1), called the matrix [A], and a second
that reflects the informational content (Axiom 2) named matrix [B]. Through this
approach, the mathematical treatment between Axiomatic Design and Robust Design
was extended.

In a mixed approach for robust design integrating the Taguchi method in
Axiomatic Design [30], the authors consider that the main difficulty in checking
the second axiom of AD theory is the identification of relations among FRs and DPs.
In the case of an uncoupled problem, each DP regards only one FR. The most robust
solution is the one with the lower “information” or higher probability of success.
For uncoupled designs, information is the sum of the effects from each relationship.
The problem is complicated in the case when it is modeled as coupled, where more
DPs influence the same FR. The authors consider that the relationship law between
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FRs and DPs can be identified by working on a physical prototype of the product.
During concept design and early embodiment, the second axiom cannot be applied.
Taguchi method can supply this kind of information since the preliminary phase of an
embodiment when first product architectures appear, and suggestions about dimen-
sioning and material choice for each component can guide the designer toward a
deeper knowledge of the solution he/she is pursuing. The first phase of the design
process take place in two steps:

e check by means of the first Axiom of Axiomatic Design if the solution is good;
e measure by means of Taguchi Method the level of robustness of the solution.

Several design methodologies such as axiomatic design, robust design, and the
theory of inventive problem-solving have been integrated with the functional prior-
itization framework provided by reliability-centered maintenance to develop a new
conceptual design methodology [31]. To propose a framework that encompasses the
four methodologies, the authors compared their features.

Yihai [32] propose a design framework that combines AD, TRIZ, and Taguchi.
AD provides an analysis function to find latent contradictions, and TRIZ is used
to solve specific contradictions by contradiction matrix and solving principles. The
Taguchi method is used for parameter optimization—parameter design and tolerance
design.

5.3 Comparisons Axiomatic Design and TRIZ

The name of the method “TRIZ” comes from the Russian title of the book “Theory
of Inventive Problem Solving”:—Theory Resheniya Izobretatel’skih Zadach (TRIZ),
being an acronym [33, 34]. TRIZ is the work of Genrich Altshuller and consists of
the formulation of a number of generally applicable inventive principles that resulted
from the analysis of forty thousand patents.

TRIZ is an engineering problem-solving toolkit that systematically uses known
solutions to solve future problems. TRIZ is used for each stage of problem-solving by
preparation for problem-solving, problem-solving, and solution selection and devel-
opment [34]. The TRIZ methodology is oriented toward an ideal end result (Ideality)
and leads the user to inventive solutions, rejecting compromises as a possible result.
Identifying contradictions and applying the principles of solving them involves a
systematic direction of solving problems.

There are many ways AD and TRIZ are combined in design methodologies.

Targeting industry best practices, Borgianni and Matt developed a study that
looked at the application of AD and TRIZ methods and developed a classification
of AD and TRIZ applications in different industries [35]. The study was based on
articles published in 2014 and 2015 on the application of TRIZ, and Axiomatic
Design reported in Scopus-indexed. From the trends revealed by applying AD and
TRIZ methods, we can deduce the decrease of their mutual/synergistic implemen-
tation. The authors also consider that the sequential use of the two methods, AD
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(to analyze the problem) and TRIZ (to resolve circumstantial contradictions), is
ineffective and suggest ways to exploit the opportunity to build a new framework
capable of addressing issues related to complex systems.

Understanding TRIZ through the review of top-cited publications [36] is a paper
reviewing the literature, including the top 102 indexed publications concerning TRIZ,
according to the number of citations received. The description of the TRIZ application
fields and their use in different work frameworks are organized in clusters. Clusters 5—
6 refer to TRIZ for ideation and conceptual design used as a stand-alone methodology
and combined with other techniques (Case-Based Reasoning, Axiomatic Design,
etc.).

Regarding the relationship between AD and TRIZ, the authors opine that there
are two distinctive features of the AD paradigm that can be seen as complementary
aspects of the TRIZ application domain:

e The first distinctive feature is that AD focuses on functional requirements and
relates them to physical requirements.

e The second distinctive feature consists of the existence of the two axioms that help
distinguish good from bad designs. The design classification allows the hypoth-
esis of a framework integrating AD and TRIZ: AD is firstly used to formulate
technical requirements (problem setup), then TRIZ is entrusted to the invention,
and solutions are evaluated from axioms perspective.

A methodology to conceptually design firmware that will help bridge the gap
between software and hardware conceptual design is presented in [37]. The proposed
framework integrates UML (Unified Modeling Language), AD, and TRIZ. A conver-
sion method between the axiomatic design matrix and the widely used UML sequence
diagram was developed. DPs of the design matrix are defined as the objects in the
UML sequence diagram, and FRs of the design matrix are generated by merging
FMs depending on their flow of information in the sequence diagram. According
to the authors, the methodology developed helps bridge the gap between axiomatic
design theory and software design and creates the possibility of improving the full
integrated system (hardware and software) simultaneously.

A framework for solving problems using synergistically TRIZ and AD is proposed
in [38]. The authors consider that by applying AD and TRIZ in a framework, the
strengths of both methodologies are capitalized. First, AD is applied to analyze the
problem and break down the main problem into a hierarchy of problems, and then
TRIZ is applied to generate innovative solutions to the problems in the previous
hierarchy. In this way, the framework formed by AD and TRIZ uses synergistically
the capacity of detailed analysis of AD with the innovative process of generating
ideas of TRIZ.

There are conceptual design approaches in which AD is used in a TRIZ framework
[39]. According to the authors, the strengths of the methods are:

For TRIZ—problem identification (contradiction) and concept generation.
For AD—problem identification (coupling) and formulation steps.
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The authors consider that the axiom of independence of AD can be used to narrow
down the list of possible standard solutions generated by the existence of a physical
contradiction (according to the TRIZ principles).

In [40], the authors summarize the possible relations between Axiomatic Design
rules and TRIZ problem-solving tools. Seven corollaries that serve as the design
rules are directly derived from two axioms, so comparing these “lower level design
rules” with TRIZ tools is useful for understanding these two methodologies.

5.4 Comparisons Axiomatic Design and QFD

Quality Function Deployment, or QFD, is a method and a set of tools for product
development. QFD is used to effectively define customer requirements and convert
them into detailed engineering specifications and plans to produce the products that
fulfill those requirements. QFD was founded in the 1960s by Mizuno and Akao in
Japan [19].

QFD process may be different, depending on the types of products, such as
improvements of existing products, innovative new products, mass production prod-
ucts, order-made products, etc. QFD is implemented iteratively, and each iteration
consists of mapping some quality elements into other quality elements by using a
matrix formulation (called the House of Quality). Iterations of QFD implementation
are presented as follows:

e Product planning: identify customer requirements; translate VOC (voice of
customers) into design specifications; prioritize requirements; evaluate the
competition.

e Product design: generate design ideas or concepts; translate the outputs of the
product planning phase into individual part details, identify product risks, define
the product specifications.

e Process planning: defines the product development process; establishes process
controls; creates a manufacturing process flowchart and process parameters.

e Process control (production planning): define the production requirements for
each component/operation; establish inspection and test methods; define perfor-
mance indicators to monitor the production process.

The basic design tool of quality function deployment is the house of quality. This
tool allows the identification and clarification of the client’s requirements (What’s),
identifies the importance of these requirements, identifies the engineering character-
istics relevant to these requirements (How’s), and the correlation of the two allows
the assignment of objectives and priorities. House of quality summarizes customer
requirements, weights, and correlation matrix of customer requirements and technical
specifications using a matrix form.

There are a variety of attempts to create frameworks by identifying concepts, best
practices, common values between AD and QFD (even with other methods). Some
of these attempts are presented below.
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A literature review study on comparing and integrating AD with QFD as a design
method is presented in [41]. The authors developed a comparative analysis between
the two methods based on this study. The authors conclude that the QFD method is
used to identify the problem that occurs early in the design, and Axiomatic Design
is more suitable for product development with high quality. By integrating both
methods, the axiomatic design is used to analyze the systematic changes of customer
requirements into design parameters, functional requirements, and process variables
from the house of quality.

Attempts to develop frameworks for design sometimes extend to combining
several methods organized into different flows [42]. The authors present a method
of integrating QFD, AD, and benchmarking methods (BM) to conduct the searching
process of design solutions.

The proposed method consists of three processes: applying QFD to map customer
requirements (CRs) into function requirements (FRs); mapping FRs into design
parameters (DPs) by using AD; and applying the benchmarking method (BM) to
search for optimal design specifications by the comparative analysis and concept
combination from benchmark products.

5.5 Discussion

All above-analyzed design methods are part of DTMs and could be used to choose
or optimize products or processes and solve problems in general. Various literature
review articles signal the organization of design methods in different frameworks.
Each framework proposal is accompanied by case studies, arguments that support
the organization in the proposed way. However, there are rare proposals to validate
different methods or frameworks.

This subchapter considers four design methods and philosophies that are used
nowadays in the industry.

Some considerations about comparison criteria, differences, and similarities are
synthesized in Table 3. Table 4 highlights the main issue. Notable differences can be
identified between methods but also common or similar things.

AD is the only method that concentrates on obtaining an ideal design. It is possible
to propose a new design or to analyze an old design, and the axioms are the scientific
bases used for this goal. The concept of mapping or zigzagging process belongs
only to AD, and it allows to avoid the relations between the function of the product,
processes, or systems.

TRIZ’s concept of solving contradictions is similar to the idea of independence
from the first axiom of AD. Only AD and TRIZ handling with the problem of
functional coupling.

QFD concentrates on satisfying the customer needs, and the importance is given
to the VOC is similar to the importance of choosing the FRs in AD because a design
solution cannot be better than its FRs. However, QFD creates coupled designs in the
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Table 3 Comparison between AD, Taguchi Method, TRIZ, QFD

51

AD Taguchi Method TRIZ QFD
Main objective | ¢ Ideal design * Minimize  Solve technical | Set targets for the
variability problems technical
* Quality loss attributes of a
function product

Understand the
importance of
each/hierarchization

Main output ¢ New design * Robustness of the |+ Elimination of | Satisfaction of
that satisfy all quality contradictions customer needs
customer needs | characteristics e Technical

¢ Improving of improvement
an existing
design

How to improve | ¢ Trying to * Opti- « Incorporate * Increasing the

the design eliminate the mize/minimize the | quality and parameters that
relationship quality loss reliability in the have a most
between function design stage important impact
functions * Take into in some

« All functions consideration the perspective
need to be cost
fulfilled, so
there are no
function
weights
Ease of ¢ Medium ¢ Medium difficulty |+ Relatively  Relatively easy
use/application difficulty widely spread * widely spread
* Not widely
spread

Main strength/ | ¢ Identify the ¢ Transform the ¢ Focus its studies | ¢ It is a customer

advantages best design variation from on inventive driven process
easily nominal value problem-solving

* Suitable for the | taking into * Generating
decision consideration with creative design
making of financial depiction solutions
product
development
with high
quality

Disadvantages | ¢ The creative ¢ Define tolerances |* Lack of » Sometimes, it
process comes of a design instead | formalization does not use

from applying
the two axioms
but is not
straightforward

of changing the
design to allow
higher tolerances

meaningful
information

* Creates a coupled
design

* Prioritize
functions
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Table 4 Main issues regarding the comparison between AD and Taguchi method, TRIZ, QFD

Differences/similarities | Taguchi method TRIZ QFD

AD » Taguchi takes into | * TRIZ contradiction * Produce a
consideration some concept is similar to coupled design
components of the the functional coupling | ¢« VOC ~ CNs

cost

* Taguchi method
does not implie a
zig-zagging process

» Concentrate on
tolerance
specification, rather
than design change
to allow higher
tolerance

in AD. Overcoming
contradiction means
the removal of
functional coupling

* TRIZ has no method to
identify couplings

* AD theory states the
general rules of
engineering design to
help innovation; TRIZ

* prioritize
functions rather
than using the
minimum
number of
functions with no
weights

methodology
concentrates on
inventive
problem-solving
techniques for
coupling problems

vast majority of applications. Moreover, QFD prioritizes functions, and AD aim to
define the minimum number of functions necessary to fulfill the Customer Needs.

The Taguchi method can be used efficaciously in combination with AD. After
obtaining a good design, the level of its robustness could be measured. Taguchi’s
main objective is to minimize the quality loss function. This is similar to the AD
second axiom, which states minimizing the information content of a design that
represents choosing the design with the highest probability of success. However, the
approach is different—Taguchi method aims to reduce the deviation from a target
by reducing tolerances; AD aims to define tolerances as large as possible and thus
define a system within the range.

Taguchi is the only method discussed in this chapter that explicitly considers the
cost to improve the design. Cost can be a constrain in AD or defined as a function.

6 AD Application

As can be seen from the above, the first applications of axiomatic design aimed
at developing the design of manufacturing technologies. Axiomatic design can be
used efficiently in the case of constructive design activities, and so far, quite a lot of
applications have been identified in this area.

However, there are many other areas without apparent connections with manu-
facturing technologies’ design or constructive design. Efficient results have been
obtained by applying axiomatic design to them.
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There are various ways of identifying sectors of human activity in which design or
analysis activities have so far been undertaken based on axiomatic design principles.
Economic and social life fields have applied AD and are briefly presented below,
taking into account the classification of the sectors of activity proposed by Borgianni
and Matt in 1996 [35].

Design of vehicles and vehicle components. Naddeo addressed the issue of
designing a car platform usable in the case of an electric rear-wheel-drive vehicle.
He also used a fuzzy approach to this problem, reaching optimized solutions for
battery placement and car platform crossbars as chassis components [43].

Tate et al. used AD to develop competitive cars in the Texas Tech University
Eco-CAR program [44]. The AD use led to the decision to use a two-mode hybrid
architecture. The correctness of the selected solution was verified by simulation.

Materials processing. Kazmer used axiomatic design principles to improve the
control of the injection molding process [45]. Thus, he found that multi-cavity pres-
sure control contributes to a spatial decoupling that increases the number of degrees of
freedom that define the quality characteristics. Also, the dynamic temperature control
ensures a temporary decoupling of the injection and solidification stages, which facil-
itates the identification of ways to increase the performance of the injection molding
process. Esther Richards used the axiomatic design to design and materialize an
apparatus usable in evaluating the gas solubility in polymers [46].

Civil engineering. A proposal to use axiomatic design and Product Platform
Design to design a temporary shelter was formulated by Gilbert et al. [13]. It was
appreciated that this example demonstrates the extent to which the combination of the
two design methodologies can be used for an optimal solution to the problems raised
by the realization of a complex civil engineering project. Puik et al. addressed the
possibilities of combining the advantages offered by agile development and axiomatic
design, respectively, aiming atharmonizing approximately contradictory design rules
specific to the two methods of developing new products [47]. They appreciated that
an attenuation of the agile design rules in the first phase and the axiomatic design
rules in the subsequent phase would improve the design process.

Manufacturing tools and systems. The problem of using axiomatic design in
the case of manufacturing tools and systems has been relatively often addressed by
researchers. The first applications of axiomatic design aimed at improving manu-
facturing processes probably contributed to this situation. It can thus be seen that
the principles of axiomatic design have been used to balance assembly lines [48], to
develop total productive maintenance applied in manufacturing organizations [49],
to develop manufacturing systems [50], etc.

Extensive and distinct approaches to manufacturing systems through the princi-
ples of axiomatic design have been described in several papers by Cochran et al.
[51-53]. The problem of developing computer integrated manufacturing systems
was addressed by Delaram and Valilai [54]. A point of view on axiomatic design in
manufacturing systems was carried out by Rauch et al. in 2016 [5].

Energy. The heat ventilation and air-conditioning (HVAC) systems in commercial
buildings could be improved, taking into account comfort and energy consumption
using axiomatic design. Cavique and Concalves-Coelho proposed practical solutions
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starting from the requirement corresponding to the first axiom, which implies the
existence of independent or coupled systems [55].

Mechanical components. Probably a wide application of axiomatic design took
place in mechanical structures and components. There are thus a wide variety of such
structures or components in the design of axiomatic design principles.

Hydraulics and fluid mechanics. In principle, the components of hydraulic
systems are also mechanical components, so they could be included in the topic
addressed in the previous paragraph. Some specific problems of a hydrostatic spindle
subsystem appeal to the use of the first axiom of AD [56]. The authors highlighted
the importance of integrating the multisource information for the use of axiomatic
design.

Electronics and electrical components. The conceptual design of mechatronic
systems was the topic of research conducted by Chen and Jayram [57]. They
developed an improved design methodology, starting from the principles of other
methodologies, among them being axiomatic design.

The field of health. Optimization of patient flows in hospitals applying lean
management principles, but applying a theoretical framework developed using
axiomatic design was proposed by Arcidiacono et al. [58]. They considered that a
group of patients with similar characteristics would contribute to better development
of hospital activities.

Devices for older and disabled people. In a certain connection with the use of
axiomatic design to solve health problems, it can be mentioned the identification of
devices for elderly people or people with disabilities by applying axiomatic design
principles. Thus, Mark et al. have invested efforts in designing worker assistance
systems that can be used in the workplace by older people and respectively by workers
with certain disabilities [59]. It is worth noting the use of one-on-one interviews to
define the client’s needs in this case clearly.

Agriculture and forestry. Sadeghi et al. found many work accidents in agri-
cultural works deriving from the use of different solutions for power take-off of
agricultural tractors [60]. They analyzed the existing alternatives of the power take-
off subsystems and used axiomatic design to define functional requirements to reduce
the risk of injury.

Jiang proposed a correlation of the axiomatic design process with the ontology
information representation in the case of the development of small agricultural
machinery products [61]. A reconfigurable product design system was considered.

Management in industry. Brown and Rauch analyzed the importance of func-
tional requirements for promoting product creativity and sustainability when using
axiomatic design [62]. The paper written by Brown and Rauch shows that “no design
solution can be better than its FRs.” They further considered that it is possible to select
the most convenient design parameters by using axioms of axiomatic design. The
integrated development of a product and its manufacturing process was the subject
addressed by Vallhagen in his doctoral thesis [63].

The educational system. The systemic approach of the educational process, so
the acceptance of the idea that there is an educational system, urged researchers
to consider axiomatic design principles in the analysis and design of this system.
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Thus, Mirzi and Liego-Betasolo evaluated the courses of materials engineering and
fluid mechanics through an axiomatic design model [64]. In the case of his doctoral
thesis, Towner has developed an interesting set of considerations according to which
engineering education can be treated as a manufacturing system, and its problems
can be solved efficiently using axiomatic design [65]. In a course at the University of
Tokyo, lino and Nakao used Design Record Graph and axiomatic design to identify
and use students’ creative resources [66].

Object handling and conveyors. Some problems regarding the handling and
transport of products made from forest residues have been solved using the axiom of
independence by Rodrigues et al. [67]. In this way, it became possible to equip better
and organize the wooden pellets production line. Nadeo has proposed combining
axiomatic design principles with a fuzzy logic approach to design an alternative
propelled rear-wheel-drive vehicle chassis of car platform [68]. Khandekar and
Chakraborty used fuzzy axiomatic design principles to select material handling
equipment [69].

Services. The use of axiomatic design principles for developing knowledge
management implementation services was proposed by Hao et al. [70]. They appre-
ciated that in this way, a better collaboration of knowledge producers and receivers
is possible and proposed the use of tools designed for this purpose. The possibility
of using axiomatic design in financial services was noted by Banciu and Drighici
[71].

Mining and extraction. Zeng et al. considered the use of extended axiomatic
design theory to the global mining supply chains, the latter appreciated as complex
systems [72]. They considered that solving the problems specific to the global mining
supply chains is difficult in the absence of methods capable of reducing the structural
complexity of supply networks.

Ilumination. The axiomatic design was used by Guls et al. to improve observation
conditions around an autonomous underwater vehicle [73]. Based on the experience
gained through previous research, a lighting module was proposed to be used to
capture still images and video. An agile ergonomic monitor stand also involving a
light source was proposed using the axiomatic design by Spalding et al. [74]

Breeding and fish farming. Vilbergsson mentioned axiomatic design as a solution
to identify several possibilities to improve the specific functions of an intensive
aquaculture system [75]. Using the axiomatic design theory, optimization of the
solution of transfer bins for whole salmon grading has become possible [76].

Food and beverages. It is not surprising that axiomatic design principles are
used in addressing food and beverage issues. Thus, an analysis of complexity in
the kitchen was performed by Foley et al. [77], revealing the possibilities of using
axiomatic design principles. Various issues specific to space life support systems,
including food production, have been addressed through axiomatic design by Jones
[78].

One can observe the large share of using axiomatic design to solve problems in
the fields of industrial engineering and manufacturing engineering. A highlighting
of the application of axiomatic design principles in different sectors of activity is
possible, for example, by identifying papers published in these fields and indexed
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[ 1991-1995 | 19962000 | 2001-2005 | 2006201 20112015 | 20162021 | Total
Vehicles and vehicle's components,air/spacecraft| 1 1 1 L|1|2|2|3]|3]|3|1|1]|4]4]|6]3]|1 z§4 2{3|2| |2] s3
(‘hem:m sm.d m.élén'a.ls. p.r.ocess.h.u.z" TTTT] 1 | T 1.T _.2.“— T 2|2 1._2_ b Th T 1] | T 28
Civil engineering 1 1 1 :;1 2l3|2 1| 14
Manufacturing tools and systems 11 11 Sl2]|2({2]4|1|8|3]|513|4|7|10/7 2031! 14/14/13/10| 6 | 159
Energy 1 2(2]4f2]1 1 3 13 34| 27
ICT and virtual environments | |1 1)1 21221 2(2|3(2|3 1| 26
Algorithms and Software systems 1 1 1|2 1 1j2|z|s5]|3|2|2|2]|2|5]4 1 1| 38
Mechanical components 1 313|1(1]4 414132 5 7_:_4 506 i3] so
Hydraulics and Fluid mechanics 212(3|2(1(1 2(1|3|1{1]2 1l4|5)2({of1]2 i6
Electronics and electric components 1 1 1|1}2 3|3 lf‘.‘_ 1|2]1 19
Healthcare 1 1[1 3:;,1 4|2|2 17
Education 1 1| |1 t|z|2)z2|1f1]1|2fs]2|3]1]1 26
Ergonomy | 1 1 1 11 1| |1 1 8
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Fig. 10 Use of axiomatic design in different fields, from papers published over time in Web of
Science database

in the Web of Knowledge database. By considering some ideas from a previously
mentioned paper [35] including other areas of activity in which axiomatic design
was used, it was possible to develop the graphical representation in Fig. 10.
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Asterios Agkathidis and Guzden Varinlioglu

This design-led research investigates the development of self-forming wearable
composite structures by 3D printing semi-elastic embossed patterns out of semi-
elastic Thermoplastic Polyurethane 95 (TPU95) filament on pre-stretched textiles
and releasing the stress after the printing has been completed. In particular, the study
present and compare two methods of ‘file to fabrication’ techniques for generating
self-forming textile shell structures: The first is based on printed patterns related to
their stress line simulation and the second on modified geometrical patterns in rela-
tion to their curvature analysis. Furthermore, we will investigate the buckling degree
of the composites in relation to their fabric thickness and elasticity. The findings
emphasise the advantages and challenges of each method as well as presenting a
comparative table chart highlighting the relationship between material properties,
pattern geometry and the formal vocabulary of the composite shells.

1 Introduction

At the beginning of the twentieth century, debates and developments which signif-
icantly changed the character of geometry gained momentum. By 1921, Albert
Einstein questioned the relationship between geometry and experience, logical-
formal language and real-life experience, and added physics as a complementary
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thinking tool to understand the universe, which he called practical geometry [1]. The
notion of geometry, which is meant to measure the Earth and initially connect it with
realworld experience, turned away from reality into a logical and formal thought
system, and in the early twentieth century, the relationship between geometry and
experience became more questionable. Against the tendency to reduce geometry to
logical and formal axioms, Buckminster Fuller proposed to reconsider orthogonal
and cartesian geometry in relation to action, operation and movement [2]. He ques-
tioned geometry with different conceptions introducing the notion of folding as ‘a
way of thinking’, ‘folding as a form of action and operation’ and ‘folding by action’.
Beyond the concept of geometry being reduced to static and rigid axioms, Buckmin-
ster Fuller placed movement at the centre, conceptualising it as self-provoking and
self-initiating.

Frei Otto continued this approach with his research on doubly curved fabric struc-
tures during the 1970s and 1990s. Otto’s design and form-finding process were
strongly relying on physical models, rather than computational methods. Having
developed a large range of innovative structures, by the early 1990s, Otto et al. [3]
declared:

Our times demand lighter, more energy-saving, more mobile and more adaptable, in short,
more natural buildings, without disregarding the demand for safety and security.

In the early 2000s, others such as Brown and Rice [4] at Arup, focused on compu-
tational methods and techniques which they were applying for material innovation
stress analysis and form-finding. Those developments continued in the 2010s with
membranes and textiles being used successfully in building construction in the form
of roofs, facades, pneumatic structures and tents. In our times, the rapid develop-
ment of emerging technologies such as 3D printing and additive manufacturing, plus
developments in material science, are enabling designers to consider further innova-
tive solution synergies expanding its applicability to a wide facette of complexity and
materiality such as plastics, concrete and metals. While 3D printing has been expe-
riencing rapid development in the past two decades, the notion of four-dimensional
printing has only appeared in 2012 according to Wu et al. [5]. The term describes
the process through which a 3D printed object transforms its shape and structure
over the influence of environmental parameters (e.g. temperature, humidity, light)
or material properties (e.g. digital shape memory or stress relaxation), whereby the
fourth dimension of the printing process becomes time.

In continuation to previous work by the authors on ‘3D printing of elastic fibre
patterns on pre-stretched textiles’ [6] and ‘architectural hybrid material composites,
computationally enabled techniques to control form generation’ [7], this paper inves-
tigates the possibilities arising in shape, material properties and geometry of objects
produced, by 3D printing of semi-elastic Thermoplastic Polyurethane 95 (TPU 95)
onto pre-stretched elastic fabric (e.g. lycra-spandex) as shown in Fig. 1.

In particular, two different form prediction/form-finding methods were applied as
described by Agkathidis et al. [6] and Berdos et al. [7] and tested in their effectiveness
in predicting the desired shape and their suitability and limitations for producing
particular geometries. Furthermore, the two methods were assessed and verified by
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Fig. 1 This image illustrates the flat 2D pattern and resulting 3D geometry after release

using three different 3D printers (an Ultimaker-3 and the low-cost JG Aurora AS,
Zaxe) allowing both to print directly on different fabrics, such as Polyamide Nylon
and Elastane, Modal and Elastane composites, easily consumable wearables in the
textile industry. Consequently, the following research questions were investigated:

e Which of the two proposed methods assessed here are more effective in controlling
and predicting the form and performance of hybrid panels composed of semi-
flexible, pattern fibres printed onto flat elastic, pre-stretched textiles?

e How do the material properties of the individual components—the textiles and
the fibres—contribute to the properties of the composite material?

e How does the elasticity and thickness of the textile and the filament affect the
degree of buckling of the final geometry?

To answer the above questions, a set of design-led, physical experiments were
conducted using the two different form prediction methods on the three different
printers and on different textile materials by developing a set of composite wearable
prototypes. The findings were analysed and compared to enable conclusions.

2 Background and Literature

The study began by looking into the related work of other researchers in order to
inform our research of the latest developments in the field. In their research, Joshi et al.
[8] presented various active materials, 4D printing techniques and shape memories,
however, their approach was mostly emphasising the field of structural engineering
as they were focusing less on design. Cheng et al. [9, 10], describe the development of
an additive manufacturing method combined with fused granular fabrication capable
of producing 4D printed meta-structures, out of biocomposite material, which can
change their geometry from flat to curved in relation to the environmental humidity.
However, their work is using a completely different material pallet, to the ones
examined in this paper.

Meyer et al. [11] investigated the adhesion of 3D printed polylactic acid (also
known as PLA) on textile fabrics while Redondo et al. [12] researched the adhe-
sion of 3D printed PLA samples on fabric by using the Fused Deposition Modeling
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technique. Even though both works provide valuable insights into the material prop-
erties and behaviour of PLA printed on fabric, they are neither examining the formal
behaviour of the 3D printed objects nor their capability to change in time.

‘Additive Manufacturing and Textiles’ by Sitotaw et al. [13] broad overview casts
light on various 3D printing techniques related to textiles, however, it was mostly
focused on understanding material and technique properties rather than introducing
novel materials and methods. Ehrmann and Ehrmann [14], presented their research
on the ‘Shape-Memory Properties of 3D Printed PLA Structures’ which similarly to
Giglio et al. [15] focuses on 3D printed PLA fabrics rather than on composites of
PLA structures printed on textiles.

The prototypes produced in the workshop by Erioli and Naldoni [16] explored
the possibilities in form generation by 3D printing semi-elastic PLA patterns on
pre-stretched textiles. However, their investigation remained at an empirical level,
which appears to emphasise artistic over empirical qualities, without incorporating
simulation methods and form-prediction mechanisms. A similar technique was previ-
ously presented by Guberan and Clopath [17], in their ‘Active Shoes’ project, where
a 3D printed geometry on a pre-stretched textile surface allowed the creation of a
controlled and predictable shoe. However, there it might have not been their intention
to provide evidence of simulation or form-prediction tools being used either.

In their article ‘Printing on Fabric Meta-Material for Self-Shaping Architectural
Models’, Jourdan et al. [18] described a novel method of 3D printing PLA bars
on pre-stretched textiles, including a star-based pattern system as well as a novel
technique to simulate and predict the final shape of the models. However, they were
not revealing the software and the tools used which are certainly different to the
ones applied in this research. Their work offers a useful opportunity to compare the
different methods in relation to their effectiveness.

In addition, Koch et al. [19], gave an overview of recent techniques for the genera-
tion of 4D textiles made by additive manufacturing on pre-stressed textiles offering a
valid database for categorising, evaluating and assessing the techniques and methods
of our research.

In their ‘FabriClick’ article Goudswaard et al. [20] showed a method for inter-
weaving push buttons into fabrics by using 3D printing and digital embroidery. Even
though they were achieving similar effects as described in our research, they don’t
seem to be using form prediction techniques such as stress line simulation and curva-
ture analysis in their design process. A similar approach is described by Kycia [21], in
the research on 3D printing on pre-stressed fabrics in order to create textile compos-
ites and explore their potential applications as building envelopes. Kycia has explored
PLA, as well as polyolefin filaments on smaller as well as scale prototypes. Kycia
showed rather simple, hyperbolic paraboloid geometries, without presenting any
computational, form predicting methods. Finally, the research described by Aldinger
etal. [22] in the ‘Tailoring Self-Formation’ paper has common ground with our work.
However, finite element analysis appears to be their main tool of form prediction.
In their material studies, carbon fibre rods were knitted into the fabric and helped to
better control the self-formation geometry but they are not 3D printing filament on
the textiles in order to produce the composite shapes.
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The conclusion deriving from the literature review on similar research is that 4D
printing on textiles is an up and coming research field that is currently being investi-
gated by many research groups around the world. However, even though researchers
have applied various methods and techniques of 4D printing and form prediction, our
research appears to offer an original approach to the field as it is applying materials
and methods not described by any of the researchers.

3 Development of Materials and Methods

As previously described, two different form-prediction methods were applied and
tested for developing pattern geometries which we were then 3D printed on pre-
stressed textiles. By releasing the newly composed prototypes, the objects should
self-form into the desired wearable shape. Both methods have been developed using
parametric tools (Rhinoceros and Grasshopper). In particular, Method 1 is based
on utilising the Mean curvature analysis of the digital design model and adjusting
geometric patterns on it by using an algorithm incorporating the Panelling Tools plug-
in for Grasshopper (Fig. 1). The modified pattern is then being flattened, embossed
and printed onto the pre-stressed textile.

Method 2 is based on an algorithm incorporating the Karamba structural simu-
lation plug-in for Grasshopper [6], capable of conducting stress line simulations
on the desired, digital design model (Fig. 2). The stress lines were rationalised and
converted into a pattern which was then flattened, embossed and printed onto the
pre-stressed textile.

Fig. 2 Diamond pattern
adjusted according to Mean
curvature map of a curved
surface (Method 1)
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Both methods were tested by conducting four experiments, where three types of
wearable objects, bracelet/coffee cup holders, hats and facemasks/extensions were
designed and fabricated. The first set of experiments (1, 2, 3,4) measured the displace-
ment between digital and physical models, thus the effectiveness of each method was
verified, as well as identified the parameters which may influence the form predic-
tion/generation. The study utilised an Ultimaker-3 3D printer, semi-elastic Thermo-
plastic Polyurethane 95 (TPU 95) filament and a Lycra Spandex 240 gms textile with
a40-20% stretch in the X and Y directions. In addition, the second set of experiments
(5, 6,7, 8) will examine the buckling capacity of the composite objects in relation to
the use of different textile types such as Polyamide Nylon and Modal with different
percentages of Elastane and thicknesses as well as to the embossed filament pattern
(TPU9S) by applying Method 2. The study tested the effectiveness of two low budget
printers Zaxe and JG Aurora A5 printers, semielastic, which will be utilised for the
second set of experiments, as well as the assembly method on the textile (either
directly printed on the fabric or being laminated to it afterwards).

4 Verification Through Design Experiments

4.1 Experiment 1

Experiment 1 examined the design of a cylindrical bracelet/coffee cup holder with a
single curvature geometry which was developed using Method 1. A hexagonal and
a diamond-shaped pattern is applied to the bracelet model and adjusted to its Mean
curvature analysis map as illustrated in Fig. 3. The pattern density was increased in
the flattest areas (blue) and decreased in the areas with the highest curvature (red).

This experiment consisted of six variants, where pattern parameters such as rod
thickness, pattern shape as well as the existence (or not) of a boundary rod were
being tested and compared to the original, digital 3D model (Fig. 4). Variant v1.1
was designed using a hexagonal pattern with a rod thickness of 2.5 mm without
a boundary frame and did not bend to the desired shape. Variant v1.2 has a rod
thickness of 2 mm and a diamond-shaped pattern while variant v1.3 used exactly the
same pattern as v1.2 but its rod thickness is 2 mm. While v1.3 over-performed by
curving more than expected, v1.2 did not curve enough. Variants v1.4, v1.5 and v1.6
were all alterations of the diamond pattern with a boundary, differing only in their
rod thickness (2, 2.5, 1.8 mm) with v1.6 proving to be the closest to the preferred
shape. The conclusion deriving from experiment 1 was that Method 1 allowed the
successful reproduction of the desired shape with variant v1.6 showing the smallest
discrepancy to the digital 3D model (Fig. 5).
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Fig. 3 Stress line simulation /
pattern produced on a curved
surface (Method 2)
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Fig. 4 Experiment 2, pattern adjustment on Mean curvature map (Method 1)

4.2 Experiment 2

Experiment 2 examined the design of a cylindrical bracelet/coffee cup holder with
a single curvature geometry which was developed using Method 2. By applying
the stress line simulation on the digital model, the stress line simulation pattern is
generated as described in Fig. 6.

After being flattened, the stress lines were rationalised and transformed into a
pattern that was embossed and 3D printed on the pre-stressed fabric. Two variants
were tested. Variant v2.1 had a lower density stress line pattern with a rod thickness
of 1.5 mm. Variant v2.2 had a higher density stress line pattern with a rod thickness
of 1.5 mm. Both variations have an outer frame with a 1.5 mm thickness (Fig. 7). The
conclusion deriving from experiment 2 was that Method 2 allowed the successful
reproduction of the desired shape with variant v2.2 showing the smallest discrepancy
to the digital 3D model (Fig. 7).
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Fig. 6 Experiment 2, pattern generation via stress line simulation (Method 2)

4.3 Experiment 3

Experiment 3 examined the design of a facemask with a double curvature geometry
which was developed using Method 1. We produced four variants as displayed in
Fig. 8. Variant v3.1 is formed of a 3:3 diamond-shaped pattern with a rod thickness
of 2 mm, variant v3.2 of a 4:4 diamond-shaped pattern with a rod thickness of 1 mm,
variants v3.3 and v3.4 of a 5:5 and 6:6 diamond-shaped pattern accordingly, both
having with a rod thickness of 1 mm. None of the variants has adopted a boundary
frame.
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Fig. 7 Experiment 2, variants v2.1 and v2.2
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Fig. 8 Experiment 3, variants v3.1, v3.2, v3.3, v3.4

The conclusion deriving from experiment 3 was that Method 1 did not allow the
successful reproduction of the desired shape, in particular in the z-direction, where
the objects did not curve as expected.

4.4 Experiment 4

Experiment 4 examined the design of a facemask with a double curvature geometry
which was developed using Method 2. Four variants were produced, as displayed in
Fig. 9. Variant v4.1 applied a 40% stretch and has a rod thickness of 1 mm, variant
v4.2 a 35% stretch with a rod thickness of 1.5 mm, variants v4.3 and v4.4 of a 30
and 25% stretch accordingly, both having a rod thickness of 2 mm. While variants
v4.1, v4.3 and v4.4 have adopted a boundary frame, variant v4.2 has no boundary
frame.

The conclusion deriving from experiment 4 was that Method 2 did allow the
successful reproduction of the desired shape with variant v4.4 (including the
boundary) showing the smallest discrepancy from the desired shape. Furthermore,
variant v4.2 without a boundary border was the least successful variant in comparison
to all other three variants which included a boundary border.
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Fig. 10 Experiment 5, variants v5.1, v5.2, v5.3

4.5 Experiment5

Experiment 5 examined the design of a cylindrical bracelet/coffee cup holder with a
single curvature geometry using Method 2 and was printed on two different textiles
with different stretching percentages. Variant v5.1 applied a 40% stretch of a silky
matt transparent textile of 15 denier thickness (83% Polyamide, 17% Elastane), while
v5.2 applied a 30% stretch of the matt opaque textile of 40 denier thickness (86%
Polyamide, 14% Elastane) while v5.3 applied a 20% stretch of the same textile. All
patterns have the same rod height (2 mm) but different rod thicknesses, v5.1 has a
rod thickness of 1 mm, variant v5.2 with a rod thickness of 2 mm, variant v5.3 with
a rod thickness of 3 mm (Fig. 10). The 3D prints of all variants v5.1, v5.2 and v5.3
were printed using a JC 3D printer directly on pre-stretched textiles. The conclusion
deriving from experiment 5 was that all three textiles delivered a decent degree of
buckling, which is strongly related to the rod thickness and density of the composite
structure.
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Fig. 11 Experiment 6, variants v6.1, v6.2, v6.3

4.6 Experiment 6

Experiment 6 examined the design of a face mask with a double curvature of a
complete geometry (with boundaries) which was developed using Method 2 and
will be printed on two different textiles using a variety of pattern geometries. All
three variants (Fig. 11) were produced by the same printing method and the stretching
factor applied was the same. Three similar textiles with a slight difference in thickness
and the same rod thickness/height (1 mm of rod thickness and height) were used.
Variant v6.1 utilised a sheer and shiny 80% Polyamide and 20% Elastane fabric with
a thickness of 5 deniers. Variants v6.2 and v6.3 utilised an opaque mat of slightly
thicker, 83% Polyamide, 17% FElastane textile with a thickness of 40 deniers. All
three variants described closed, curvilinear shapes (circle, free form, and ellipse)
with different 3D printed patterns. The distribution and density of the stress lines—
equal in x and y dimensions—varied. The conclusion deriving from experiment 6
was that the thinner textiles delivered a higher degree of buckling, in comparison to
the previous experiment (experiment 5).

4.7 Experiment 7

Experiment 7 examined a doubly curved face mask (with boundary borders) which
was developed using Method 2 and was printed on two textiles with different thick-
nesses using different assembly methods. One of the two textiles used was 20 deniers
thick composed out of 82% Polyamide and 18% Elastane, while the second one was
40 deniers thick composed out of 6% Polyamide and 14% Elastane. The embossed
patterns had different thicknesses as well, but with the same rod height (Fig. 12). The
textile of both v7.1 and v7.3 variants had a thickness of 20 deniers. Both v7.2 and
v7.4 were applied on an opaque mat and slightly thicker textile (40 deniers). In both
v7.1 and v7.2 variants, the patterns were printed directly on the fabric. Variants v7.2
and v7.4 were laminated on the fabric by using mitral Cyanoacrylate Adhesive glue.
The distribution and density of the stress lines varied, as well as their rod thickness
and height. The conclusion deriving from experiment 7 was that the objects where
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Fig. 12 Experiment 7, variants v7.1, v7.2, v7.3, v7.4 (v7.1 and v7.2 used the same assembly
method, while v7.1 and 7.3 used the same textile)

Fig. 13 Experiment 8, variants v8.1, v8.2, v8.3

the filament was printed directly on the textile have performed better (higher buck-
ling degree) than those who were laminated on the fabrics after the printing had been
completed (lower buckling degree).

4.8 Experiment 8

Experiment 8 examined a double curvature face mask that was developed using
Method 2 and was printed on three different textiles with similar stretching percent-
ages. Variant v8.1 was applied on a matt opaque tights fabric of 40 deniers thickness
(92% Polyamide, 8% Elastane), while v8.2 was applied on a textile of 80 deniers
thickness (91% Polyamide, 9% Elastane) and v8.3 on a modal textile (92% modal,
8% Elastane), all utilising patterns with the same rod height and thickness (Fig. 13).
The 3D prints of all variants 8.1, v8.2 and v8.3 were printed using a Zaxe printer bed
and the printed patterns were laminated on the pre-stretched fabric. Our conclusion
from experiment 8 is that the thinner textiles delivered a higher degree of buckling.

5 Findings

The findings regarding the performance of the different methods are presented in
Tables 1 and 2, a comparative displacement chart between variants and the digital
3D models used to design them. It became evident that variants v1.6, v2.2, v3.4 and
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Table 1 Variation size displacement chart in mm

Variations | Stretch | Material | X dimension | Y dimension | Z dimension | X/Y/Z displacement

(%) thickness | (mm) (mm) (mm) (mm)

(mm)

ViIDM |- NA 30 85 40 -
V1.1 40 2.5 102 80 57 +72/—05/+17
V1.2 40 2.0 51 79 59 +21/-06/+19
V1.3 40 2.5 95 75 60 +65/—10/+20
V14 40 2.0 35 75 50 +05/—10/+10
V1.5 40 2.5 37 76 56 +07/—11/+16
V1.6 40 1.8 33 74 44 +03/—09/+04
V2DM |- NA 58 61 57 -
V2.1 40 1.5 124 61 60 +66/00/+03
V2.2 40 1.5 55 61 58 —03/00/+01
V3DM |- NA 170 95 106 -
V3.l 40 2.0 152 94 15 —18/-01/-91
V32 40 1.0 152 85 20 —18/—11/-86
V3.3 40 1.0 152 94 5 —18/-01/-101
V34 40 1.0 152 95 10 —18/00/—96
V4DM |- NA 134 150 43 -
V4.1 40 1.0 82 120 38 —52/-30/-5
V4.2 35 1.5 61 139 41 —73/—11/-2
v4.3 30 1.5 101 148 43 —33/-02/0
v4.4 25 2.0 124 148 43 —10/-02/-0

v4.4 were the most successful cases of each experiment. Both of the tested methods
proved to be performing to an acceptable level.

Despite no prototype having the exact measurements to the digital model it has
derived from, it appeared that Method 2, linked to the stress line simulation delivered
the smallest discrepancies in the double curvature experiment (experiment 4), with
variant v4.4 differing only —7% in the X direction and —1% in the Y direction while
showing no difference in the Z direction (Table 2). The findings were very similar
in the single curvature experiment (experiment 2), with variant v2.2 differing only
—3% in the X and +2% in the Z directions while showing no difference in the Y
direction (Table 2).

The findings regarding the second set of experiments (5, 6, 7, 8) and the buckling
performance of different textile type related composites are demonstrated in Table 3.
It became evident that thinner textiles with a high percentage of elastane provided a
higher degree of buckling (e.g. variants v5.1 and v7.1 with a thickness of 15 and 20
deniers accordingly). Furthermore, it appeared that rod height and thickness have a
significant impact on the buckling degree. Overall, we have observed that the right
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T.able 2 Variation §ize Variations X/Y/Z displacement in %

displacement chart in %
V1.1 +240/—6/+40
V1.2 +66/—6/+47
V1.3 +216/—12/+50
V14 +16/—12/+25
V1.5 +23 —13/+40
V1.6 +10/-09/+10
V2.1 +113/0/+5
V2.2 —3/0/+2
V3.1 —10/—1/-85
V3.2 —10/—11/-100
V33 —10/—-1/-95
V34 —10/0/-90
\ZN! —38/-20/—-12
V4.2 —54/-17/-5
V4.3 —24/-1/0
V4.4 —7/-1/0

combination of textile thickness and composition, as well as the distribution of stress
line pattern and rod dimensions, play an essential role in reproducing the desired
form and have to be chosen accordingly (e.g. v6.2). Finally, in our experiments, it
became evident that printing on pre-stretched textiles directly helps the variants to
deliver a higher degree of buckling as laminated variants, such as v8.1 and v8.2
deliver a smaller degree of buckling.

6 Conclusions

Our conclusions will focus on answering our research questions. Which of the two
proposed methods assessed here are more effective in controlling and predicting the
form and performance of hybrid panels composed of semi-flexible, pattern fibres
printed onto flat elastic, pre-stretched textiles? Even though both methods appear
effective to a certain degree, Method 2 based on patterns generated by stress line
simulation is more efficient, in particular, when the object is double curved. This
becomes evident in Tables 1 and 2, where the most accurately reproduced objects
are variants v2.2 and v4.4, both doubly curved. Method 1, based on the curvature
analysis and penalisation, proved successful in reproducing single curved objects,
e.g. variant v1.6. However, it failed to deliver enough buckling in the z-direction in
experiment 2.
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How do the material properties of the individual components (the textiles and
the fibres) contribute to the properties of the composite material? and how does the
fibre pattern geometry influence the form of the composite hybrid panel? It appears
that the relationship between textile type, rod thickness, stretching degree, pattern
density and assembly method is very complex and particular, but also essential for
reproducing the desired objects (Tables 1, 2, and 3). We could identify the following
relationships: less dense patterns, operate best when directly printed on the textiles,
on thinner and more elastic fabrics, while a bigger rod thickness and width is required
in order to reproduce the object effectively.

How does the elasticity and thickness of the textile and the filament affect the
degree of buckling of the final geometry? It appears that denser patterns, require
thinner rod thickness and can deliver successful objects when printed on thinner,
more elastic textiles. Overall, the elasticity and thickness of the textile are essential
for both methods applied. The higher the elasticity degree of the textile, the more
buckling is achievable (Table 3). The same applies to the textile thickness, where
fabrics with a thickness of 5-20 deniers, perform much better than thicker fabrics (40
deniers and above). In contradiction to the formal vocabulary described by Aldinger
et al. [22], the vocabulary described here is much more complex and polymorphous,
as it varies in relation to the materiality of textile and fibres. In contradiction to their
findings, we have observed that boundaries around the pattern geometries play an
important role in the shape of the finalised panel.

This becomes evident in experiment 4, where variant v4.2 with no boundaries, did
not manage to deliver the desired shape, while variants v4.3 and v4.4 which include
a boundary came very close to the digital 3D model.

Furthermore, all three 3D printers (the Ultimaker 3 and the low budget printers JG
and Zaxe) performed well and were able to 3D print on the textiles safely. Printing
directly on the textile proved to be much more effective than laminating the pattern
with glue, as the glued composites delivered less buckling in the z-direction (e.g.
v8.1, v8.2 and v8.3, in Table 3).

Finally, one could highlight the variety of forms that are made possible by
combining these two materials into a composite object; the semi-elastic Thermo-
plastic Polyurethane 95 and the elastic fabric. Forms that apply to rules and material
properties, as well as to pattern geometry and design (Fig. 14). The success or failure
of the final composite relies on the right proportion of design intentions and respect
to the natural material memory and behaviour. This would allow us to enhance
Frei Otto’s call for lighter, more energy-saving, more mobile and more adaptable,
in short, more natural buildings, or building components, such as roofs, ceilings,
shading devices, tents, roofs and temporary shelters.

The limitations of this research project are linked to the size of all produced objects
which is no bigger than 25 cm, which is the maximum printable size by the available
3D printers as well as a minimum rod thickness of 0.6 mm, linked to the minimum
printable thickness by the printers. Our future plans include experimentation with
larger-scale 3D printed objects, in order to verify our findings on a larger, architec-
tural scale as well as examining the possibility of applying robotic technology for
achieving more complex and reliable components.
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Fig. 14 Variety of forms and design made possible by Methods 1 and 2
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The pandemic is amplifying a trend that has been disrupting the clothing sector
for decades: fashion on demand. Consumer needs and preferences are shifting
globally to more personalized, on-demand fashion discovered and ordered online,
which the COVID-19 mandated as the only means to shop for fashion, globally
and for even up to a year. Fashion on demand reduces waste and reacts rapidly
to trends. The objective of this study is to identify the reasons for which fashion
on demand in Greece is only seen on a restricted scale, by investigating consumer
attitudes towards e-commerce and their predispositions towards a new platform
of personalized products. A questionnaire was constructed and answered by 550
participants. The outcomes confirm several of our hypotheses and present other
interesting trends: consumers are willing to participate in the customization process
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1 Introduction

The growth of demand from better educated consumers, mass customization, e-
commerce, advances in integrated technology solutions and tools in the product
development stage (e.g. ex-traction of body measurements, avatars, virtual try-on,
AR/MR/xR applications) promote co-creation with the end-customer. The pandemic
has affected the industry, and has created uncertainties that force clothing/textile
companies to question and change their current practices [1]. An industry seen as a
laggard in digitalization, will change dramatically in the next 15 years. A long-term
goal is to bring production and consumption closer together both in space and time
[2].

The contradictions between customer demand for personalized products and the
relative short-age of personalized production have become increasingly prominent
[3]. Indeed, though researchers have studied how the process of mass customization
and on-demand business models could occur within the fashion’s industry processes,
the Greek fashion market and especially on-demand business models opportunities
have not been previously addressed. This study aims to explore the potential of
applying an on-demand business model in the apparel e-commerce environment by
investigating consumers’ interest in it. Furthermore, it is of interest to study if this
way of operating can provide unique value to consumers in an efficient manner. Up
to the authors’ knowledge, a survey with 550 answered questionnaires on customer
behaviour towards personalized clothing and co-creation has never been conducted
in Greece before.

The COVID-19 pandemic amplified a trend that has been disrupting the clothing
sector for decades: fashion on demand. Consumer needs and preferences are shifting
globally to more personalized fashion, discovered and ordered online, as mandated
by COVID-19 as the only means of shopping in the last year. In order to respond to
trends and consumer demand, a new breed of start-ups for data analytics and adopt
made-to-order production cycles is needed. Fashion on demand reduces waste and
reacts rapidly to trends and consumer shifts in needs and behavioural change. Novel
forms of personalization are enabled by Industry 4.0. According to Wang [3], direct
customer input to design will enable companies to produce customized products with
shorter cycle-times and lower costs than those associated with standardization and
mass production.

2 Literature Review

This section presents related work in the field, from mass customization of textiles,
on-demand manufacturing, to the current state-of-the-art in Greece.
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2.1 Mass Customization

Fashion companies throughout the world have embraced mass customization in an
attempt to overcome challenges like constant consumers’ change of needs, global
competitiveness, over-production [4], customized demand [5], ever-decreasing life-
cycles, lack of information (customers’ measurements), style preferences [6]. In
order to deal with market uncertainty, mass customization has become an imperative
measure for the industries as it gives flexibility and quick responsiveness to volatile
market demand [7, 8]. Moreover, quick response supply is also helpful in reducing
the environmental cost under the fashion mass customization system with consumer
returns [9].

A major factor for the successful implementation of mass customization is
customer involvement [10—13]. According to Chesbrough and Su [14, 15], intimate
collaboration between end user and innovator is important, as customer knowledge
is indispensable and leads to the development of innovative products. Gilmore [16]
identified four distinct approaches to customization, namely collaborative, adaptive,
cosmetic and transparent. The collaborative approach is based on a dialogue with
individual customers, helping them articulate their needs, identifying the offering
that fulfills those needs and making customized products.

Taking into account specific consumer needs and preferences is not new. Starkey
targeted Baby Boomer Women [17]. Li developed a co-design system expected to
apply in e-customization [18]. Kang found that a convenient co-design process, was
an important attribute of favourable attitudes towards e-customized apparel even if
the study concluded that perceived behavioural control was not a significant predictor
of purchase intention of e-customized apparel [19].

2.2 Technologies for Mass Personalization and On-Demand
Manufacturing

On-demand is about flipping the old mass model of producing many and hoping
consumers will not only purchase it but actually fit into it; a consumer driven model
which matches products to consumer demand. An ecosystem driven by consumers
who are increasingly looking to purchase from non-mass-produced brands. Tech-
nology is the core of on-demand manufacturing and personalized clothing. Figure 1
demonstrates the processes involved in a make-on-demand business model, and
the integrated technologies that enable the design, collaboration and launching of
products in real time with the existing supply chain.
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Fig. 1 Processes involved in a make-on-demand business model

2.3 The Greek Textile and Apparel Industry

Before examining the potential of bringing a new e-brand with on-demand character-
istics, authors investigated other research studies on the Greek consumer regarding
purchase of textile/apparel products. Kamenidou detected the underlying factors
that affect the purchasing behaviour of Greek consumers without focusing on the
consumers’ reaction towards customization and new e-business models [20]. In the
last decade, research studies on the Greek sector of textile and apparel are limited,
restricted mostly as subjects of post-graduate thesis. Authors have searched in Google
scholar & Scopus platforms, and selected the most relevant.

Koukovinos refers to psychosocial factors influencing young consumers’ clothing
disposal behaviour [21]. Perry focuses on the retail buyers in Greek luxury fashion
brands [22]. Kaplanidou provides insight into the implications of the digital trans-
formation in the apparel industry and Charamis focuses on the technology of ERP
systems in the textile and apparel manufacturing companies [23, 24]. Xanthakou
investigates consumers’ relationships with Social Media, Tzavara explores the impact
of Facebook and Instagram on consumer buying behaviour in the retail fashion market
in Rhodes and Lalou showcases how data analytics can sup-port the 3PL decision
making process on replenishing the network stores [25-27]. Papachristou identified
how data analytics can be applied to the childrenswear market [28]. All these projects
provide important data and help the reader understand the concepts of their research.
However, they do not provide insights on fashion on-demand or the consumers’ new
behaviour characteristics.

OECD reported in 2019 that as digital transformation progresses, new busi-
ness models arise in ways that are difficult to predict and that challenge traditional
policy frameworks [29]. Contrastingly, Rainey, projects MarketWatch’s expectation
of the global on-demand manufacturing market to reach about $112 billion by 2024,
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Table 1 Comparison between 2019 and 2020 on exports and imports of textiles and apparel
(numbers in € millions)

2020 2019

EU Outside EU Total EU Outside EU Total
Exports
Primary production 40 389 429 51 520 571
Textiles 242 132 385 301 120 421
Apparel 611 126 737 821 97 918
Total 903 644 1550 1173 736 1909
Imports
Primary production 28 46 74 37 52 89
Textiles 247 293 540 268 316 524
Apparel 1011 715 1806 1284 1057 2341
Total 1287 1133 2420 1589 1425 3014

growing at 19.8% annually [30]. Fashion on-demand through e-commerce platforms
is a new business model relying mostly on effective digital collaboration between
involved parties, innovative business culture and on shifted consumers’ shopping
habits. The pandemic crisis has created new sales channels and new purchasing
habits. Greece has shown significant limitations towards physical interaction and
increase in e-commerce transactions. Although OECD reports that COVID-19 crisis
is accelerating an expansion of e-commerce towards new firms, customers and types
of products, data on consumer’s behaviour towards a fashion on-demand e-commerce
business model in Greece is missing [31]. The most recent data on the Greek clothing
industry is provided by the Hellenic Apparel Association [32]. Table 1 shows the
difference between the years of 2019 and 2020, regarding exports and imports of
primary production, textiles and apparel. The supply chain of textiles and apparel
recorded a decrease in turnover by 30%, retail sales by 23% and exports by 18.8%.

Greece is a market that needs further investigation and research on not only
retail operations but more specifically in the possibilities of new e-business model
adaptation that embrace fashion on-demand practices in order to take advantage of
the increase of e-commerce transactions. Primary research data could help to face
the COVID-19 crisis and contribute to a more sustainable industry that meets the
demands from consumers for personalization and variety.

2.4 Current Situation

Several recent reports point out the phenomenon of individualism among new
generations. Gartner finds that a growing number of brands are promoting items that
appeal to consumers’ demand for individual items (limited editions, collaborations)
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[33]. McKinsey states that COVID-19 crisis resulted in years of online innovation
and change that happened in a matter of months, as brands focused on generating
revenue from the only channel available in many markets: e-commerce [34].

2.5 Personalization and On-Demand Case Studies

In 2017, Amazon patented an automated on-demand clothing factory [35]. Redcollar!
focused on scaling customised transformation and developed the world’s largest
MTM (Made-to-Measure) advanced custom smart factory. The characteristic of the
platform has built a new commercial civilization: everyone is designer, customer,
operator and entrepreneur [3]. Buecher co-developed (with Adidas AG) a new
production system closer to the customer (in-store) for knitted customized merino
wool sweaters [36]. Twine Solutions’? new business model, produces only what the
customer needs [37]. Popular brands in luxury fashion goods like Luis Vuitton and
Coach provide online personalization services to their customers allowing them to
select from a variety of colours, add signatures or monograms and special patches to
the products [33]. Fast fashion market with examples of Calvin Klein and Reebok
have also entered the customization initiative enabling customers to personalize
underwear with text and patterns (Calvin Klein), or allowing them to vote on
proposals drafted by Reebok’s design team, and the brand will only manufacture
a shoe if shoppers demonstrate demand [38]. Stitch Fix® and Net-a-Porter analyze
browsing behaviour, interests and previous product selection and offer personalized
outfit suggestions via data analysis technologies. Examples of on-demand manufac-
turing are Laws of Motion,* Stantt® and Redthread.® All three, solve the fit challenge
with either a new sizing system or by made-to-order creation from mobile 3D body
scanned data [39, 40].

Customer plays an important role in the on-demand business model; Gao, states
that customers will be able to place an order and be involved in the entire process
to produce and test the product as means of digital twin simulation technology
[41]. According to Gribin, we are moving, however slowly and imperceptibly, from
markets of millions to millions of markets of one: a market that will eventually
be “You’ [39]. This is the concept that inspired the evolving of a similar idea for
the market of Greece. Although the authors did a research on the available brands
offering online custom clothing, discovered only two brands, which, in the time of
writing this paper, are no longer working. However, taking into account the impor-
tance of on-demand and custom-made business models, the challenges that the Greek

Uhttps://redcollar.1td/.

2 https://twine-s.com/.

3 https://www.stitchfix.com/.

4 https:/lawsofmotion.com/.

3 https://stantt.com/.

6 https://redthreadcollection.com/.
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textile and clothing industry face due to pandemic crisis and consumers’ shift in
purchasing habits, we continued the research, collecting primary data. In the next
section, methods of doing so are presented.

3 Methods

3.1 Questionnaire Design and Development

The research presented was based on an online survey. The questionnaire, an outcome
of research on similar surveys focusing on consumer behaviour, was developed and
reviewed by the professor/project supervisor and a consulting group. Google forms
was used to design the online questionnaire, manage its distribution and collection.
Survey links were sent via email to students of the International Hellenic University.
A total number of 600 questionnaires was distributed online with 550 returning
completed and valid, leading to an excellent response rate (over 90%).

The final questionnaire consists of 17 questions. In the first section, socio-
demographic questions are presented. The second section can be further divided
into two parts. The first part, namely construct ‘Attitude’ (AT) contains six questions
about the person’s online shopping behaviour. These questions have been devised to
measure consumers’ attitude towards e-commerce. The second part, construct ‘Satis-
faction’ (SA), comprises six questions and aims to examine the level of consumers’
satisfaction concerning personalization in clothing products characteristics. The
questionnaire is structured using Likert scale questions (from 1 = Not atall to 5 =
To a large extent), permitting quantification of the participants’ perceptions/views
as they indicate the extent to which participants exhibit behaviours regarding
e-commerce. The constructs of the questionnaire and their corresponding items are
presented in Table 2.

3.2 Participants

The socio-demographic information of the survey respondents can be found in Table
3. The majority of the participants (72.5%) were female. The most participants
(61.5%) belong to the age groups 21-30 years. Regarding their occupation, the
participants comprise 32.2% students, 40.5% private sector employees followed by
freelancers (16.7%), civil servants (7.8%) and un-employed participants (6.2%).
More than 80% of the participants claimed an income between 0 and 999€. Monthly
expenses on apparel are stated between 0 and 99€ in 74.2% of the answers.
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Table 2 Constructs and corresponding items of the questionnaire

Construct (Latent variable)

Item [Factor loading]

Attitude (AT)

Q6: To what extent do you use the internet for purchasing apparel?
[0.542]

Q7: How often do you search for something specific while
shopping online (e.g. I'm looking for a black jacket) [0.548]

Q14: To what extent do you find it useful to be able to determine
the design, colour and print of the garment you are interested in?
[0.610]

Q15: To what extent is delivery time important to you? [0.359]

Q17: To what extent would you be willing to sacrifice speed in
delivery time in order to obtain a product that meets your personal
specifications/requirements? [0.702]

Q18: To what extent would you be willing to spend more money in
order to obtain a product that meets your personal
specifications/requirements? [0.704]

Satisfaction (SA)

Q8: To what extent are you satisfied with the variety of colours,
designs and prints you are looking for? [0.744]

Q9: To what extent are you satisfied with finding your size in
clothes? [0.663]

Q10: To what extent are you satisfied with the final product in
terms of fit regarding the size you have chosen? [0.748]

Q11: To what extent are you satisfied with the combination of
specifications you are looking for in a garment? (e.g. I am looking
for a jacket with a ... design, in ... colour, in ... fabric) [0.720]

Q13: To what extent are you satisfied with the uniqueness an
online store can offer? [0.655]

Q16: To what extent are you satisfied with the delivery time when
shopping online? [0.639]

3.3 Data Analysis

In order to assess the adequacy of the developed research instrument, statistical
assumptions were tested. Also, the validity and construct reliability were evaluated
[42]. Violation of the normality assumption occurs when the skewness and kurtosis
values of each variable are greater than +1.0 or smaller than —1.0 [43]. Multi-
collinearity exists when two or more independent variables correlate in a multiple
regression equation. This statistical phenomenon is unwanted as it undermines the
statistical significance of an independent variable. To avoid multi-collinearity, Field
recommends that correlation coefficient between variables should not go beyond 0.8,
a condition met in our dataset [44]. Additionally, the variance inflation factor (VIF)
was used. A maximum VIF value of five was adopted according to the literature [45].
No multicollinearity issues were observed among constructs/variables. In Table 4,
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Table 3 Socio-demographic information of the survey participants

Socio-demographic characteristics Number of participants (N = 550) Percentage (%)
Gender

Male 151 27.5
Female 399 72.5
Age (years)

15-20 50 9.1
21-25 183 333
26-30 155 28.2
31-35 72 13.1
3640 41 7.5
Above 40 51 9.3
Occupation

Student 177 322
Civil servant 43 7.8
Private sector employee 223 40.5
Freelancer 92 16.7
Unemployed 34 6.2
Monthly income (€)

0-499 243 44.2
500-999 204 37.1
1000-1499 63 11.5
1500-1999 19 3.5
> 2000 22 4
Monthly expenses on apparel (€)

0-99 408 74.2
100-199 109 19.8
200-299 23 4.2
300-399 8 1.5
400-499 5 0.9
> 500 1 0.2

the correlations and properties of all constructs and socio-demographic variables are
presented.

There is no suspicion of common method variance. The questionnaire is short, the
wording is un-complicated and concise, and examples are provided where needed.
Anonymity is guaranteed and it is clearly stated that there are no correct/incorrect
answers. The scale items were presented to the participants in a randomized order
[46, 47].
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Table 4 Correlations and properties of all constructs and demographic variables

Attitude | Satisfaction | Gender | Age Occupation | MI MEA
Attitude 1 0.379%* 0.023 | -0.079 —0.004 0.052 0.216%*
Satisfaction | — 1 —0.073 | —0.021 0.049 0.106* 0.125%%*
Gender - - 1 —0.132*%* | —0.065 —0.308** | —0.100*
Age - - - 1 0.525%* 0.548**% | 0.046
Occupation | — - - - 1 0.377**% | 0.106%*
MI - - - - - 1 0.305%%*
MEA - - - - - - 1
Mean 3 3 - - - - -
SD 0.6 0.6 - - - - -
Cronbach’s | 0.666%*#%* | (.804%** - - - - -
alpha
AVE 0.35 0.49 - - - - -
Skewness —0.166 | —0.183 - - - - -
Kurtosis 0.427 0.910 - - - - -
VIF 1.054 - 1.125 1.577 1.266 1.669 1.235

Note MI, Monthly Income; MEA, Monthly Expenses on Apparel; *Correlation is significant at the
0.05 level (two-tailed), **Correlation is significant at the 0.01 level (two-tailed), ***Cronbach’s
alpha of the total scale: 0.787

The Kaiser—Meyer—Olkin measure of sampling adequacy (KMO = 0.822) and
Bartlett’s Test of Sphericity (<0.001) suggest that the sample is factorable. Factor
analysis using varimax rotation method was conducted to study the sufficiency of the
grouping categorization of the questions to form the desired constructs, AT and SA.
Measurement items with factor loadings > 0.30 are considered to be significant, >0.40
more important and >0.50 very significant [48]. Table 2 shows the factor loadings for
each item. The variance accounted for by the two factors is 45.3%. The visualization
(using RStudio) shows that the groups reflect sufficiently the two categories defined,
‘Attitude’ and ‘Satisfaction’ (Fig. 2).

Furthermore, in order to understand whether the questions all reliably measure
their corresponding latent variables, Cronbach’s alpha was used. Cronbach’s coeffi-
cient alpha of the total scale was found, 0.787, which can be considered satisfactory
[48, 49]. For construct ‘Attitude’ it was found 0.666 and for latent variable ‘Satis-
faction’ 0.804, indicating an acceptable level and a very good level of reliability
respectively.

Next, the validity (convergent and discriminant) of the constructed scale was
assessed. Average variance extracted (AVE) values should be higher or close to 0.5
for acceptable internal consistency (convergent validity) [5S0]. Discriminant validity
is also confirmed, as the square root of the AVE exceeds the inter-correlations of the
construct with the other constructs [51].
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Fig. 2 Factor analysis,
0
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Having demonstrated the adequacy of the formed constructs, the mean score of
the multi-items was found for each construct. Hierarchical linear regression analysis
was applied to explore if a relationship exists between the constructs AT and SA
(Hypothesis A). Hypothesis A, investigates if the ‘Attitude’ of a consumer while
shopping online affect his overall ‘Satisfaction’ towards e-commerce. In addition,
we wanted to further investigate the existence of correlations between individual
items of the questionnaire. For that, Hypotheses 1-8 were formed, where different
questions were combined and correlations were tested. In this way, it would be
possible to detect trends and better our understanding of consumers’ perception
towards e-commerce and customization of apparel.

For the analysis, the IBM SPSS 26.0 software was used. Descriptive statistics
were used to analyze close-ended questions. As experimental data are generated
from measurements taken from ordinal scales (categorical data), chi square test was
employed to determine the significance of the association of different items/variables
presented, and Spearman correlation analysis was employed to determine the strength
of the relationship between selected variables.

4 Results

4.1 Testing Hypothesis A

The results of the hierarchical regression analysis are presented in Table 5. The
formed Hypothesis A, was found statistically significant at p < .05 level. The satis-
faction the consumers exhibited towards online shopping was significantly affected
by their attitude regarding e-commerce (8 = 0.416, t = 10.165). The demographic
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variables demonstrated no significant effects on consumer satisfaction. The explana-
tory power accounts for 17.5% variance (R2 = 17.5%). As this study aims to investi-
gate the existence of a relationship between latent behavioural variables, significant
results with little explanatory power were considered tolerable [52, 53].

4.2 Testing Further Hypotheses

Prior to the survey a plethora of hypotheses was formed in order to assess the partic-
ipants’ attitude towards e-commerce in detail. The questions target to measure the
ease of use, the possibility to customize the apparel and the importance of specific
needs being met. The satisfaction the purchased apparel provides and the importance
of delivery time were also assessed. Different correlations that could possibly occur
between these questions and the demographic information of the participants were
studied. The paired questions investigated for correlations and the corresponding
hypotheses formed (H1-8) can be found in Table 6.

Table 6 also shows the results of the Chi square test and the Spearman correla-
tion employed for the analysis. The values in bold display a statistically significant
correlation showing which hypotheses can be supported while the others must be
rejected.

For correct interpretation of these results, we further explored grouping the partic-
ipant responses, per monthly income and per gender, and investigated their willing-
ness to spend more money and their satisfaction with product fit in terms of size.
Figures 3 and 4 show the distributions.

To further explore and visualize the correlation of responses between pairs of
questions we demonstrate the scatterplots in Figs. 5, 6, and 7.

5 Discussion

It appears that the survey participants do not use the Internet as their primary source
of purchasing apparel. Additionally, it is evident that the respondents are in favour
of being involved in the process of clothing customization. Delivery time when
shopping online is valued. Improvements concerning the customization of apparel
would benefit the online shops and the clothing industry while at the same time they
would increase the level of satisfaction reported by the consumers. The statistical
analysis showed that five of the nine hypotheses can be supported (H1, H3, HS, H7,
HS8) while H4 is tending to yield statistically significant results. On the other hand,
hypotheses H2, H2b and H6 could not be supported.

In more detail, the results showed that the higher the monthly income
of the participant, the less important the cost increase of customized fashion
clothes appears to be as they are willing to spend more money in order to meet
personal specifications (H1). As the monthly income of the participants increases,
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Table 6 Results of the Chi square test and the Spearman correlation

. Papachristou et al.

Hypothesis

Chi square test

Spearman
correlation

p*

rs

p**

HI1 (Q4 & 18)

The higher the monthly income, the less
important is the cost increase of
customized fashion clothes

0.010

0.143

0.001

H2a (Q2 & 14)

The younger the consumer, the more
useful she/he finds it to participate in the
customization of fashion clothing online

0.365

—0.055

0.198

H2b (Q3 & 14)

The occupation of the participant has an
impact on how useful she/he finds it to
participate in the customization of fashion
clothing online

0.509

—0.024

0.587

H3 (Q1 & 10)

Female gender is more likely to report a
low level of fit satisfaction

0.041

—0.082

0.058

H4 (Q8 & 14)

Low satisfaction in variety of colours,
design & print, affects the response in the
importance of consumer collaboration in
the customization of apparel

<0.001

0.049

0.260

H5 (Q6 & 15)

The consumer who uses the internet for
purchasing apparel, values higher the
importance of time-to-deliver

<0.001

0.152

<0.001

H6 (Q5 & 14)

The lower the monthly expense for
clothing, the less important to be part of
apparel customization

0.121

0.035

0.419

H7 (Q6 & 7)

The extent to which the participant uses
the Internet for shopping clothes relates to
how often she/he searches for specific
items of clothing while shopping online

<0.001

0.512

<0.001

HS (Q17 &18)

The extent to which the participants are
willing to sacrifice delivery time in order
to obtain a product that meets their
personal specifications, can be associated
with the extent to which they are prepared
to spend more money to acquire a product
according to their personal specifications

<0.001

0.416

<0.001

* Asymptotic significance, 2-sided
**Significance 2-tailed

answers ‘Not at all” and “To a small extent’ diminish. Specifically, 52% of the group
with monthly income > 2000€ answered with “To a moderate extent’, “To a large
ex-tent” while only 29% of participants with monthly income between 0 and 499
provided these answers (Fig. 3).

The female participants reported more frequently a low level of fit satisfaction
in terms of size (H3). While men reported fit satisfaction “To a moderate extent’ in
29% of the cases, women replied in 18.9%. Also, fit satisfaction ‘To some extent’
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Bar Chart H1

Willing to spend
more money for
personal
specifications

[ ot at all

W To a small extent

W To some extent

W To a moderate extent
7o a large extent
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0-499 500-999 1000-1499 1500-1999 =2000
Monthly Income

Fig. 3 Number of participants (Count) and willingness to spend more money to meet personal
specifications, divided in five groups of monthly income (in €)

Bar Chart H3

Satisfaction with

product fit in
terms of size

W Not at all

B To a small extent

W To some extent

B To a moderate extent

O 7o a large extent

Count

Female

Gender

Fig. 4 Number of participants (Count) and satisfaction with product fit in terms of size, per gender
group



98

To a large extert |

Importance of delivery time (Q15)

Mot at all |

To a moderate extent |

To some extent |

To a small extent |

E. Papachristou et al.

Scatter of H5
° F o ‘ o ®
' ' I. L]
v % -
* o.. *-;. &'.‘“’ o \. (X
° X °
ooy & ¥
s % - ° o .
b Y nd °
% g ﬁ-.... %02g .“...
2t R o .; ® o X
° - c: - L) it -
L]
s o s, p
L
e o . o
L]
Mot at all To a small Tosome extent Toamoderate To alarge extent
extent extent

Extend of use of Internet for shopping clothes (Q6)

Fig. 5 Distribution of the number of responses per category across Q6 and Q15

To alarge extent

To a moderate extent

To some extent

To a small extent

Specific search online shopping (Q7)

Not ot o

Scatter of H7
L ] oy
S VIR & SN S
LJ o
. “e%® 4 : ° € oo ::
% - s o © oo
Le. 30 -
* .'. o) ﬂ; » .%d'
o L]
s % T | BT B
L ] :. ° o fy '- &% %2 .l
..I. "; n. & o
' 1 o %o .
L £ ‘. L “f
- -
°qd L)
\t:l.‘ s ® e
Mot at all To a small Tosome extent To amoderate To a large extent
extent extent

Extend of use of Internet for shopping clothes (Q6)

Fig. 6 Distribution of the number of responses per category across Q6 and Q7

was answered by women in 54.6% and by men 42.6%. Only 2.8% of the women
participating responded “To a large extent’ with men appearing more content with
4.7%. The chart bar in Fig. 4 shows the participants’ answers.

An interesting finding is the association between the extended use of the Internet
for purchasing apparel and valuing the importance of the delivery time (HS). These
two variables appear to have a positive correlation. The scatter plot in Fig. 5 presents
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the results. Excessive use of the Internet for shopping online affects the participants
view on delivery time.

Also, the frequency of using the Internet for purchasing apparel correlates with
searching online for specific items of clothing (H7). As it is visible from the scatter
plot in Fig. 6, participants using the Internet for shopping apparel extensively, also
claim that they are searching online for specific clothing items (e.g. black jacket). In
detail, 40% of the participants that claimed they didn’t shop clothing online answered
‘Not at all’ when asked to choose the extent to which they search specific items of
clothing. On the other hand, 65 and 75% of the participants that use the Internet
‘To a moderate extent’ and ‘To a large extent’ respectively, also claim to search for
specific items ‘To a moderate extent’ and “To a large extent’ while in those groups
the answer ‘Not at all” was not given.

Finally, the participants showed that they are willing to spend more money and
sacrifice delivery time in order to purchase apparel that meet their personal specifica-
tions. These two variables show a positive correlation. The more willing participants
are to sacrifice delivery time the more they are also willing to spend more money
(H8) (Fig. 7). A near significant result was obtained from H4 concerning how low
satisfaction in variety affects the response for importance of consumer collaboration
in customization.

Age does not appear to have an impact on how useful the person finds it to
participate in the customization of fashion clothing online (H2a). The data shows
that in their majority, all age groups value the opportunity to determine different
clothing features. The occupation of the participant does not have an impact on how
useful he finds it to participate in the customization process (H2b). Furthermore,
no significant correlation existed between monthly expenses and the importance to
customize clothing (H6).
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6 Conclusions

The change in consumer needs, the use of the Internet for shopping, as well as unex-
pected external factors like the COVID-19 pandemic, are bringing to the surface the
field of clothing customization and co-creation. Although this trend is not new, it
gains more and more attention. Apparel on-demand, can lead to important improve-
ments regarding the clothing industry, such as reducing overproduction and resource
exploitation. For this, a consumer driven business model supported by technology is
needed.

A review of state-of-the-art highlights different aspects of mass customization and
the current situation in Greece concerning this topic. A large scale survey (N =550) of
attitude and online shopping behaviour as well as requirements of Greek consumers
shows interesting findings. There is a positive correlation between consumers’ atti-
tude (perception of using the internet for shopping clothes) and satisfaction towards
purchasing apparel online. Furthermore, gender and monthly income were identified
as influencing factors for fit satisfaction and willingness to spend a higher amount,
respectively. Additionally, online shoppers can settle for longer delivery times and
spend more money if the final product meets their requirements.

7 Limitations and Future Work

Through the survey findings, it was possible to gain a better understanding of
consumers’ attitude and their satisfaction towards online shopping. However, limita-
tions were observed and should be taken into account in future work. First, regarding
the questionnaire’s audience. The conclusions drawn from the survey are limited to
young people, students of the International Hellenic University (approximately 90%
of the participants were under forty years old). It would be interesting to expand
the survey participants’ age range. The survey instrument and research model could
benefit from revisions, construct ‘Attitude’ could be investigated further.

Additionally, we considered using Structural Equation Modelling (SEM) analysis
to explore correlations between constructs. However, the questionnaire currently
encapsulates only two main constructs: Attitude and Satisfaction. Further constructs
could be added to enable us to investigate more relationships between them by using
SEM.
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Machine Learning to Classify m
and Predict Design and Fabrication L
Solutions of Architectural Prototypes

Driven by Sustainable Criteria

Odysseas Kontovourkis and Panayiotis N. Panayiotou

This chapter presents a methodology for using Machine Learning (ML) in an attempt
to classify and predict design solutions of complex structures and products, consid-
ering static and geometric criteria as well as criteria of sustainable fabrication during
the development of small-scale prototypes. In order to achieve this, a series of
approaches are incorporated in the suggested methodology, including Topology Opti-
mization (TO) analysis, design solutions development, post-processing analysis of
the design solutions and ML investigation. The Artificial Neural Network (ANN)
applied in this work achieves the classification and prediction of design solutions
but also the prediction of new design solutions through a supervised neural network
training and testing algorithm. The results derived from students’ design solutions
and then their classification and prediction of new ones, aspire to formulate a method-
ological framework, which can lead to the design and fabrication of structures and
products that can be validated as best fitting solutions with reduced material usage
and environmental impact.

1 Introduction

Nowadays, the introduction of integrated computational design and fabrication tech-
niques has provided the opportunity for developing, exploring, and manufacturing
complex structures and products at no extra production time and cost. At the same
time, valuable solutions with superior quality and productivity rates have emerged,
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achieving in parallel, reduction of their material volume and their environmental
impact [1, 2]. Together with aesthetical and geometrical criteria involved, these tech-
niques have provided the framework for developing viable outcomes in architecture
but also other fields like product design engineering.

While a large number of techniques have been introduced and various projects
have been already presented, little work has been done in regard to their evaluation.
Most of the works dealing with the evaluation aspect of the design solutions have
been based on well-known approaches such as Genetic Algorithms (GA) and Multi-
Objective Genetic Algorithms (MOGA) optimization [3]. In these cases, the eval-
uation of solutions is based on structural and environmental objectives criteria and
key performance indicators. Nevertheless, due to the nature of architectural design
and fabrication processes, where subjective criteria are also part of the evaluation
process, the incorporation of inputs and outputs that can lead to complex solutions
is an equally important aspect, which until recently remains unresolved.

Currently, Machine Learning (ML) approaches [4], initially introduced in other
fields like image recognition and prediction of consumers behaviour, have been also
applied in architectural design and fabrication but only in a preliminary stage, which
does not provide a comprehensive overview on their implementation. An important
aspect in ML implementation is the use of large datasets and data-heavy workflows
as the starting point of any evaluation process that also includes classification and
prediction, factors that have a significant role in architectural design and construction
due to the complex nature of the process involved.

In an attempt to contribute towards this direction, the following section discusses
relevant works regarding ML in computational design and fabrication and provides
a state-of-the-art review, which assists in the development of the presented research
methodology.

2 Relevant works

2.1 Managing large datasets in computational design
and fabrication

A large amount of data from a variety of sources that occur in the building sector leads
to heavy models that need to be managed through non-conventional methods. New
approaches and systems need to be followed by architects and engineers to effectively
manage big data processes for the purpose of forming concise design information.
In particular, the architecture sector could apply Machine Learning (ML) methods
to further control data-heavy workflows [5].

Thomsen et al. [6] address the difference between typical methods and ML
approaches for a design to fabrication workflow. In particular, the standard method
in Architecture, Engineering, and Construction (AEC) practice involves the creation
of digital models that are specific, created through a rule-based approach, or resolved
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through computation. In contrast to this, ML models are predictive and are trained
through a range of exemplars. In this manner, the fabrication procedure and material
frameworks could be encoded to handle high degrees of complication and resilience
[7].

Rebala et al. [8] indicate that current conventional programming methods are
ineffective for handling large amounts of labelled datasets. Specifically, the standard
programming approach comprises two stages. The first stage is to build a detailed
plan for the program, for instance, a set of stages or rules to solve a certain problem.
The second stage is the execution of the design as a program within a computer
language. This method could be difficult for a range of real-life problems that demand
a large number of data points to be labelled within a dataset. In order to tackle
this, ML is used for making a classification of these datapoints. Specifically, the
algorithms of ML enable the system to learn the data that is labelled, for instance from
a group of examples that indicate the performance of the program. ML algorithms
are becoming more precise while the size of the dataset is growing larger. The aim of
these algorithms is to learn patterns or a variation of rules from a classified dataset
in order to achieve a precise prediction of the labels of data points that are not in the
dataset.

2.2 Machine Learning (ML)

ML is a field of computer science that examines methods and algorithms for the
automation of complex tasks that are difficult to be programmed using standard
programming procedures. The main learning models of ML can be distinguished as
supervised learning, unsupervised learning, semi-supervised learning, and reinforce-
ment learning. In this section, a further explanation will be made to the most common
terms which are supervised and unsupervised learning. The supervised learning
model is provided with a variety of data points that are labelled with the correct
answer to a problem. Then, the algorithm needs to learn the main features of each
datapoint to distinguish the solution. In contrast to this, the unsupervised learning
model is given with a set of data and the correct answer is not given. According
to a large amount of data, the model could determine similarities. Furthermore, the
algorithm will distinguish groups of similar features or the correspondence of a new
feature with a current group [8].

Neural networks are the basis of several algorithms and applications of ML.
Specifically, these are networks of interconnected artificial neurons, and their struc-
ture is influenced by the neuron network of a brain. Generally, a neural network is
employed for creating supervised machine learning models for classification. In ML,
classification refers to the detection of the category to which input is related with,
between a collection of possible categories [8].

Deep Learning (DL) is a subcategory of ML, which at the same time is a sub-field
of Artificial Intelligence (AI). Al is a generic term that applies to procedures that
allow computers to replicate human actions. DL algorithms seek to make assumptions
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equal to humans, through a wise framework and a continuous analysis of data. In order
to accomplish this, DL uses Neural Networks [9]. Deep Neural Networks contain
a vast number of neurons with several layers. DL systems are efficient for learning
unseen attributes and data structures due to the availability of a significant amount of
data nowadays. Some of the current practices of DL are language translation, speech
recognition, and image processing [8].

2.3 Machine Learning (ML) in architectural design

According to Tamke et al. [5], there are five emerging practices for ML in Archi-
tectural Design. These are, ML for the analysis of spatial design, ML for complex
simulations, ML for dataset classification, ML for adaptive operation data, and ML for
fabrication data. The following paragraphs are mainly focusing on ML for complex
simulations, dataset classification, and fabrication data.

Peng et al. [10] created an ML framework that can recognize spatial forms. The
practice that is used in this research is ML for dataset classification. Specifically, a
network is trained from the classification of a range of predefined spatial compositions
which are called seed-spaces. The classifier can then predict the form of a particular
space, and through this procedure, a test could be made for a building to obtain
statistics of its components within space. The classification workflow comprises of
two stages, training, and service. The system initially conducts spatial sampling and
therefore runs the result through the system, so that on one hand it trains the network
and on the other hand it utilizes the pre-trained network to obtain an assumption.
During the training stage, the data from the seed-spaces is used in order to train
the network. Throughout the service stage, the network assumes the best identical
seed-space for any input information tested from a particular space utilizing a similar
methodology.

ML methods could also be applied in computational design and fabrication
projects. One such project is Lace Wall which is a form-active hybrid system (FAHS)
that comprises glass-fibre-reinforced plastic rods, textile cables, and custom-made
high-density polyethylene (HDPE) components, to connect cables with rods. The
practice related to this project is ML for complex simulations. Specifically, a super-
vised learning method with Artificial Neural Network (ANN) is used for pattern
recognition in order to identify and study load distributions. ANN classification
enabled complicated structures to be optimized in conditions that are difficult to be
studied using current typical methods. In contrast to other classification methods, this
type of network was capable to learn several uncommon parameters. This allowed
flexibility and accuracy for the classification of once hidden data. In addition, it
enabled possible reuse of the optimization results’ database and the trained network
for several computational processes of a design or numerous designs that use a similar
structural system [5].
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Nicholas et al. [11] created a workflow with a neural-network system, that can
enhance conformal 3D printing and improve current robotic fabrication techniques.
This project is relevant to the practice of ML for fabrication data. Specifically, the
project examines conformal printing onto substrates of unknown geometry. The
workflow comprises four steps. The first step is the registration of data using laser
scanning equipment mounted on a robot that can capture the geometry of a substrate
with complex terrain. Then, the point cloud data from the scanner is processed and
encoded as an input to the neural network. In order to use three-dimensional informa-
tion as training data, the geometric characteristics need to be interpreted into images
that are possible to be analysed through a Neural Network [12, 13]. Moreover, the
performance of the substrate is predicted by using the neural network. Finally, the
prediction is used for activating the printing toolpath. A design experiment has been
made that tests this workflow for the creation of facade panels. The material used
for the test was Polyethylene Terephthalate Glycol (PETG) pallets. This material
was extruded onto a wooden substrate of complex geometry and then formed the
reinforcement pattern of the panels [11].

There is a range of existing ML platforms that help researchers to apply ML
in several fields including Architectural Design. Tamke et al. [5] used TensorFlow
along with Grasshopper software for a project called A Bridge Too Far. These tools
were used during the learning process of an ANN for creating a predictive geometry
before fabrication. Nicholas et al. [11] used a Conditional Generative Adversarial
Network (cGAN) to predict the performance of surfaces with complex geometry.
This prediction is activated within Grasshopper software while Python programming
language and TensorFlow is running in the back end. Sanatani [14] created an ML
framework that predicts the affective impact of enclosures in spatial design. The
parameters of this framework were analysed using Rhino and Grasshopper with an
ML plugin called Lunchbox.

The state-of-the-art review on ML in architectural design and fabrication shows
its great potential for implementation, especially when the investigation involves
large datasets and workflows and the evaluation of results are not solely based on
common input and output results but involves contradicting information due to the
complexity of the process involved. This work builds on existing knowledge on ML
in order to formulate a research methodology with a twofold aim.

Firstly, through a number of design solutions developed in the context of digital
design and fabrication courses in the undergraduate level, the study aspires to raise
awareness and to provide technical skills in computational design and fabrication
among the students of architecture.

Secondly, through the classification and prediction of results based on ML prin-
ciples [15], the study aims to analyse solutions and to provide a range of sustainable
outcomes that are distinguished in terms of material volume and fabrication time but
also environmental impact potential.
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3 Methodology

In order to achieve the abovementioned objectives, the design solutions refer to
the development of a number of prototypes based on Topology Optimization (TO)
results, using 6 different loading conditions but with the same geometrical boundaries
of a structural beam as the subject of investigation. The results of loading and mass
distribution in the body of structure in the form of 6 case studies, are given to the
students as a starting point for parametric design investigation and physical produc-
tion. Apart from the structural performance provided based on the 6 case studies,
the development of design solutions considers fabrication criteria, attempting to
minimize material and hence improve environmental impact of physical prototypes.
The development of solutions is achieved either through a bottom-up or a top-down
design logic, where each student designs a structural unit and then a system of units,
producing overall and customized beam prototypes that respond to the TO results
according to the case study under investigation. Then, students are asked to proceed
to the physical production of their design solutions in 1:10 scale using a digital
fabrication process that involves 3D printing of formworks and then casting using
concrete as the material of implementation.

The results derived from this investigation are post-processed in order to extract
output data that correspond to input information used during the development of
design solutions. Input and output data of 30 design solutions are used in a supervised
neural network algorithm, which classify and predict design solutions according to
the complex beam structures developed based on specific loading condition inputs.

The prototypes, which have been developed by the students as part of the course,
and the introduction of simple input and output data for training, classification and
prediction purposes using a neural network algorithm, aim to analyse the complex
models, which can be validated as best fitting results in regard to their minimum
material usage and their lower environmental impact performance.

3.1 Topology Optimization analysis

The initial step of the process refers to the production of 6 case studies based on
Topology Optimization (TO) analysis using the TopOpt plug-in [16] for Grasshopper
[17] (plug-in for Rhino software [18]). The specific plug-in is based on a basic
Topology Optimization procedure following the work by Ole Sigmund [19]. The
goal is to develop a series of analysis results regarding optimized material distribu-
tion in a 2D domain, which are used by students to develop their physical prototypes
in the next stage. The TO analysis is conducted based on the same geometrical
boundary conditions as the starting point but with different input loading conditions
that are differentiated in each case study. The analysis starts by specifying a rect-
angular boundary that represents a structural beam with dimensions 0.8 x 5.00 m?.
This geometry is developed in Rhino software environment and set to Grasshopper
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for further analysis steps. The geometry is defined as the design space for domain
discretization. Then, a series of parameters are specified including the loading condi-
tions (force point), the support conditions (support points), and the optimization
settings. In particular, the force point input component consists of the point’s coor-
dinates that the force is applied and the force direction, in this case vertical with
negative direction according to Y axis. The support point input component consists
of the points where the supports are applied. In this case, two support points are
applied with a specific degree of freedom according to the X and Y axes. In the first
support point, there is no freedom in X and Y directions. In the second support point,
there is freedom in X direction with Y axis to be locked. The final input component
refers to optimization settings and more specifically to volume fraction, penalization
power and filter size, which are used as input settings in 2D Topology Optimization
component. Table 1 demonstrates the six different case studies, representing various
input data for analysis.

The 2D Optimization generates 6 different output results that are related to the
material distribution and geometry. The latter undergoes further elaboration to repre-
sent the results of optimization in the form of an outline geometry. This is achieved
through the component Contour 1Material with 0.7 the input value of the density
filter. Figure 1 demonstrates material optimization results of case study 6 in the form
of an image representation and Fig. 2 represents the 2D representation of TO in the
form of contours.

3.2 Design Solutions (DS) development

The optimized material distribution in 2D domain of the 6 case studies was given to
30 undergraduate students of architecture as the starting point for their design and
physical production processing based on the use of parametric design principles. In
order for the students to understand the purpose and objectives of this exercise but
also to precisely follow the suggested design procedure, the design workflow was
explained in a number of steps based on a top-down and bottom-up design logic. The
exercise aimed to develop design solutions (DS) that consider the results of TO, and
more specifically referred to the placement of a larger amount of material in the areas
indicated by the TO analysis, minimizing at the same time the amount of material
in other areas with further distance from the contours. The concept has followed
principles found in functionally graded structures, where graded lattice structures as
infill patterns were generated based on Topology Optimization analysis, aiming at
additive manufacturing of their designs [20-22].

Based on a similar concept, instead of infill patterns, the students were asked to
develop individual structural units for each one of the 100 cells enclosed in the 2D
domain. These structural units were distributed in the 2D domain area of each case
study under investigation and their parameters were differentiated according to their
distance from the contours (see Fig. 2). Briefly, the two parametric design logics
were described in the following steps.
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In the case of top-down design logic, the following steps were provided:

1. The distances between cell centres and contours were calculated in XY plane.

2. The distances were redefined based on a simple mathematical equation in order
to be reduced to values of height in Z direction, inversely proportional to the
distances found in XY plane. The limit of height values was set to 0.4 m.

3. Height values were used as the starting point for developing extruded points in
Z direction.

4. Extruder points were used for the 3D design of splines, polylines, or other curves
according to intuitive criteria decided by each student (Fig. 3).

5. Based on different curves, free form surfaces were generated as upper surfaces
using different 3D modelling approaches such as Ruled Surface and Control
Point Loft (Fig. 4).

6. Additional surfaces were added to the outside boundary of the shape resulting
3D closed solid polysurfaces (Fig. 4).

7. Then, 3D negative shapes were generated by using the Difference Boolean
operation.

8.  Finally, both 3D solids and 3D negative shapes were mirrored in XY plane and
the final 3D prototypes and respective 3D formworks were developed.

In bottom-up design logic, the first two steps given to top-down approach remained
the same but the 3D generation of solids followed a different approach that is
described as follows:

1. Height values were used as the starting point for defining 3D closed solid
polysurfaces in Z direction that represented structural units for every cell.

2. The definition of 3D closed solids was based on intuitive criteria decided by
each student. A simple example where height values were used for extruding
the boundaries of individual cells in Z direction, creating 3D solid boxes with
different heights is shown in Fig. 5.

Fig. 3 An example of points extrusion and the generation of curves using input parameters of case
study 1
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Fig. 4 An example of 3D modelling of the overall shape using input parameters of case study 1

Fig. 5 An example of 3D modelling of the individual structural using input parameters of case
study 1

3. The3D closed solids were developed using different modelling approaches, both
for designing and for modifying and included 3D solids and Boolean operations,
respectively.

4. Following the development of 3D closed solids polysurfaces, the next step was
the generation of the 3D negative shapes using Difference Boolean operation.

5. Finally, both 3D solids and 3D negative shapes were mirrored in XY planes and
the final 3D prototypes and respective 3D formworks were developed.

Based on the abovementioned parametric design logics and after random case
study distribution among the students of undergraduate course, 30 DS were devel-
oped. As it has been mentioned, the choice for each 3D shape generation was achieved
based on intuitive criteria but also on constraints provided according to the case study
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under investigation. These constraints were related to material distribution in the 2D
Topology Optimization results but also geometrical constraints related to the 2D
domain and Z height of the external boundaries conditions provided.

In general, it was emphasized to the students the importance of developing design
solutions that could optimally consider the distribution of the material in the gener-
ation of 3D shapes in an attempt to reduce the total volume, but at the same time,
the optimum volume of 3D negative shapes was considered during the 3D modelling
process. These principles were associated with the next step of the process related to
digital fabrication, where 3D formwork printings and concrete casting of 1:10 scale
prototypes were developed. In addition, it was emphasized to the students that the
reduction of formwork material could have a positive impact on 3D printing time but
also on embodied energy of the plastic material used, in this case, Polylactic Acid
(PLA). Figure 6 shows design solutions generated based on top-down and Fig. 7
shows design solutions generated based on bottom-up design logic. Figure 8 shows
the 3D generation of formworks.

Fig. 6 Design solutions generated based on top-down logic. The design solution (DS 2) on the
left-hand side was based on input parameters of case study 4 and the design solution (DS 3) on the
right-hand side was based on input parameters of case study 3

Fig. 7 Design solutions generated based on bottom-up logic. The design solution (DS 8) on the
left-hand side was based on input parameters of case study 2 and the design solution (DS 28) on
the right-hand side was based on input parameters of case study 5
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Fig. 8. 3D formwork of two design solutions. On the left-hand side the formwork for DS 2 and on
the right-hand side the formwork for DS 8

Fig. 9 Formworks structures consisting of PLA 3D printed parts. Formwork of DS 2 (top) and
formwork of DS 3 (bottom)

In the next step, the fabrication process was conducted based on the derived DS,
attempting to improve the sustainable aspect of the process, which included reduction
of the 3D printing time of formworks but also to improve the environmental impact
potential of the PLA material. The digital fabrication process involved 3D printing
production of formworks in 1:10 scale based on previous design outcomes using an
Ultimaker 3D printer. Each formwork was split into 4 parts due to the size limitations
of the printer machine. Then, all formwork parts were assembled, creating the overall
formwork structure that was ready for concrete casting. Figure 9 shows representative
formwork structures and Fig. 10 shows physical prototypes of DS 3 and DS 8.
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Fig. 10 Physical prototypes. Physical prototype of DS 3 (top) and physical prototype of DS 8
(bottom)

3.3 Post-processing analysis of DS

The DS obtained during the digital design to fabrication development were further
processed using Grasshopper (plug-in for Rhino software) in order to extract specific
output data, which were used in the next phase of investigation dealing with the
Machine Learning implementation for the classification of existing DS, but also
the prediction of new design solutions based on the trained inputs. Specifically, the
DS were distinguished according to the input parameters involved using the 6 case
studies. Then, the training inputs included Force point position (%), Volume fraction
(VolFrac), and Filter size (Rmin). Based on the results derived from digital design to
fabrication process of the 30 DS, the expected outputs included Formwork volume
(m?), Formwork printing time (min), Filament length (mm), Material cost (Euro),
and Embodied Carbon (KgCO,e/Kg). The cost for the PLA material was calculated
as 40 Euro/Kg. The Embodied Carbon was calculated based on Cardinal LCA plug-in
[23] in Grasshopper (plug-in for Rhino). Specifically, using cradle-to-gate procedure
acustom material as PLA was developed by specifying the Global Warming Potential
(KgCO,e/Kg) for stages A1-A3 at 0.501 KgCO,e/Kg and the Density (Kg/m?) at
1210 kg/m? based on existing works in LCA analysis of PLA material [24, 25].
The Embodied carbon results for each DS are derived by multiplying the formwork
volume in 1:10 scale with the Global Warming Potential and the Density of material.
The input and output data are summarized in Table 2.

3.4 Machine Learning (ML) implementation

The results derived from post-processing investigation were used as training input
and expected output data in a supervised neural network algorithm, which classify
and predict the DS of complex beam structures with specific loading conditions and
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geometrical inputs. Specifically, the 3 training inputs and the 6 expected outputs from
the 30 DS along with their corresponding case studies (Table 2) were used during the
training process. The Artificial Neural Network (ANN) model is developed using
LunchBox plug-in [26] which is an ML tool for Grasshopper (plug-in for Rhino
software). Initially, the data derived from the design solutions was classified in order
to separate inputs from outputs. Therefore, this data was remapped to numbers from
0 to 1 and fed into a backpropagation algorithm with a sigmoid activation function.
Further to this, the train model includes two hidden layers with 4 neurons on each
layer. The number of hidden neurons has been chosen through a trial and error
process, in order to find the most precise prediction possible.

Figure 11 describes in detail the basic steps of the process with the integration
of the ANN algorithm. The diagram indicates the testing process, where according
to the input from each case, it predicts 6 outputs. In this process, 100,000 iterations
were performed with error values from 0.000409 to 0.00005 (Fig. 12). The ANN
model allows a comparison of the predicted outputs with the expected outputs from
the design solutions of each case. For example, a case input can indicate the predicted
embodied carbon which is compared with the expected embodied carbon from the
design solutions of that certain case. The overall outcome of this comparison is
analytically presented in the next section.

Input Hidden Hidden Predicted
Layer Layer : i Output

Actual
Formwork Volume Structure
(m3)

11

Formwaork Printing T
Time (min)

Force Point N ?.

Position (0 to 1) .§ §
3 Filament

length (mm)

Volume fraction : @@ <

(VolFrac) /
Filter size (Rmin) . i § ‘é

Physical
Prototype
1:10

Plastic
Weight (g)

e

Material
Cost (Euro)

Embodied Carbon
(kgCO2e/kg)

Fig. 11 ANN diagram describing inputs and predicted outputs
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Fig. 12 ANN diagram describing Error’s Dynamics

4 Results and discussion

This section provides detailed results regarding classification and prediction of
existing DS, which were produced during the previous phase of experimentation
but also results that were derived by testing New Design Solutions (NDS) based
on the same ANN. Specifically, in the first part, the results are classified based on
predicted outcomes derived from the 30 DS and are distinguished according to the 6
case studies, considering the expected performance outputs. In the second part, the
performance of 6 NDS is examined, using new input data based on a combination of
existing and new input parameters.
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4.1 Classification and prediction of Design Solutions (DS)

Although the ML algorithms implementation requires a large number of design
solutions during the training phase so that the predicted results are as accurate as
possible and respond to the expected outputs without major deviations, by exploring
the first 30 DS, a first insight into the capabilities of the ANN can be provided. Within
this framework, the classification of the DS based on the input parameters of case
studies but also the expected outcomes is presented in the following figures. This
achieves a comparison between expected and predicted outputs in each case study.
Figure 13 demonstrates predicted and expected results for DS, where input param-
eters of case study 1 were applied. The DS examined were DS 01, DS 07, DS 11, DS
12, DS 16, DS 25, and DS 26. In this figure, 6 different graphs represent each of the
6 different output values derived from the experimentation; Formwork volume (m?),
Formwork printing time (min), Filament length (mm), Plastic weight (g), Material
cost (Euro) and Embodied carbon (KgCO,e/Kg). As it can be observed, the average
expected value for each output is close to the predicted result derived through the
ANN. Also, small deviations between ANN prediction and average output results of
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Fig. 13 Graphs that represent predicted and expected results of the 6 outputs using input parameters
of case study 1. Comparisons between ANN prediction and average outputs are provided
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DS using input parameters of case study 1 were observed. Specifically, the compar-
ison between the ANN prediction value and the average expected value in the case of
Formwork volume (m?) shows deviation at a percentage rate of 0.70%. The compar-
ison between the predicted and the average expected values in case of Filament length
(mm), Plastic weight (g), Material cost (Euro) and Embodied carbon (KgCO,e/Kg)
indicates deviation at a percentage rate that range between 1.73 and 2.29%.

Similarly, Fig. 14 demonstrates predicted and expected output results for DS,
where input parameters of case study 2 were applied. The DS examined were DS 05,
DS 08, DS 14, DS 15, and DS 22. In this case, the comparison between the ANN
prediction value and the average expected value in the case of Formwork volume (m?)
shows deviation at a percentage rate of 4.31%. The comparison between the predicted
and the average expected values in the case of Filament length (mm), Plastic weight
(g), Material cost (Euro), and Embodied carbon (KgCO,e/Kg) indicates deviation at
a percentage rate that ranges between 4.32 and 5.22%.

The DS examined in case study 3 were DS 03, DS 06, DS 17, and DS 21. In case
study 4 the DS 02, DS 18, DS 23, DS 24, and DS 29. In case study 5 the DS 04, DS
10, DS 19, DS 27, and DS 28. Finally, in case study 6 the DS 09, DS 13, DS 20,
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Fig. 14 Graphs that represent predicted and expected results of the 6 outputs using input parameters
of case study 2. Comparisons between ANN prediction and average outputs are provided
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and DS 30 were investigated. In all case studies, the ANN prediction values and the
average expected values for all 6 performance outputs were compared. In case study
3 the comparison of the 6 outputs indicates deviation at a percentage rate that range
between 3.11 and 3.87%. In case study 4 deviations at a percentage rate that range
between 0.16 and 1.50% are observed. In case study 5 the percentage rate ranges
between 1.29 and 6.34%, while in case study 6 deviations at a percentage ranging
between 1.81 and 2.53% are observed.

The detailed investigation of the output results obtained as regards the sustainable
potential of the DS show that the ANN prediction value of Material cost (Euro) in
case study 4 is the minimum whereas in the case study 3 is the maximum (Fig. 15).
Also, the ANN prediction value of Embodied carbon (KgCO,e/Kg) in case study 4
is the minimum, whereas in the case study 3 is the maximum (Fig. 16).
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Fig. 15 Graphs that represent ANN predicted and average DS values of material cost (Euro) for
all case studies (1-6)
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Fig. 16 Graphs that represent ANN predicted and average DS values of embodied carbon
(KgCO,e/Kg) for all case studies (1-6)

4.2 New Design Solutions (NDS) performance prediction
and validation

The prediction of performance outputs derived through ANN is conducted in this
section. In order to achieve this, new input parameters are formulated in the super-
vised neural network algorithm. Specifically, Table 3 shows new and existing input
data incorporated into 6 NDS based on the 6 case studies developed for TO analysis.
The first 3 NDS incorporate 1 new and 2 existing input parameters while the last 3
NDS incorporate 2 new and 1 existing parameters.

Predicted results of the 6 NDS solutions for 6 performance outputs; Formwork
volume (m?), Formwork printing time (min), Filament length (mm), Plastic weight
(g), Material cost (Euro) and Embodied carbon (KgCO,e/Kg) are extracted from
ANN. Analytically, Fig. 17 demonstrates the predicted performance output results
for all NDS. As it can be generally observed, the values of NDS 01, NDS 03, NDS
05, and NDS 06 in all predicted performance outputs appear to be reduced relative
to the values of NDS 02 and NDS 04.
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Table 3 Input data consisting of 6 NDS used in ANN for output results prediction

New design solutions
(NDS)

Force point position
(0-1)

Volume fraction
(VolFrac)

Filter size (Rmin)

1 0.75 (new) 0.4 (existing) 2 (existing)
2 0.25 (existing) 0.75 (new) 1.5 (existing)
3 0.62 (existing) 0.6 (existing) 1.75 (new)
4 0.12 (new) 0.6 (existing) 1.6 (new)
5 0.5 (existing) 0.45 (new) 1.8 (new)
6 0.86 (new) 0.55 (new) 2 (existing)
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Fig. 17 Graphs that represent the results of the 6 predicted performance outputs in the case of 6

NDS

The comparison between the NDS where reduced values are observed shows that
in the case of Formwork volume (m?), the best minimum result is the same for the
4 NDS out of 6 (NDS 01, NDS 03, NDS 05, and NDS 06). In the case of Formwork
printing time (min), the best minimum result is observed in NDS 0O1. The same applies
in the cases of Filament length (mm), Plastic weight (g), and Material cost (Euro),
where the best minimum values are observed in NDS 01. In the case of Embodied
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carbon (KgCO2e/Kg), where the calculation is related to the Formwork volume (m?),
4 NDS have almost the same minimum value.

In general, the comparison between the performance output results of all NDS
show that NDS 01 achieves the best fitting results in all categories with the cases
NDS 03, NDS 05, and NDS 06 to follow with slight differences in each output case.
If the output performance is examined in relation to the input values, the input data
of NDS 01 refer to 0.75 (0-1) for Force point position, 0.4 (VolFrac) for Volume
fraction, and 2 (Rmin) for Filter size. A comparison between the input values of
4 NDS best optimum solutions shows that in the case of Force point position best
results are observed between 0.5 and 0.88 (0-1). In the case of Volume fraction best
results are observed between 0.4 and 0.6 (VolFrac) and in the case of Filter size best
results are observed between 1.75 and 2 (Rmin). Considering that NDS 01 is found
to be the optimum one, input selection of force position in the 3/4 of the overall
length of the beam structure, minimum value 0.4 VolFrac for Volume fraction and
maximum value 2 Rmin for Filter size might be the best input data selection during
TO analysis. This input selection is found to lead the process towards the best fitting
results in terms of sustainable digital design and fabrication.

5 Conclusions

The current research has presented a methodology for using Machine Learning (ML)
and more specifically a supervised neural network algorithm for the classification
and comparison of predicted and expected performance output results in a number
of design solutions (DS), but also for the prediction of new design solutions (NDS)
in complex design and fabrication tasks, which have been conducted by students of
architecture within the framework of an undergraduate course. In order to achieve
this, a series of data has been extracted and applied, which has formulated the
training inputs and the expected outputs applied in the algorithm. This data has
been derived based on a series of approaches that included Topology Optimization
(TO), design development, post-processing analysis, and ML implementation. This
approach aimed to develop a framework, where design solutions with complex design
and fabrication objectives can be classified and predicted, providing the ground for
specifying inputs and outputs that are best fitting results and can lead to sustainable
outcomes in terms of material usage and environmental impact.

The two categories of results obtained through the classification and prediction of
Design Solutions (DS) and the New Design Solutions (NDS) performance predic-
tion and validation show promising directions for implementing ML in the digital
design and fabrication process. The results obtained showed that, although design
and fabrication process is a complex task that involves a large number of intuitive
decisions taking during the development of structures and products, the classification
and prediction of best fitting solutions can be achieved. More specifically, in the first
part of the investigation the 30 DS have been classified and ANN predicted results
have been derived and compared with the average expected results in each case study
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examined. The results show small deviations, if the comparison between predicted
and expected results is examined, showing the algorithm might be able to predict
future design and fabrication outcomes. In the second part of the investigation, the
application of 6 NDS and the results obtained using the same supervised neural
network algorithm show that best fitting design solutions can be identified based on
input data in an attempt to predict the design and fabrication of physical prototypes
before actual work is conducted. Also, the selection of input data that can respond to
best fitting solutions is feasible and can provide specific input information that can
be used during Topology Optimization analysis.

This research has also demonstrated possible directions for further improve-
ments. The use of 30 DS is considered to be a small sample in ML investigation
process. Future work towards the increase of design solutions is considered an impor-
tant aspect of ML investigation. Also, the incorporation of 3 training inputs and 6
predicted outputs should be extended by indicating new training inputs and predicted
outputs in the algorithm in an attempt to include qualitative criteria involved during
design and fabrication stages. The ultimate aim is to classify architectural solutions
based on their sustainable performance and in parallel to raise awareness among the
students of architecture about digital design and fabrication workflows that can have
a positive impact on the built environment.
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Evaluation of the Station Uniform m
for Firefighters by Anthropometric L
Method on the Basis

of the Physico-mechanical Properties

of the Material

Ada Traumann, Teele Peets, Merje Beilmann, and Gertu Vilba

The aim of the research was to test firefighters’ clothing in different body posi-
tions during their work using the anthropometric method developed at TTK Univer-
sity of Applied Sciences, according to which the suitability of the size number and
height of a firefighter’s station uniform can be assessed. Research conducted with
the Rescue Board revealed that more complex body positions test the properties of
special clothing materials and cause discomfort to the wearer. To compensate for the
little elongation of the garment material, firefighters in many cases chose clothes one
size larger to add some extra space. The anthropometric method includes 12 different
movements, carefully selected from the body positions encountered in firefighters’
tasks. 61 firefighters who evaluated the special clothing took part in the testing. The
evaluation was performed by four different teams across Estonia. However, new
problems were added in the evaluation of garments with this method, the firefighters
who participated in the experiment complained about the inappropriate composition
of the special garment materials, their elongation and permeability of fabrics. The
station uniform of firefighters consists of a T-shirt and uniform trousers as the garment
assembly, which are worn daily 24/7 depending on the work tasks, also during rescue
work with protective clothing. In the case of special clothing, it is important to find a
suitable fabric that, with its fibrous composition and structure, helps to reduce body
heat without creating a potential risk of heat stress and reducing the firefighter’s
performance in work operations, which can be life-threatening in certain situations.
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This research revealed that the biggest problem for firefighters was the material of
the uniforms, which has low air permeability, makes the wearer sweat and sometimes
obstructs movement. A wet T-shirt is uncomfortable for the wearer and increases the
risk of cold.

Based on the information obtained by testing the station uniform of firefighters
by the anthropometric method, air permeability and elongation tests have been
performed on the fabric of the firefighters’ T-shirt with a polyester mixture. The
obtained results have been compared with different T-shirt fabrics and a test
application has been performed on several fibrous fabrics.

1 Introduction

1.1 Static Anthropometry

The term “anthropometry” is derived from a combination of the Greek words anthrop
(meaning man) and metricos (meaning measurement). It refers to the systematic
measurement and collection of data on human physical properties such as body
dimensions, body shape, masses of body segments, centre of gravity and inertial
properties [1].

Nowadays, anthropometry plays an important role in engineering, as part of
industrial design, clothing design and architecture, where these data are used in the
design and evaluation of user-centred systems, equipment, industrially manufactured
products, workspaces and other facilities [1].

Static or structural anthropometry is the traditional and simplest method for
collecting anthropometric data. Circumferential dimensions, lengths and widths of
body parts are recorded by holding the body in fixed standard positions. [1] Methods
for collecting such measurements are outlined by Bye et al. 2006, who classified
them as follows [2]:

e Linear measurements, which provide data from the distance between two points.

e A multi-probe method using a combination of linear methods with other tools to
map body contours.

e The body shape method, which provides information about the surface and shape
of the body.

In order to determine the size number of the Estonian Rescue Board’s clothing,
the wearers need to know or re-measure at least 11 different body measurements.
Figures 1 and 2 show the most important body measurements for both women and
men, which are height (A), head circumference (B), neck at base girth (C), bust/chest
girth horizontal (D), arm length (E), waist girth (F), buttock girth (G), inseam (H),
foot width and foot length (I), palm length (J), palm girth (K).
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Fig.1 Men’s body
measurements &

Fig. 2 Women’s body
measurements
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The main sizing measurements for a product that rests on the shoulder are
height, bust and waist girth and sleeve length. Additional measurements include
head circumference, neck and hip girth.

1.2 Dynamic Anthropometry

When wearing clothes, the human body and the clothes influence each other. Intro-
ducing the element of body movement in time and space adds a fourth dimension to
the field of anthropometry, called dynamic or functional anthropometry. Functional
anthropometry involves the measurement of a body in motion, or at a moment in time
when various actions are performed. Clothing design is often task-specific. When
designing workwear, the general movement of workers and the positions they assume
when performing their tasks can be examined. The process involves observing the
movement of joints and muscles during the performance of a task, evaluating the
measurements against those that will be generated in actual use. If special equip-
ment is used, the measurements must take account of additional equipment (helmet,
mask, oxygen tank). This is followed by the selection of different ranges of motion,
where, for example, the angle of the knee is set at 60° or 90° when monitoring the
joints. The test subjects try several variations with the product being tested. When
analysing the photos taken during the test, the method can be used in which notional
intersecting surfaces (Fig. 3) are drawn through fixed points on the body [1].

Fig. 3 Determining
dimensions using dynamic
anthropometry
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Dynamic anthropometry is difficult and cumbersome to perform, but can be
applied directly in the design process. The most successful application of dynamic
methods so far has been in the design of sportswear for top athletes. The use of
such data in the design of swimwear and other sportswear has been shown to reduce
muscle fatigue, increase comfort, reduce resistance and in turn lead to improved
performance. Of course, it is argued that in general it is not possible to measure body
movement with the same accuracy as in the static position, as the course of action
varies when the task is repeated, even for the same individual. It is also difficult to
track the markings on the body while the body is moving. Although dynamic anthro-
pometry adds much accuracy and versatility to the design process, today it is still a
rather time-consuming and costly process [1].

1.3 Methodology for Anthropometric Measurements

Clothes form a layer close to the human body, creating an intimate environment
around it. People routinely move around and perform a variety of tasks in their
personal and professional lives. In the course of these activities, clothing moves and
interacts with the body. A number of factors determine a pleasant or unpleasant
user experience. Among these, how the garment fits or how it matches the wearer’s
size and body shape is an important factor. The fit of the garment affects both the
appearance and performance of the wearer [1].

The basic anthropometric measurements in the technological design of garments
are presented in the first part of the international standard ISO 7250-1:2017, which
focuses on the definitions of body measurement and its reference points. The stan-
dard document includes a description of anthropometric measurements that can be
used as a basis for comparisons between population groups and for the creation of
anthropometric databases. A basic list of anthropometric measurements is defined
in this standard document to assist ergonomists who need to define population
groups and apply their knowledge to the geometrical design of people’s living and
working environments. In addition, the list is the basis for extracting one- and two-
dimensional measurements from three-dimensional scans (specified in ISO 20685).
Itis a guide to anthropometric measurements, but in turn provides information for the
ergonomist and designer on the anatomical and anthropometric bases and principles
of measurement used in the design tasks [3].

The ISO 7250-1:2017 standard sets out four conditions under which measure-
ments should be taken [3]:

1. Clothing of the subject—at the time of measurement, the subject should wear
minimal clothing, be bareheaded and have no footwear.

2. Support surface—floors, support surfaces and seating areas should be flat,
horizontal and non-deforming.



136 A. Traumann et al.

3.  Body symmetry—both sides of the body should be equally measured. If it is
not possible to measure both sides of the person, it should be noted which side
is measured.

4. Body position—when standing, the person should look straight ahead, stand
with heels side by side, maintain a normal posture and breathe at a normal
rhythm; when seated, the torso should be upright, the shoulders relaxed, the
person looks straight ahead (Frankfurt plane) and their legs are supported so
that the femurs are horizontal and parallel to each other. An adjustable footrest
may also be used to fix the position of the legs or a combination of different
platforms may be used to achieve the desired position.

2 Ergonomics of the Work Environment

2.1 Occupational Health and Safety in Specialised Services

The firefighter profession is a dangerous one, involving intense physical activity in
hazardous environments [4]. Over the years, the nature of firefighting and the role
of firefighters have changed and, as a result, their equipment has changed. Today, in
addition to extinguishing fires, the work of firefighters also involves rescuing people;
responding to emergency incidents and car accidents, and coming into contact with
hazardous substances. In addition, fires are hotter and more dangerous due to the
new building materials used in today’s building structures [5].

In the case of firefighters, it is important to note that, in addition to the correct
working practices, the clothing worn for specific tasks also has an impact on the
wearer’s state of health. The wearer must be able to sense their body well and react
to situations where they feel that performance is declining. If there is a noticeable
decrease in physical performance, this is already a sign of a reduced state of health.
The international standard ISO 18640-1:2018 states that the main function of protec-
tive clothing for firefighters is to protect the wearer from hazards and to maintain
their health and comfort. In addition, by protecting the wearer from heat and flame in
extreme environmental conditions, protective clothing prevents health risks or even
life-threatening heat stress. Today’s standards specify requirements for the protective
performance of protective clothing against heat and flame. The higher the protective
performance of such garments, the less heat from the human body is dissipated [6].

The energy demand of firefighters in different situations can exceed 500 W/m2
[7]. Of this, 75-85% is emitted in the form of heat, which has to be dissipated from
the human body by thermoregulatory processes in order to avoid an increase in core
body temperature [8]. If heat dissipation is not limited, the human body can maintain
a normal temperature of between 36.5 and 37.5 °C [9]. Under harsh environmental
conditions and/or with limited heat dissipation due to protective clothing, the human
body is unable to maintain a normal core body temperature and suffers from heat
stress. The ability to work is progressively reduced and further increases in core
body temperature can become life-threatening [10]. In order to reduce the risk of
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heat stress during high-intensity physical activities, the effect of protective clothing
on human thermoregulation and the occurrence of heat stress should be assessed
[11].

Occupational health and safety at the Rescue Board is governed by safety regu-
lations, the requirements of which must be complied with by the employees in their
daily work as well as during drills and training. Familiarisation with the safety
manuals is carried out as part of a specific special competence module or training
course and is subsequently available to all staff. Additional training and drills are
organised to maintain these standards. In addition, ensuring the retention of skills is
managed internally by scheduling different training exercises during working hours.

2.2 The Role of Ergonomic Movements in Ensuring Safety
at Work

Clothing measurements can become a critical determinant of safety and performance
in extreme conditions. For example, workwear used in industrial applications that
has a very loose pattern can become entangled in machinery and cause accidents.
Garments that are too tight for the wearer are also a problem. Anders et al. 2005
showed that trousers that are too tight or smaller than the wearer’s actual size can
restrict hip movement and alter the body’s muscular activity both at work and during
leisure time [12]. Yoo and Yoo 2012 concluded that any clothing-induced restrictions
in the pelvic and hip area can cause movement and biomechanical changes in the rest
of the joints that are not specifically caused by the clothing item [13]. Going further
into the topic, the 2013 study by Eungpinichpong et al. refers to the fact that the
habitual wearing of tight trousers by young workers when performing specific job
tasks leads to restricted and altered movement patterns in the hip and pelvic region,
respectively. These, in turn, may be the cause of increased complaints of lower back
pain and work incapacity among young workers. Other problems reportedly caused
by wearing very tight trousers include neurological and digestive problems, as well
as bladder problems in both men and women [14].

Given the tasks of firefighters and the nature of the situations they work in, fire-
fighters should wear clothing that is more conducive to movement when working.
The wearer should remain focused on the incident, but should not be restricted or
hindered by the clothing. Clothing that is too tight and/or of a smaller size may
expose different areas of the body, causing discomfort to the wearer and increasing
the amount of heat reaching the skin, for example. Exposure of body areas is also
likely to increase the risk of catching colds, due to being more affected than usual
by environmental factors. Similarly, clothing that is too small prevents the wearer
from performing the necessary tasks and positions, and increases the likelihood of
dangerous situations occurring. Clothing that is larger and/or longer than the normal
size can be a hindrance, for example by getting caught up in objects in the outdoor
environment. In order to design garments that truly fit the body they are intended
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for, a thorough understanding of the body shapes and sizes of the target audience
is necessary. The first step in this process is the systematic body measurement of a
typical sample of the population also known as anthropometry. Given that anthro-
pometry can be used to study and analyse the size and shape of the human body,
this knowledge can be used to design products that meet the users’ needs. Clothing
must meet the wearer’s requirements for appearance and comfort, allowing them to
perform their tasks without constraints or obstacles. Finding the right fit for all users
is of course complicated due to the fact that people differ not only in terms of their
body dimensions, shapes and proportions, but also in their perceptions of good fit
and appearance of clothing [15].

3 Development of an Anthropometric Method
for Firefighters’ Uniforms

3.1 Research Methodology and Sample

The study involved semi-structured and structured interviews and purposive sampling
to collect data. Assessments were carried out in different fire brigades according
to predefined questions and a 3-point scoring system. The scale interpretations of
the responses are as follows: “1”—no change; “2”—Ilittle change; “3”—significant
change.

The assessor pointed out that a little change for a score of “2” is visible and/or
noticeable to the firefighter, but a visible change for a score of “3” is already visible
to the assessor.

Interviews were carried out individually in the teams. Fourteen shifts from four
rescue brigades took part in the evaluation and 61 firefighters evaluated the station
uniform. The interviews conducted in the rescue brigades took on average 3—4 h,
regardless of the size of the brigade. For the time of the visit to the brigades, a figure
with 12 body positions had been created, for each position an evaluation sheet with
the parameters to be assessed and relevant questions had been prepared using the MS
Excel 2016 program. The questions for each parameter were structured as simply as
possible so that they could be clearly understood by the firefighters. For example,
for the sleeves parameter, the question “Did the sleeves rise up?”, for the deltoid
parameter the question “Does it feel tight in the deltoid area?”, for the abdomen
parameter the question “Was the abdomen exposed?”” was asked.

During the interview, the firefighters were able to talk about their experiences
and the problems they encountered while wearing the clothes. They were open with
the assessor and spoke about their observations on the characteristics of the station
uniform based on their experiences, which gave new ideas to solve problem areas.
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3.2 Characteristics of the Firefighters’ Station Uniforms

The station uniform worn by firefighters on a daily basis consists of five different
items of clothing: T-shirt, polo shirt, blouse, trousers and sweatpants. The polo shirt
is not part of every firefighter’s kit, but is worn by team leaders.

The work of firefighters is very varied and they have to work in very tough condi-
tions. Their uniforms are the same all year round, consisting of a station uniform and
firefighting overalls. It should also be noted that, wearing the same clothing, fire-
fighters must be prepared to work in temperatures ranging from +25 degrees Celsius
to —25 degrees Celsius. Extreme winter colds are less frequent, but it is important
to be aware of the temperature range and to bear in mind that, at the same time,
firefighters are performing their physical work in full equipment: undergarments,
station uniform, firefighting overalls, boots, socks, gloves, balaclava and helmet. In
addition, depending on the incident, they carry a variety of work equipment, such as
fire hoses, breathing apparatus, hydraulic tools, etc., with them.

This research focuses in particular on the wearing comfort of the T-shirt and
trousers. The men’s T-shirt has a straight silhouette, short sleeves and a bottom hem
that is curved and elongated in the back of about 3540 mm (Fig. 4). The women’s
T-shirt has a semi-fitted silhouette with short sleeves and a straight bottom hem
(Fig. 5). There is a small monochrome grey print on the left side of the front chest
line and a large monochrome grey print on the upper back. On the left sleeve, the

Fig. 4 Men’s T-shirt front
and back view

Fig. 5 Women’s T-shirt
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logo of the Rescue Board is printed in white as an outline, with a diameter of 67
mm. The material is 62% polyester and 38% cotton.

Men’s uniform trousers have a straight silhouette, a front fastening with a zip, a
straight waistband and eight pockets. The front fastening is a 6 mm spiral zipper.
The side pockets are diagonally angled, i.e. slanted, and there are two rear pockets
with flaps at the back, thigh pockets with sewn-on flaps above the knee and a mobile
pocket with bellows and a flap sewn onto the right thigh pocket. The left thigh pocket
has a two-pencil-wide stitched pocket and a textile-zip stripe between the side seams
to adjust the width of the trouser leg.

Women’s trousers have a straight silhouette, a front zip fastening, a figural waist-
band and four pockets. The front fastening is on the men’s side and also closes with a
6 mm spiral zipper. The side pockets are slanted and there are two rear pockets with
flaps on the back. Both men’s and women’s trousers are made of the same material,
with a fibre composition of 60% modacrylic and 40% cotton.

3.3 Anthropometric Method for the Firefighters’ Station
Uniforms

For the assessment guide for the uniforms, body positions were determined according
to the content of the firefighters’ work tasks. Different activity scenarios were consid-
ered and the most important positions were selected. The structure of the guide
was based on the international SWW (Smart and Safe Work Wear) project, which
had outlined important observations to be observed in uniforms [16]. Among other
things, the SWW project resulted in the development of a guide for assessing the fit of
uniforms, which, in addition to measurement charts and reminders for assessing the
characteristics of the garment, also included drawings that the individual can follow
to assess the fit. In addition, inserted between the drawings were the necessary obser-
vations to be taken into account by the wearer when assessing the suitability of the
uniform.

The model wore a T-shirt and trousers from the set when the body positions guide
for firefighters was prepared. 12 body positions were included in the guide developed
during the research: sitting, bending over, hands at the side, hands up, hands in front,
hand over shoulder, full squat, half squat, crooked kneeling, kneeling on one knee,
lunge, crawling (Fig. 6).

The first position was the sitting position, which applies to all firefighters, regard-
less of their specific abilities or the nature of the incident. The assessed parameters
were sleeves, lower back, crotch and trouser cuffs. The contraction of the sleeves shall
be monitored in order to detect the presence of possible tension on the upper back.
In the crotch area, both the crotch seam area and the thigh area are assessed. When
sitting, the point of tension is the buttock area and the tension manifestation point is
the lower back. In addition, the contraction of the trouser legs shall be monitored to
identify any points of tightness in the leg region.
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3 HANDS ATTHE SIDE 4 HANDSUP 5 HANDSINFRONT 6 HAND OVER SHOULDER

7.FULL SQUAT 8 HALFSQUAT 9. CROOKED ENEELING 10. ENEELING ON 11 LUNGE 11 CRAWLING
ONE KNEE

Fig. 6 Guide to body positions

The position of bending over was also added, as it is often encountered in the
work of firefighters. Already on the way to a site, firefighters bend over to put on
their firefighting overalls. In addition, bending over occurs in the course of many
tasks: taking fire hoses from the ground, cutting trees with a chainsaw, handling
hydraulic tools at a traffic accident scene, etc. The assessed parameters were sleeves,
upper back, lower back and trouser cuffs. It is important to observe the exposure
of the wearer’s back when assessing, for example, when testing a new item of the
station uniform, to provide feedback on the characteristics of the material of the
station uniform, its fit in terms of pattern and its parameters. The upper back and
sleeves parameter was added to identify the tension on the upper back.

Hands at the side and hands up positions go hand in hand, but are assessed sepa-
rately on the same parameters. Firefighters often encounter situations where they have
to raise their arms, such as when entering the fire engine, opening and taking things
from the fire engine’s compartment, climbing a ladder, etc. The chosen parameters
were sleeves, deltoid, armpit and abdomen. Greater attention is paid to the upper
back area, where potential points of tension are monitored. It is important that in
these types of positions the garment does not constrain the wearer as these positions
are frequently used. It is also important to monitor abdominal exposure in order to
identify any potential problem there in terms of material properties or shirt length
when testing new station uniforms.

Hands in front position is often common, for example, when taking or handing
things to others, climbing a ladder, taking things from the fire engine’s compartment,
etc. Because of the high frequency of this position, it is an important position in the
list of assessed positions. The selected parameters were sleeves, deltoid and upper
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back. The area of the upper back where tension can accumulate is the main area of
interest.

The hand over shoulder position can occur, for example, when adjusting clothing
or equipment. The chosen parameters were sleeves, deltoid, shoulders, armpit and
abdomen. For this position, the assessed performance varies between people with
different fitness levels and the uniform should allow the performance of this position
without hindrance. This should be taken into account in the ergonomic tests to be
carried out in the development of new station uniforms.

The full squat and the half squat also go hand in hand, most commonly used to
lift weights. Sleeves, upper back, lower back and trouser legs were determined as
the parameters. The potential strain on the upper back and the lower back and leg
area are the most significantly assessed. The specific positions clearly show how the
station uniform affects the wearer as their body dimensions change. In this case,
for example, the back length of the wearer increases when doing squats and the
suitability of the material properties of the T-shirt, blouse and trousers, the pattern
of the garments and the parameters can be observed to be taken into account when
designing new station uniforms.

The crooked kneeling position is most likely to occur during a rescue with a
life safety rope, but similar positions also occur in the event of emergencies. The
chosen parameters were sleeves, deltoid, upper back, lower back and trouser cuffs.
When conducting ergonomic tests, the properties of the uniform’s material should
be assessed, taking into account that the garment should allow the wearer to assume
a position without hindrance.

The kneeling on one knee position is assumed by almost every firefighter
connecting fire hoses. The chosen parameters were sleeves, upper back, lower back
and trouser cuffs. Potential points of tension on the upper and lower back are assessed.
In ergonomic tests, back exposure will be monitored to verify the suitability of the
material properties and pattern solutions of the trousers and T-shirt.

The lunge is most commonly used to describe getting into the fire engine, where
a long lunge is performed, simultaneously extending the arms. For the emergency
events, the firefighter may need to perform knee lifts and lunges, for example, by
stepping on a window sill, climbing a ladder or other surface depending on the
incident. The chosen parameters for this position are the crotch and the trouser leg.
As this position places high demands on the material of the trousers, the pattern and
its various parameters, ergonomic tests should be carried out to monitor the extent
to which the garment imposes limits on the wearer.

Crawling is the most common position for smoke diving. While smoke diving
is performed differently among the rescue workers, depending on the specifics of
the event and the personal preference of the firefighter, crawling on elbows and
knees was one of the possible variations performed during the assessment. Sleeves,
shoulders, upper back, lower back and trouser cuffs were defined as parameters. The
expectation is to assess the station uniforms during the movement in this position in
order to identify possible areas of tension in the different parts of the body.



Evaluation of the Station Uniform for Firefighters ... 143

4 Anthropometric Assessment and Analysis of Station
Uniforms

For the sitting position, a total of four parameters were assessed: sleeves, lower back,
crotch and trouser cuffs (Fig. 7). By observing these parameters, potential tension
points can be identified. For example, tension applied to the shoulder blades will
shorten the sleeves, tension applied to the buttocks will expose the lower back, etc.
For the crotch parameter, both the tension at the crotch seam and the tension at
the inner thigh were assessed. Lastly, the lifting of the trouser legs was assessed,
which was rated as “3” by 41 people. This parameter was also actively monitored by
the assessor, who gave their own assessment of the result by observing the situation.
When sitting, the fact that the knees were pulling the fabric was repeatedly mentioned.
In some cases, the problem was the inclusion of indentations that should allow the
knee to bend, but probably due to the characteristics of the material, this caused
discomfort to the user.

In the bending over position, there were a total of four parameters to be assessed:
sleeves, upper back, lower back and trouser legs (Fig. 8). For sleeves, 58 people
gave a score of “3”, which is an overwhelming majority. The next parameter was the
upper back, which was rated “2” by 40 people. The assessor considers that the visible
shortening of the sleeves also reduced the perceived tension in the upper back. In the
bending over position, it was noted that the main tension on the T-shirt is perceptible
between the shoulder blades. For the lower back, 29 people gave a score of “2” and
16 people gave a score of “3”, noting that they often had to adjust their trousers after
sitting. In some cases, the trousers did not drop down visibly, but the back of the
trousers began to visibly pull away from the body, exposing the lower back.

The third is the hands at the side position, where four parameters were assessed:
sleeves, deltoid, armpit and abdomen (Fig. 9). For this position, it was pointed out that
the combination of the T-shirt and blouse caused discomfort. From the assessment
results it can be seen that there were very few instances of tension in this position.
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Fig. 7 Sitting
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Fig. 8 Bending over
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Fig. 9 Hands at the side

The scores of “1” and “2” do not need to be reported separately as in this case the
garment did not constrain the wearer.

The next body position after hands at the side was to bring the arms fully up
to a vertical position (Fig. 10). In the hands-up position, the same parameters were
assessed as in the hands at the side position. Compared to the previous position,
the results changed significantly. The most significant change was in the sleeve and
abdominal area. Previously, four subjects rated the change in the length of the sleeves
as “3”, but when the arms were raised, 49 subjects gave a score of “3”. Similarly,
there was a large change in the abdominal area, where previously a score of “3” was
given by 4 people and after the change in position 46 people gave a score of “3”.
There was also a noticeable change in the level of tension in the deltoid and shoulder
region. The firefighters pointed out that the fabric of the T-shirt was bulking up on
the shoulders, pulling on the armpits and sides. This position shows an increase in
discomfort for the wearer due to the characteristics of the material.

For the hands in front position, three parameters were assessed: sleeves, deltoid
and upper back (Fig. 11). The most noticeable changes are in the shortening of the
sleeves. For this parameter, 32 people gave a score of “3”. The assessor considers
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Fig. 11 Hands in front

that the shortening of the sleeves was a direct compensation for the strain on the
shoulder blade area. During the assessment, the firefighters also pointed out that in
this position there is tension under the armpits and in the deltoid region, which causes
discomfort. As the fabric of the T-shirt is not elastic, the tension built up in the area
of the seams and caused the user to feel uncomfortable.

For the hand over shoulder position, five parameters were assessed: sleeves,
deltoid, shoulders, armpit and abdomen (Fig. 12). When looking at the results, the
most significant change can be seen in the armpit and abdomen regions. The fire-
fighters also reported a feeling of tension in the armpit area, a build-up of cloth on
the shoulders and tension in the upper back area.

In the full squat position, there were four parameters to be assessed: sleeves, upper
back, lower back and trouser legs (Fig. 13). From the diagram, it can be seen that
the position in question created quite noticeable points of tension in different areas
of the body. The most noticeable areas of tension are the sleeves, lower back and
lower legs. For all the above parameters, half of the respondents have given a score
of “3”, indicating a visible change. A large number of firefighters noted a pulling
sensation in the knees and thighs in this position. One firefighter pointed out that
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Fig. 13 Full squat

when squatting, the fabric accumulates at the back of the knee and even starts to rub.
This was said to cause discomfort, for example, on the back of the jet ski during
prolonged squatting. This position is more difficult and places higher expectations
on the garment. There is a high level of tension on the upper and lower back, which
is reflected in the values of the observable parameters. For example, to compensate
for the strain on the upper back, the sleeves are shortened in many cases. Due to the
lack of elongation in the fabric, the garment has become a hindrance to the wearer
when performing physical activities.

In the half squat position, the garment was assessed on the same parameters as in
the full squat position (Fig. 14). The bar chart shows a slight change in the feeling
of tightness by the respondents. A decrease in the shortening of the trouser legs is
most noticeable and the tension on the lower back has also slightly decreased.

In the crooked kneeling position, the uniform was assessed on five parameters:
sleeves, deltoid, upper back, lower back and trouser legs (Fig. 15). The graph shows
how the maximum values are of high proportion. The most noticeable changes are
in the sleeves, upper back and lower back. Tension under the armpit was mentioned
several times in the feedback. Similarly, two firefighters pointed out that it is difficult
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Fig. 15 Crooked kneeling

to be comfortable in the uniform in an emergency situation where the victim has to
be placed in a steady sideways position on a “log-roll” principle. In the position in
question, the dimensions of the body areas have changed significantly and the lack
of elasticity of the fabric has led to the garments becoming a hindrance to the user
performing the task.

For the kneeling on one knee position, four parameters were assessed: sleeves,
upper back, lower back and trouser legs (Fig. 16). The most significant changes were
seen/felt with the sleeves, lower back and trouser legs. For the above parameters, at
least half of the respondents gave maximum scores. The firefighters reported feeling
a pulling sensation in the thighs and buttocks. In addition, the T-shirt felt as if it was
pulling and restricting the wearer’s movement. Once again, the characteristics of the
fabric play a role in the results, causing discomfort to the wearer and restricting their
freedom of movement.

For the “lunge”, two parameters were assessed: crotch and trouser legs (Fig. 17).
In the case of the lunge, the assessor noticed how the firefighters automatically raised
their trousers higher to assume the given posture. The firefighters were then asked
to drop their trousers back to the original position and the assessment was started
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Fig. 16 Kneeling on one knee
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Fig. 17 Lunge

again. Of all the firefighters who assessed the uniform, 41 gave a maximum score of
“3” for crotch area tension. The firefighters pointed out that the fabric in the crotch
area was at its limit and that there was also a noticeable pulling sensation in the thigh
area. They pointed out that when the trousers are wet, the elongation of the fabric
is even worse. Several workers in the test mentioned having to push through the
resistance created by the trousers in order to achieve a given posture. Looking at the
results, it can be said that the trousers restrict the wearer’s freedom of movement due
to the poor elongation of the fabric. In addition, the pockets and the various seams
contribute to increasing the resistance to movement.

For the crawling position, five parameters were assessed: sleeves, shoulders, upper
back, lower back and trouser legs (Fig. 18). For this position, the firefighters made
several observations: thigh area is tight, incisions on the knees are rubbing, fabric
is pulling away from the knees, buttocks area is tight, pulling under the armpit. In
the case of the parameters for the sleeves, lower back and trouser legs, half of the
respondents gave a maximum score of “3” for the change. The upper back also scored
higher and it can be seen that in this position, several areas of the body become very
tense and create resistance to movement for the wearer.
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Fig. 19 Other factors

In addition to the dynamic anthropometry method, the assessment included the
collection of data on other factors, the analysis of which will help to assess the
suitability of the uniform for the work environment (Fig. 19).

It was pointed out that clothing materials make workers sweat when they perform
their tasks. In cold weather, this has a major impact as the wearer quickly becomes
cold when the garments against the body are wet. Problems with the fit of the garment
were brought out. As the overgarments of rescuers consist of firefighting overalls
and accessories, they cannot adjust the uniforms under the overalls during work.
The assessor noticed that many workers lift their trousers before sitting down. Inves-
tigating the matter, it emerged that, without having lifted the trousers beforehand,
the garment starts to pull at the knees and lower back due to poor elongation. As
many as 55 respondents said that a change in materials was necessary. Other factors
also included the suitability of the size of the firefighters’ clothing. Looking at the
results, it can be observed that the sizing is mostly correct. The main items of clothing
that were the wrong size were T-shirts that were too tight around the body. It was
also noticed that trousers were taken a number larger in many cases to deliberately
create a loose fit. In such cases, a belt was used to prevent the trousers from falling
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down. The author estimates that 43 of the 61 participants had chosen uniforms of
an appropriate size. For only one worker did the evaluator consider it important to
change the size. In this case, the employee’s trousers were too long and the lower
trouser legs had worn out over time. At the same point, the firefighters were asked
about the functionality of the clothing. The interviewees stated that the mobile phone
pocket with bellows sewn onto the trousers’ thigh pocket should be larger, as modern
phones are too big to fit into it. Regarding the inner pockets, it was noted that they
are not very suitable for putting objects in, as the space is taken up by leg room and
therefore prevents the performance of various movements (e.g. bending, squatting).
The results in terms of functionality were evenly distributed: 16 people rated it as
“17, 23 as “2” and 22 as “3”. It can be concluded that the need for change is not as
critical as the need for a change in material, but that these observations should be
taken into account when designing new station uniforms.

5 Determination of the Physico-mechanical Properties
of T-Shirt Materials

Based on the results of the anthropometric assessment of station uniforms, the fire-
fighters identified the material of the current uniforms as the main problem. The vast
majority of the firefighters stated that the uniforms make them sweat very easily and
that the material does not transfer moisture away from the body well enough, leaving
the user feeling wet. It was also noted that when wet, the garments do not elongate
enough and are uncomfortable to perform tasks. For example, when the hand is lifted,
the material builds up on the shoulder and when the hand is lowered again, the fabric
of the T-shirt does not return to its original position.

As the Rescue Board is in the process of developing uniforms, it was decided to
start by investigating the properties of new materials for the T-shirt. Tests were also
carried out on the existing T-shirt fabric for comparison. Tests were conducted in the
Textile Testing Laboratory of the TTK University of Applied Sciences to evaluate
the breathability and elongation of the material of the T-shirt of the Rescue Board’s
uniform.

The tests were carried out on the currently used T-shirt material art TFA 1 and
on possible new fabrics. Four new possible options were selected and submitted for
testing by the Rescue Board, and all of them were tested against the given parameters
of the existing material. The technical specifications of the five different T-shirt
fabrics are shown in Table 1.

The air permeability test was carried out according to ISO 9237:2000 [17]. For
the determination of air permeability the Textest company’s FX 3300 LabAir IV
was used. The room temperature at the time of testing was 23 °C and the humidity
32%. These conditions do not meet the requirements of the standard, but since all
fabrics were tested under the same conditions, the results are comparable. To find



Evaluation of the Station Uniform for Firefighters ... 151

Table 1 Data of the fabrics

No. Item Weight, g/m? Composition Weave construction
1 TFA 1 210 38CO 62PES Pique
2 TFA 2 190 58MA 40CO 2AT Single jersey
3 TFA 3 260 58MA 40CO 2AT Pique
4 TFA 4 160 75C0O 25TAC 2 thread fleece
5 TFA 5 180 95CO SEL 2 thread fleece
800 689.3
700 5943
600 508.7
@ 500
%‘ 400 352.2
= 300
500 175.5
100 l
0
TFA 1 TFA 2 TFA3 TFA4 TFA5

Fig. 20 Air permeability of the five fabrics in comparison

the average value of air permeability, the measurement was repeated 10 times and
the air permeability of each fabric was calculated.

Figure 20 shows that, of the four materials selected, only fabric TFA 3 has better
air permeability compared to the fabric of the current t-shirt (TFA 1). The air perme-
ability of fabric TFA 2 is about 15% lower than that of the currently used product.
The other two materials selected, TFA 4 and TFA 5, have several times lower air
permeability. Out of the five materials tested, TFA 5 has more than three times lower
air permeability than the current TFA 1 fabric.

In addition to air permeability testing, the elongation of the selected fabrics was
also determined. The SDL Atlas Fryma Fabric Extensometer device was used to
measure the elongation (Fig. 21) as the aim was not to determine the elongation at
break. This test was carried out according to the manual of the device, as there is no
ISO standard.

The laboratory conditions were the same as for the air permeability test. As
the tests were carried out under the same conditions, the results for all fabrics are
comparable.

All the materials tested were knitted fabrics, therefore the test pieces were cut to
75 mm x 90 mm, with an area between the grips of 75 mm. Two test pieces were
cut from each fabric, one test piece in each direction (wale and course). A weight of
3 kg was applied to the test pieces.
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Fig. 21 SDL Atlas Fryma fabric extensometer
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Fig. 22 Elongation in a comparison of five fabrics

Figure 22 shows that the fabric with the best elongation is TFA 5, a cotton/elastane
blend with 61% elongation in both directions. The fabric with the lowest elongation
is TFA 3, with an elongation of ~20% in both directions. Comparing the material
currently in use with the other fabrics tested, three fabrics have the highest elongation.
The elongation of the TFA 2 fabric in the course direction is 20% higher than the
elongation of the TFA 1 material used, while the elongation in the wale direction
is 6% lower. TFA 4 has the same elongation in the wale direction as the material
currently in use and 16% more elongation in the course direction.

6 Assessment and Analysis of Ergonomic Anthropometry
of the T-Shirt

In the ergonomic tests, the test wearers performed 10 positions (Fig. 6). In the T-shirt
tests, the sitting (1) and standing (9) positions were excluded, as they provide the
most information on the material properties of the trousers and the suitability of the
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patterns. The other 10 body positions that were tested occur in the daily work tasks
of firefighters. The assessment was performed in a 3-point system with values of
“1”—no change, “2”—slight change and “3”—uvisible change. Testing was based
on scoring as follows: a slight change to a score of “2” is visible and/or perceptible
to the firefighter, but a visible change to a score of “3” is already perceived by the
bystander.

The T-shirt was rated for comfort based on five different areas of the body, which
the assessor observed and asked subjects to comment on. The points to be assessed
were upper back, deltoid, armpit, lower back and abdomen. Based on the analysis of
the research data, Figs. 23, 24, and 25 show the analysis of the T-shirts made from the
three new materials selected by the Rescue Board. The evaluations were carried out
at the Rescue Board’s stations in three different areas of Tallinn. Four test wearers
took part in the ergonomic tests and trial wear, all of whom tested T-shirts made of
three different materials.

Comparing the ten different ergonomic movement ratings in a 3-point system, the
data of which are shown on the vertical axis, we see that the T-shirt made of fabric
art TFA 3 shows the most striking changes (score 3) in the different body regions.
The least striking changes occur when testing the T-shirt made of fabric type TFA 4.

According to the test wearers, the T-shirt made of art TFA 4 was most similar
to T-shirts made of art TFA 1, which had been used in the past. In the ergonomic
tests, the test wearers noted that despite the tension in the armpit, due to the structure
and composition of the TFA 4 fabric, the good elongation properties of the fabric
allowed to reduce the feeling of tension and the discomfort was low. Test wearers’
comments on the T-shirt made from this material were as follows: in the crooked
kneeling position, the sleeves start to feel tight if left in this position for a long time;
there is more tension on the shoulders when in the kneeling on one knee position;
the fabric becomes electrified; there is resistance when bending over, but as the shirt
is elastic, it stretches; the pattern could be looser.

1- no change; 2-little change;
6. 3- significant change
o = N w

B Upper back Deltoid Armpit Lower back Abdomen

Fig. 23 Analysis of the ergonomic indicators of Art TFA 3
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Fig. 24 Analysis of the ergonomic indicators of art TFA 4

1- no change; 2-little change;
6, 3-significant change
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Fig. 25 Analysis of the ergonomic indicators of Art TFA 5

During the test wear, tests were carried out on a rowing ergometer, with all four
test subjects performing 30 pulls. This test assessed the change in weight of the
T-shirt as a result of the wearers sweating. The following table shows the results of the
three fabrics tested, comparing the weight change with the dry shirt weight (Table 2).

Table 2 shows that the T-shirt material TFA 3 changed the least in weight during
the physical exercise test. When compared to the air permeability of the material
measured in the laboratory, this fabric had the highest air permeability (Fig. 20).
According to the test wearers, the T-shirt made of fabric type TFA 4 was the most
comfortable to wear. Based on Table 2, the weight of the T-shirt has become almost 2
times heavier during physical exercise compared to material TFA 3. When comparing
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Table 2 Weight change of T-shirts in the rowing ergometer test

Article Composition Difference in weight with dry shirt weight, g

Test 1 Test 2 Test 3 Test 3 Average
TFA 3 58MA 40CO 2AT (pique) +2 +2 +6 +16 +6.5
TFA 4 75CO 25TAC +10 +6 +14 +16 +11.5
TFA 5 95CO S5EA +8 +14 +22 +10 +13.5

the air permeability tests of the materials, TFA 4 has almost 50% less air permeability
than fabric TFA 3.

From a physiological point of view, the test wearers’ comments on the TFA 4
T-shirt fabric were as follows: the fabric feels the same when sweating as it does
when dry, it feels warm on the back rather than cold, the smell of sweat is noticeable,
the fabric feels breathable, dries well, comfortable and suitable for workwear.

The breathability of the materials, the elongation when wet and the drying speed
of the drenched shirt on the back after physical testing on a rowing ergometer also
need to be further investigated.

7 Conclusions

Several problems with the uniforms for firefighters were related to the properties of
their materials (air permeability, breathability, elongation, drying speed).

The analysis shows that products with a predominance of natural fibres in their
material composition provide comfort. The elasticity and elongation of the material
ensures greater freedom of movement for the wearer and does not hinder ergonomics
when performing work tasks. When designing a new product, attention must be paid
to the necessity and practicality of every detail and seam. It is important to test
the effect of both the pattern selection and the material properties on the wearer in
ergonomic tests. Considering that firefighters wear station uniforms throughout the
day, both in the field and in harsh conditions, the body-friendliness of the materials
must be taken into account. It is important to find a suitable fabric with a structure
that can help to dissipate heat from the body without creating the potential risk of
heat stress, which can reduce the firefighters’ performance and in some situations be
life-threatening.

To assess the physiological tests, it would be necessary to determine the breatha-
bility of the materials. Even though the work of firefighters involves exposure to
intense heat, the breathability of the materials may not ensure complete physiolog-
ical comfort for the wearer. It would be necessary to test the drying rate of the T-shirt
when it is drenched in sweat by the wearer due to physical exertion.

During the positions carried out during the interview, it was evident that the fabric
of the uniforms is not elongating and prevents the wearer from performing more
difficult exercises. The parameters set for the areas of the body that were observed
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were often at the maximum score for the more difficult positions, where the wearer
felt discomfort. During the course of the tasks, the dimensions of the firefighter’s
body regions change significantly and their clothing should be able to support this
process. Based on the results of the research, it is recommended to use a composite
fabric with a high proportion of natural fibres for products that rest on the shoulder.
Chemical fibres and appropriate material treatments to improve the fabric’s properties
(durability, dimensional stability, elasticity, moisture dissipation) should be added. In
the case of fabrics for station uniforms, the selected fabric must meet the requirements
for working at high temperatures.

Based on this research, it is recommended that thorough ergonomic tests are
carried out on each product using the guide developed during the research. It is
recommended to include 2 additional positions in the guide. For a product that rests
on the shoulder, an ergonomic method should be added to the test from the “arms in
front” to the “arms up” position. In the case of trousers, it is recommended to include
a “knee lift” position. During the ergonomic tests, the parameters of the body regions
to be assessed should be added to obtain a more accurate picture of possible problem
areas. Parameters assessed to a maximum score of “3” should be critically reviewed
in the light of the pattern design and the properties of the fabric.
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Development of Modified Polymethyl )
Methacrylate and Hydroxyapatite e
(PMMA/HA) Biomaterial Composite

for Orthopaedic Products

Umang Dubey, Shivi Kesarwani, Panagiotis Kyratsis,
and Rajesh Kumar Verma

PMMA bone cement is an essential part of orthopedic component fabrication due to
its magnificent biocompatibility and mechanical properties. It is extensively used in
the biomedical sector as synthetic bone material. This chapter explores the feasibility
of PMMA by the supplement of Hydroxyapatite (HA) based bone cement at varying
ranges of 4—16 wt.%. The supplement of 10 wt.% HA nanoparticles to the powder of
PMMA bone cement increased flexural strength by 12.8% and compression strength
by 21.2%. The distribution of reinforced nanoparticles in the nanocomposite was
studied using Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction
(XRD). With the help of scanning electron microscopy (SEM) study of the frac-
tured surface of the proposed nanocomposite bone cement, the reason behind the
change in mechanical properties was observed. The findings of mechanical testing
and advanced characterization demonstrate the application potential for developing
orthopedic implants in the biomedical sector.

1 Introduction

Polymethyl methacrylate (PMMA) is widely used in biomedical functions for remov-
able partial and complete prostheses implants [1]. Because of its aesthetic and phys-
ical properties, PMMA was widely preferred. Compared to other polymers, PMMA
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resins exhibit good flexural strengths and impact strengths [2]. PMMA bone cement
was the primary agent of fastening joint prostheses in the human body for more than
50 years.

1.1 History and Development of Acrylic Bone Cement

In 1902, Dr. Otto Rohm developed PMMA bone cement which looks like a glass-
like solid substance with excellent biocompatibility. After that, the study of Kulzer in
the year 1936 demonstrated that combining a liquid monomer and PMMA powder
created a mixture in dough form. It was efficiently cured with the supplement of
benzoyl peroxide (BPO), and the mixture was heated to 100 °C. PMMA has been
utilized since 1930 for the study of the structure and diseases of teeth and bone cement
for implant fixation [3]. In 1938, PMMA was used to treat cranial abnormalities in
monkeys for the first time. As surgeons gained a better knowledge of the PMMA
system, they began to use itin human reconstructive surgery. In 1949, for the first time,
PMMA was used to create a hip prosthesis by the Judet brothers [4]. But it wasn’t
long before it became clear that due to biological and mechanical constraints, the
PMMA prosthesis they were using couldn’t be adequately articulated or integrated
into the body. Sir John Charnley used self-polymerizing PMMA bone cement to
effectively secure an intramedullary stem prosthetic in 1958 [5]. The substance was
given the term acrylic-based bone cement by Charnley. Charnley was the first to
disclose a revolutionary surgical method for complete hip replacement surgery in
1970. In the early 1970s, antibiotics were added up to bone cement to minimize
periprosthetic infection, which is possibly the most terrible complication after total
joint replacement. Since Charnley developed PMMA bone cement, more than a
million people’s lives have been drastically and amazingly transformed due to his
invention.

PMMA bone cement is generally used to hold joint prostheses in place. It covers
the gap between the bone and the prosthesis during joint replacement fixation and
serves as an essential interface (Fig. 1). Bone cement will equally absorb the stresses
applied to the bone due to its optimal elasticity. Because of the tight relation-
ship between the cement and the bone, the stresses and interface strain energy are
distributed optimally.

1.2 Composition of PMMA Bone Cement

The PMMA bone cement can uniformly absorb the pressures exerted on the bones
due to their optimal elasticity. Because of the strong relationship between bone and
cement, the stresses and strain generation at the interface are uniformly distributed.
The polymer powder includes benzoyl peroxide (BPO), a free radical polymerization
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Fig. 1 Prostheses with PMMA bone cement [6]

Poly (methyl methacrylate) and/or copolymers of methyl
Polymer methacrylate
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Additives Dye (chlorophyll) and Plasticiser (di-cyclo-hexyl phthalate)

Fig. 2 Elements of polymer powder of PMMA bone cement

initiator. It can be integrated into the powder or as a component of polymer micro-
beads. The primary component in the liquid phase is methyl methacrylate (MMA).
However, another methacrylate such as butyl methacrylate can also be found. MMA
must be polymerizable; it must have a breakable carbon double bond for it to be
utilized in bone cement. An aromatic amine, such as N-dimethyl-p-toluidine, is
present in the liquid, which acts as a radical activator. It also includes a storage
inhibitor (hydroquinone) that prevents premature polymerization and a colorant like
chlorophyll. Figures 2 and 3 show the polymer powder and liquid monomer elements
of PMMA bone cement.
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Fig. 3 Elements of the liquid monomer of PMMA bone cement

Physical Properties Clear, Colourless liquid, Strong odour

Boilling Point 100°C

Density 0.943 g/em” at 20°C CH;

Vapour Pressure 38 hPa at 20°C |

Molecular Weight 100 g/mol L

Odour threshold : 0.2ppm H2C COOH3

Fig. 4 Properties and chemical structure of MMA [8]

1.2.1 Liquid Monomer to Polymer Granules Ratio

The liquid monomer/polymer powder ratio in most commercially offered bone
cement formulas is 1:2 (volume, mL/weight, g). When the 1:2 ratio is reduced,
the viscosity of the bone cement paste increases (i.e., lowering the polymer powder
content of PMMA bone cement and increasing the MMA liquid monomer content).
Commercial cement has a higher powder content to decrease shrinkage caused by
a change in density during the conversion of MMA to PMMA during the polymer-
ization process. The powder-to-liquid ratio is estimated to fluctuate by about 0.3

[7].

1.2.2 Reaction of Polymerization

Two primary components of PMMA bone cement include a liquid monomer (Fig. 4)
and a polymer powder (Fig. 5). A free radical polymerization (Fig. 6) process
produces the finished cement, which takes 8—13 min, dependent on the bone cement
blending requirements, environment, and formulation. The cured polymer resulting
from this process is PMMA bone cement, which comprises long-chain molecules
consisting of thousands of monomers.



Development of Modified Polymethyl Methacrylate ...

R—(HZC—C—CHZ—-—C———CHZ_.(lj)

Physical Properties : Fine powder, Polymer beads
Bead Dia. ¢ 1-120 pm
Density : 118 g/em’
Solubility : 1n Liquid monomer
Molecular Weight : 0.8 g/mol

CH; CH; CH;

COOCH; COOCH; COOCH,
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Fig. 6 Polymerization reaction of PMMA [8]

1.3 Application of PMMA Bone Cement

163

PMMAA is also utilized as a plaster material in joint substitution medical procedures
to support the bone and prosthetic embed [9]. The numerous utilizations of PMMA

in the biomedical are connected particularly to the following territories:

(a) Bone cement for dental and muscular use.
(b) Contact and intraocular focal point.

(c) Screw obsession in bone and vertebrae adjustment in osteoporosis infection.
(d) Filler for various bone holes is increasingly used as an anti-microbial

conveyance framework for treating osteomyelitis [10, 11].
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2 Additives Used in PMMA Bone Cement

Even though PMMA is generally utilized in orthopedic applications, a few incon-
veniences, such as removing an auxiliary crack of vertebral bodies, account for
lack of mechanical properties [12, 13]. The primary disadvantage is the arthroplasty
aseptic loosening which results in short clinical life. This is directly connected to the
cement mechanical characteristics, particularly the cement resistance to fracture in
the mantle at the cement-prosthesis contact or the cement—bone interface. In recent
years, substantial efforts have been proposed by scholars to enhance bone cement
mechanical characteristics. Research investigations on strengthening bone cement
may be classified into two groups: (1) experimental bone cement design using novel
radiopaque agents and (2) commercial bone cement reinforcement using various
fillers as reinforcing agents. The exceptional properties of nanoscale materials and
the consolidation of nanoscale materials as fillers have been widely investigated as
expected solutions for the improvement of the mechanical characteristics of PMMA
[14]. Figure 7 shows the mechanical property of cortical bone and other common
biomaterials.

The inclusion of water-soluble non-ionic iodine-based radiopacifies such as
iohexol (IHX), and iodixanol (IDX) was demonstrated to provide considerably
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Fig. 7 Mechanical property of cortical bone and other common biomaterials a elastic modulus and
b ultimate strength [15]
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greater ultimate tensile strength and strain to failure when it is compared to Pala-
cos® commercial cement at 8 wt.% loading [16]. In contrast to general bio cement
containing Barium sulphate (BaSQy) as a radio pacifier, the integration of the triph-
enyl bismuth (TPB) as a radio pacifier resulted in improved mechanical properties.
The findings reveal improved mechanical characteristics at 10 wt.%, such as ulti-
mate tensile modulus and strain rate [17]. The 2 wt.% of multi-wall carbon nanotube
(MWCNT) addition increased flexural strength and yield stress [18]. In comparison
to the control cement, 10 wt.% Hydroxyapatite (HA) addition increased compres-
sion strength and flexural strength [19, 20]. The inclusion of 0.1 wt.% Graphene
(G) with silanes enhanced compression strength and flexural strength as equated
with control cement [21]. The investigations show that without nanoparticles, 1
wt.% nanoCaCO3 produced improvements in elastic modulus, bending strength, and
bending modulus of 10%, 7%, and 8%, respectively [22]. The use of 5 wt.% meso-
porous silica nanoparticles (MSNs) increased the flexural strength and compressive
strength [23]. The incorporation of Core—shell nanoparticles with a rubbery core of
polybutylene acrylate (PBA) and a PMMA shell at a concentration of 10% increased
fracture toughness [24]. Incorporation of 0.04 wt.% Graphene oxide (GO) increased
flexural and compressive strength in comparison to control cement [25]. They were
incorporating Graphene oxide and Chitosan at a 25 wt.% concentration increased
the compression and flexural behavior than the control cement [26].

As can be seen from the preceding discussion, nanotechnology can make a
significant difference in the growth of bone cement for improved mechanical and
physical properties. Table 1 gives a brief detail of different additives enhancing the
performances of PMMA bone cement.

Table 1 Improved properties due to different additives

Reinforcement Quantity (wt.%) Property improved

Iohexol (IHX) and Iodixanol (IDX) | 8 Ultimate tensile strength and strain to
failure

Triphenyl bismuth (TPB) 10 Ultimate tensile strain and modulus

Multi-wall carbon nanotube 2 Flexural strength and yield stress

(MWCNT)

Hydroxyapatite (HA) 10 Compression strength and flexural
strength

Graphene (G) 0.1 Compression strength and flexural
strength

Calcium carbonate (nanoCaCO3) | 1 Elastic modulus, bending strength,
and bending modulus

Mesoporous silica nanoparticles 5 Flexural and compressive strength

(MSNs5) and modulus

Polybutylene acrylate (PBA) 10 Fracture toughness

Graphene oxide (GO) 0.04 Flexural and compressive strength

Graphene oxide and Chitosan 25 Flexural and compressive strength
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3 Hydroxyapatite-PMMA Bone Cement Nanocomposite

Collagen, bone mineral, and bone matrix are the three main components of bone.
The mineral phase of bone accounts for 60-70% of the total weight and calcium
phosphate, similar to hydroxyapatite [27]. In the human body, the nature of hydrox-
yapatite is biocompatible and bioactive. Since Hydroxyapatite (HA) is osteocon-
ductive, it firmly integrates with the bone and promotes bone formation by bonding
directly to the bone, which is advantageous for quick healing. HA has the chemical
formulation as (Ca;o(PO4)s(OH),) and bone cement increases the combined shear
strength at the prosthetic implant interface [28]. Singh et al. [29] demonstrated a
comparative investigation for PMMA, the expansion of HA in a PMMA network
enhances osteoblast reaction. HA is primarily used in bio reinforcing material for
the fabrication of artificial bone because it consists of unique density, stiffness, and
bioactivity [30]. HA is remarked as an osteoconductive and biocompatible material
that reveals an extracellular reaction to bone formation [31]. It can be used to support
the surgical site in a dough state and used as a bone substitute. Many such trials using
HA followed, but a bioactive composite cement with high mechanical properties has
not been obtained. Because when the wt.% ratio of HA increased above 20, the
properties in the mechanical category of the formed cement decreased [32]. Studies
illustrated that the combination of hydroxyapatite-reinforced PMMA (PMMA/HA)
could become a capable bone cement [33]. The supplement of up to 15 wt.% HA
in the powder portion of the PMMA expands the flexural modulus from 2 to 2.5
GPa. Moreover, compared to unreinforced PMMA cement, the option of HA filler
showed an improvement in the flexural modulus of approximately 25% [34]. The HA
modified biomaterials could be used for bone tissue functions, which requires a 3D
scaffold with adequate bone behavioral characteristics, such as mechanical strength,
pore size, and osteoconductive, like a bone graft replacement [35]. Because just three
fundamental properties are required in artificial bone: (a) mechanical strength, (b)
osteoconductive, and (c) biocompatibility. The above findings show that features
described above are incorporated in the HA/PMMA based biomaterial to substitute
the bone constituents.

The findings of an extensive literature survey remarked that the investigations
on the development of HA/PMMA are passing through the initial stage. It requires
more attention from the researcher and biomaterial manufacturer side. Still, studies
regarding the addition of Hydroxyapatite (HA) into PMMA bone cement have not
been thoroughly explored. Present work targets the development of PMMA bone
cement modified by HA powder. Three types of composites were prepared using three
different weight ratios of 4 wt.%, 10 wt.%, and 16 wt.% of HA. Their mechanical
properties like compression strength and flexural strength are analyzed to evaluate
the application potential. The FTIR and XRD analysis later investigated the crystal
structure behavior and the presence of functional groups. Also, the SEM analysis for
fractured surfaces was obtained after mechanical testing to explore the mechanical
properties.
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4 Materials and Processes

In the fabrication of nanocomposites, Simplex© PMMA bone cement was supplied
by M/s. Global Corporation, Ahmedabad, India, and Hydroxyapatite provided by
M/s. Nano Research Lab, Jharkhand, India. The concentrated NH4OH supplied
by M/s. Scientific emporium, Gorakhpur, India, and the basic features of the
hydroxyapatite are displayed in Table 2.

Composites with various measures of HA were prepared. After mixing HA powder
in a concentrated NH4OH solution thereafter, PMMA in powder form with an equiv-
alent portion by weight of HA was supplemented. The amount of PMMA powder
subbed by the hydroxyapatite nanoparticle fillers was 4, 10, and 16%. The proportion
of the fluid monomer (M) to the PMMA powder (P) was M/P = 0.5, but the PMMA
and HA particles were incorporated into the volume of the powder. By combining the
MMA monomer with the PMMA-HA powder, sample preparation was performed.
The mixture could be set at room temperature for a one-hour duration. The samples
were grouped into four sorts, as mentioned in Table 3, and steps for sample prepa-
ration are shown in Fig. 8. The images of the prepared samples are described in
Fig. 9a—c.

Table 2 Properties of
" . Factors Features

reinforced hydroxyapatite
Molecular formula Cajo(POy4)3(OH)
Purity 99.5%
Average particle size 20-80 nm
Morphology Spherical
Molecular weight 1004.6 g/mol

Tabl.e 3 C(lassification of Sample PMMA HA (¢m) W%

specimens
Pristine-PMMA 40.0 0 0
HA-PMMA-4 384 1.6 4
HA-PMMA-10 36 4 10
HA-PMMA-16 33.6 6.4 16
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Addition of MMA monomer in
Powder blend

M
||
h 4
Mixing of blend till the initial
dough state observed

M
I
v

Pouring of dough form of blendin
the fixed mold

o

|

Curing of prepared
polymeric blend @

room temprature

Fig. 8 Flow chart of sample preparation
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Fig. 9 Prepared sample. a HA-PMMA-4. b HA-PMMA-10. ¢ HA-PMMA-16
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5 Crystal Structure Analysis

5.1 Fourier Transform Infrared Spectroscopy

FTIR validates the influence of functional groups in the proposed nanocom-
posite [36]. The nanostructure and elemental analyses of the prepared samples
of HA/PMMA were investigated through FTIR. The FTIR BOMEM DAS spec-
trometer is a testing-oriented setup with customizable detectors, light sources, and
beam splitter. The graph obtained by FTIR analysis indicates the functional groups
contained in the PMMA bone cement, HA, and HA-PMMA-10 samples, as shown
in Fig. 10. The transmission peaks at 1065 cm™! and 837 cm~! were obtained, which
correspond to PMMA bone cement, as found in the previous investigation [37]. At
1048 cm™!, a strong PO4>~ peak indicating the phosphate group emerged, as it had
in earlier research [38—40]. As shown in Fig. 10, phosphate-related infrared bands
were detected at 1097 cm™! and 962 cm™!. Phosphate member bands may also be
seen at 810 cm™! and 757 cm™!. The necessary functional group of nanoparticles
in the produced nanocomposite is validated using the observed transmission peaks
and comparing them to prior research. This concludes that PMMA bone cement was
grafted to HA, as shown by the FTIR spectra.
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i HA

1048 cm*!
=1
8 4
=z ]
iE 7 em! 065 cm!
E 4
-
v
z 1720 cm!

i 4 H I 962 cm? 1%97 em!
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Fig. 10 Infrared spectroscopy



170 U. Dubey et al.

5.2 X-Ray Diffraction

To make use of nanoparticles’ properties, it must be evenly distributed into the base
material. The chemical composition and homogeneous dispersion of nanomaterials
in the resulting composite are validated using X-ray diffraction (XRD). Using a
Raguku Model D/max III diffractometer, the crystal structure and phase composition
of the generated HA/PMMA nanocomposite were studied. Nickel-filtering was used
on the X-ray beam. Cu-Kal (1Z0.1504 nm) was irradiated at 40 kV, and 30 mA.
Figure 11 shows the acquired peaks of HA, PMMA bone cement, and HA-PMMA-
10 nanocomposite in a combined graph. After examining the graph and comparing
it to other research, it was discovered that PMMA bone cement exhibits the required
peak values [41]. Hydroxyapatite was also found on a polymeric matrix during the
test. The peaks of the HA predictor (26 = 25.4°, 31.4°, and 49°) were identified,
and earlier research verified them [26, 42]. The HA nanoparticles are completely
distributed in the produced HA-PMMA nanocomposite as per the XRD graph, which
shows a similar trend in earlier investigations [43, 44].
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Fig. 11 X-ray diffraction peaks
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6 Mechanical Strength Analysis

6.1 Compression Strength Analysis

In applications such as tooth implantation and prosthesis replacement, bone cement
compressive strength is essential [45]. To determine the optimal nanomaterial rein-
forcing amount, measurement of the compressive strength of the produced nanocom-
posites was obtained. The compressive strength of HA/PMMA nanocomposite and
unfilled bone cement was tested. The compression test was carried out according to
ISO 5833-2002 [46]. The length and diameter of the specimens used in this study
were 12 &+ 0.1 mm and 6 £ 0.1 mm, respectively. During the compression study, the
load and displacement were observed, and the loading was stopped when an error
occurred. For each sample (Table 3), three replications of the test were noted. The
add up of nanomaterials significantly expands the compression strength, as remarked
in Fig. 12. The strength of the HA-PMMA-10 sample was the greatest.

In contrast to commercially available PMMA bone cement, the compressive
strength of the HA-PMMA-10 sample was greater by 21.2% (from 85.3 & 0.4 to
103.4 £ 0.4 MPa). The compressive strength rises considerably when the wt.% of
HA increased up to 10 wt.%, but declined when loaded over 10 wt.%, as indicated in
Fig. 12. As previously found in earlier research, agglomeration of HA nanoparticles
can cause a decrease in compression strength under heavy loading [20].
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6.2 Flexural Strength Analysis

Flexural strength becomes a crucial characteristic for applications such as complete
hip joint replacement and spine bolt fixation. As a result, flexural property investi-
gation of the produced PMMA-HA nanocomposite is required. The flexural test was
carried out according to ISO 5833-2002 [46]. Equation 1 calculates a specimen’s
flexural strength in a three-point bend test.

_3><Pm,,x><L

_ 1
ST T X b xR M

where

P,,.. = maximum load faced,

b = width,

h = thickness,

and L = between inner loading points gap (20 mm).

Adding different amounts of nanomaterial can considerably improve the flexural
strength (Fig. 13). In comparison to the pristine sample, the flexural strength of the
HA-PMMA-10 sample rose by 12.8% (from 63.3 to 71.49 MPa). A decrease in
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flexural strength is also observed when a large amount of HA is used. When hydrox-
yapatite particles are present in small amounts and are consistently distributed, they
function as load carriers, assisting in improving mechanical characteristics. The
non-uniform distributions of hydroxyapatite particles can occur at higher loading,
resulting in particle aggregation, poor matrix adherence, and decreased mechanical
properties [47, 48]. According to the current findings, HA should only be used up
to 10% by weight for higher flexural strength.

7 Morphology Analysis

7.1 Scanning Electron Microscopy Analysis

The fracture property of bone and related composites such as PMMA bone cement
can be studied using the SEM test [49]. The fractured surface was examined to
determine the cause of mechanical failure in the nanocomposite. The morphology of
the proposed nanocomposite fracture surface was investigated using an XL-30 SEM
after the mechanical test. The energy of the electron beam was 10 kV. The fractured
specimens were sectioned and sputtered with gold. The produced nanocomposite
mechanical property study reveals that the property improves with nanoparticles
and that the property decreases as the wt.% increases above 10 wt.% of nanoma-
terials increases. Figures 14 and 15 indicate the SEM images of all four fractured
samples surfaces after the compression and flexural test, respectively at a resolu-
tion of 200 pm. The HA-PMMA-4 sample has a rough surface, suggesting poor
nanoparticle distribution, whereas the HA-PMMA-10 sample has a smooth surface,
showing fine nanoparticle dispersion. As previously reported, SEM inspection of
the composite bone cement fracture surface confirmed this claim [48]. The HA
dispersion in the HA-PMMA cement cross-section became less uniform as the HA
concentration increased, as demonstrated in the HA-PMMA-16 sample. The homo-
geneous distribution is apparent in the HA-PMMA-10 sample, resulting in excellent
mechanical strength [50].

8 Conclusions

This chapter discusses the development and mechanical characterization of
HA/PMMA bone cement for orthopedic functions. A cost-effective and durable
procedure developed the nanocomposites. The compression and flexural test findings
define the feasibility for a cost-effective and improved strength biomaterial product.
This study investigates the effect of HA reinforcement weight percent and its supple-
ment in the PMMA for bioproduct fabrication. The findings of the proposed work
can be summarized as:
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Sample SEM Images

Pristine-PMMA

HA-PMMA-4

HA-PMMA-10

HA-PMMA-16

Fig. 14 SEM images of the fractured surface after compression test

e The HA-PMMA bone cement nanocomposite was successfully prepared using a
cost-effective procedure. The mechanical characteristics of PMMA bone cement
were improved by adding merely 10 wt.% HA.

e In comparison to the pristine PMMA bone cement, the integration of 10 wt.% HA
resulted in a 21.2% increase in compression strength.

o At 10 wt.% of HA reinforcement in PMMA based bone cement, the flexural
strength of PMMA based bone cement also improved by 12.8%.
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Sample

Pristine-PMMA

HA-PMMA-4

HA-PMMA-10

HA-PMMA-16

Fig. 15 SEM images of the fractured surface after the flexural test

e By comparing the acquired pattern peaks in XRD and FTIR to prior results,
the XRD and FTIR results revealed appropriate dispersion of reinforcement of
hydroxyapatite in PMMA bone cement.

e The distribution of HA in the PMMA bone cement matrix at different wt.% may
be seen in an SEM picture of the fractured section. The HA-PMMA-16 sample,
which has the most significant reinforcement amongst all four samples, has voids
and accumulation owing to the non-uniform distribution of HA, resulting in a
reduction in mechanical properties.
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The current study demonstrates the feasibility of the proposed biopolymer
nanocomposites for orthopedic component development. It can also be used for other
sectors such as food preservation, tissue engineering, and gene therapy. The discovery
of enhanced characteristics such as decent compressive and flexural strength is crit-
ical for the long-term viability of prostheses and implants. The inclusion of additional
material (HA) substantially improves the desired characteristics. Finding enhanced
qualities such as strong compressive and flexural strength is critical for the long-term
life of a prosthesis or implant. Furthermore, additional inspections may be carried
out as part of the project’s progress, necessitating extra analysis and testing. To
establish the nanocomposite’s overall increase in mechanical properties, mechanical
testing such as fracture strength and tensile strength is necessary. The varying weight
percentages might potentially be used in further study to establish the best reinforcing
value. In the future, further chemical study and some more advanced characterization
are required to utilize the proposed biopolymers in society and trade interest.
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The traditional design methods mainly focus on product or technical system them-
selves, but seldom recognize and plan design process from creative cognition
approach point of views. This chapter introduces the crucial initial stage of product
innovation design. It focuses on a method to innovation design and knowledge-
based approach that leads the user through the design process, helps identify critical
issues, and proposes new conceptual schemes for specific configurations. The defi-
nition and types of innovative conceptual design are introduced, and the factors
that affect individual creativity are analyzed. A process of innovative conceptual
design is proposed. Based on the characteristics of product design, incorporating
cognitive psychology, knowledge-based approach, and information technology into
design technology. Based on the cognizing process, the design activities are defined,
knowledge is recommended, and then, suitable creative solutions are evaluated and
selected.

X. Guo - Y. Jiang
School of Mechanical Engineering, Sichuan University, Chengdu 610065, China
e-mail: guoxin@scu.edu.cn

Y. Jiang
e-mail: jilang_yw @stu.scu.edu.cn

Y. Liu (<)

Institute of Mechanical and Manufacturing Engineering, School of Engineering, Cardiff
University, Cardiff CF24 3AA, UK

e-mail: LiuY 81 @Cardiff.ac.uk

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 179
P. Kyratsis et al. (eds.), Advances in Product Design Engineering,

Management and Industrial Engineering,

https://doi.org/10.1007/978-3-030-98124-2_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-98124-2_8&domain=pdf
mailto:guoxin@scu.edu.cn
mailto:jiang_yw@stu.scu.edu.cn
mailto:LiuY81@Cardiff.ac.uk
https://doi.org/10.1007/978-3-030-98124-2_8

180 X. Guo et al.

1 Introduction and Definition

Concept design process is a solution process that analyzes functional requirements
to generate product solutions, which are innovative, complex, and cognitive. It deter-
mines 70% of the total product life cycle cost [1]. At this stage, the main task is
to generate conceptual solutions through demand analysis and functional solution
to meet customer expectations and functional requirements [2]. As the key stage
of product innovation design, the conceptual design presents the characteristics of
uncertainty, multi-solution, and cross-domain, which is the focus of current design
methodology research.

The product concept design process has the characteristics of large design
freedom, relatively few constraints on designers, and strong uncertainty [3]. Many
researchers all over the world have done a great deal of work from different perspec-
tives of requirements analysis, functional decomposition, and knowledge reasoning
[2, 4]. With the increasing requirements for product customization and the wide
application of new technologies such as the Internet and big data, the requirements
for innovation in the conceptual design process have also undergone new changes.

What is innovation? There are many definitions of it. The common definition from
Cambridge Learner’s Dictionary is—

Innovation is a new idea or method that is being tried for the first time, or the use of such
ideas or methods.

According to the psychologist Sternberg [5], innovation is related to a person’s
knowledge, thinking styles, personality, motivation, and environmental context.
Li et al.[6] proposed a design creativity (DC) model for product innovation, that
expressed as:

DC = f(K,TS,DM, ST, O)

where K isknowledge, T'S is thinking styles, D M is design methods, ST is supporting
tools and O is other factors. These other factors could form an important component
of innovative design, which leads to uncertainty and ambiguity in the design process.
On this basis, the innovative concept design can be defined as follows:

Innovative conceptual design is a dynamic process that stimulates the creativity
of designers, and uses new technologies, principles, and methods to design novel
conceptual schemes. In this process, user’s functional requirements are satisfied
through knowledge reasoning and deployment. It starts with requirement acquisition
and ends with the generation of a new conceptual scheme.

Innovative conceptual design can be divided into the following four types
according to different design goals [6].

1. Issue-oriented innovative design

The purpose of the design is to improve the performance of an existing product or
system and solve the issues that affect the main function of the product or system. The
strategy taken is to solve the minimized issues, which means resolving the system
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conflicts by only making some incremental changes (first-order change) of the system
each time.

2. Function-oriented innovative design

The purpose of the design is to design a new product or system. In order to avoid
the improvement of main functions of the existing product or system reaching its
limitation, the designers should jump out of the existing system to find better ways
of possible existence to reach it. The strategy taken here is to solve the maximized
issue and change working principles (second-order change) of the system.

3. Product-oriented innovative design

The purpose of the design is to explore and improve the product’s sub-function in
the situation that the main function does not need to be changed at the moment. The
strategy taken here is to improve the product itself using the methods of functions-
follow-forms and it is mostly used in the condition that the product has a good
reputation on the market.

4. Form-oriented innovative design

The purpose of the design is to meet customers’ cultural and mental needs through
the way of changing the shape, format, or appearances of a product when the main
function and the corresponding implementing principle of the product are ascer-
tained. The strategy taken here is the utilization of the nonlogical thinking method,
which creates novel design concepts by an association of ideas, and/or random
inspiring methods.

Innovative conceptual design has become the development trend in the field of
product design research because it can effectively meet customers’ requirements for
product diversification and improve the competitiveness of the product market.

To improve the efficiency of conceptual solutions and reduce the uncertainty
caused by empirical decisions and knowledge limitations, in this chapter, the defi-
nition and types of innovative conceptual design are introduced, and the factors that
affect individual creativity are analyzed. A process of innovative conceptual design
with good operability is introduced.

2 Product Conceptual Design Process

2.1 Main Features

The product concept design process is a solution process that analyzes functional
requirements to generate product solutions, which are innovative, complex, and
cognitive [7]. An executable conceptual design model usually has the following
four features.
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e [t can accurately analyze and classify design tasks to clarify design issues and
facilitate designers to determine design directions.

e The product solution process can be guided by the solution strategy and design
methods, and the designers are assisted and motivated by the knowledge resources
according to different design contexts.

e The whole conceptual design process should ensure that the designers’ thinking
is fully dispersed, while ensuring timely convergence of design thinking at the
necessary moment, so as to guide the flow of creative thinking of designers.

e The conceptual design process can be evaluated by feedback in a timely manner,
and the design direction can be adjusted in an iterative manner to obtain the
optimal design solution.

In the early stages of design, designers have only an incomplete and relatively
vague mental representation of the upcoming design, so a conceptual design model
needs to be established in order to accomplish the following tasks.

e Helps to understand the cognitive process of designers in the conceptual design
process.

e Helps to understand the information of the conceptual design process and how it
is delivered.

e Helps to clarify the constraints of each step of the cognitive operation process.

2.2 The Multi-Stage Mapping Processes of Product Design

The conceptual design process is a multi-stage mapping process including customer
requirements domain, functional structures’ domain, conceptual scheme domain, and
scheme evaluation domain shown in Fig. 1. In this process, the customer requirements
domain is the target descriptive set of design products which meets customer require-
ments. The functional structures’ domain is the physical structures’ set produced from
a certain scientific principle. The conceptual scheme domain is the satisfied concep-
tual schemes’ set in which the structures meet the design constraints after various
extending conversions [8]. The scheme evaluation domain is the evaluations’ set of
the conceptual program from users and designers that determines the optimization
direction and evolution result of the conceptual scheme.

1. The customer requirements domain—Analysis

The design task analysis and the design issue analysis are included in the customer
requirements domain. The design task analysis mainly refers to the requirement
analysis and sometimes to the product analysis. In order to generate the product
solutions, the functional requirements are analyzed by the product conceptual design
processes [7]. There are three goals for requirement analysis: (1) User’s descriptions
are interpreted using questionnaire, conversation method, and the SW1H method.
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(2) The descriptions are transformed into concise and functional requirements. (3)
According to the requirements, the macro-design tasks are transformed into the
operational design issues.

The awareness and understanding of the initial conditions (the goals of the tasks
or the issues of the tasks components) are included in the design issue analysis. The
exploration of the requirements and constraints that need to be met in the design
are also included in it. During the design process, constraints and requirements may
be changed due to the changes in issues representations. The evaluation criteria are
determined according to the design goals. It is a part of the issues analysis.

2.  The functional structures’ domain—Decomposition

Decomposition mainly refers to a behavior of product function (generation or
decomposition). In order to achieve the goal of product design, a clear definition of the
product functionality in conceptual design is needed. For products, the function can
be understood as efficacy, which is related to, but not the same as, the concepts of use,
capability, and performance. The computable physical parameters are transformed
from the subjective functional concepts by generally using the Function-Behavior-
Structure (FBS) method. The FBS method is also used to analyze and evaluate the
physical structure of the concepts.

There are three features in the function: (1) Function is useful for designers to
open up their minds and conceive the innovative design. It is an abstract behavior;
(2) Function is the embodiment of the interaction process between the products and
the environment, and it can be reflected only in the dynamic process of the products;
(3) Functions are variable because it can be influenced by the variability of external
inputs of energy, material, and information.

Total function can be decomposed into simple sub-functions. It is a proven method
to find the working principles of the products. The product contains the ability of
functional requirements can also be extended by this behavior used some methods
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[1]. Through this decomposition, it is easier to obtain the original understanding of
each sub-function since the relationship between the input and output quantities of
each sub-function is more clear. It is also the process of creative thinking. The last is
developing innovative concepts easier through the descriptions of the sub-functions
which can open up designers’ minds.

3. The conceptual scheme domain—Composition

Composition is the behavior that develops innovative design concepts based on
sub-functions into design schemes. That is, the preliminary design schemes are
formed by combining the new concepts generated in designers’ mind and the concepts
generated in the previous design cycle. The design schemes will be further translated
into more mature design solutions. It can be assumed that the technical or physical
conflict has occurred when designers arrive at a design scheme that does not match
the function requirements [9]. The conflict can be solved by using the Theory of
Inventive Issue Solving (TRIZ). The composition is not only a simple superposition
and combination of concepts but also a generation of design scheme in the continuous
iteration of issues and schemes space.

4. The scheme evaluation domain—Evaluation

There are various methods for design evaluation decisions and the key for them
is to determine the evaluation index system, assign weights and calculate the total
value of the design. Through two design methods, the conceptual schemes are filtered
and iterated by designers. The AHP method is often used to rank the importance of
solutions and Axiomatic Design Theory (AD) is used as a criterion to evaluate good
designs for designers to filter or iterate on solutions. The evaluation is not only a
scientific analysis and summary of the design scheme, but also an improvement and
refinement of the design scheme. Determine the evaluation index system, assigning
weights and calculate total value are the keys of evaluation. As an exploratory cogni-
tive process, designers can ensure the relevance, usefulness, and suitability of the
design schemes through evaluation. Relevance and usefulness are determined by
design requirements and constraints, while the suitability is determined by design
criteria.

3 The Process Model of Innovative Conceptual Design

Under normal circumstances, the process model of conceptual design includes two
key technologies, namely, the expression of design knowledge and the solution of
functions, which have received constraints from customer requirements. In order
to clearly describe the process of innovative conceptual design, the model in this
chapter will discuss the design process from three aspects: issue space, knowledge
space, and solution space. The cognitive activities of designers between these three
spaces constitute the information flow of the entire product issue solving process.
While traditional concept design mainly completes the issue-solution process, it
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is important to further introduce knowledge into the process to assist designers in
generating innovative solutions more efficiently. Therefore, an innovation-oriented
product concept design process model is needed, which establishes the iterative
mapping relationship between issue space, knowledge space, and solution space
from the perspective of design element mapping and reasoning, and builds a product
innovation workflow that conforms to the design law and designer’s cognitive law
with the corresponding mapping process as a guide and the support of relevant
issue analysis, solution strategy, knowledge base, and other resources. The mapping
process is guided by relevant issue analysis, solution strategies, knowledge base, and
other resources to build a product innovation workflow that conforms to design laws
and designer cognition laws. A conceptual design model for product innovation is
shown in Fig. 2.

In this model, the issue space, design knowledge space, and design solution space
are parallel to each other (Fig. 2A). Each of them contains the corresponding design
elements and cognitive activities (Fig. 2B). The conduct and iteration of design
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Fig. 2 The process model of innovative conceptual design
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activities reflect the changing state of the three spaces. The evolution and mapping
processes of the three spaces are explained by four macro processes, which are
introduced as follows:

1. Requirements—issue

It can be divided into function-driven innovative design strategies and issue-driven
innovative design strategies according to the different starting points of mapping.
The function-oriented requirements and the issue-oriented requirements are reflected
through two mapping strategies, then the design issue information or design solution
information is obtained through the analysis of design requirements.

2.  Knowledge—issue—scheme

Three steps are consisted in the process: (1) Part of the issues are discovered
or identified through the explorations of the issue space that are supplemented by
the knowledge and experience owned by the designer and the “standard question-
naires of mental pre-defined (Default)”. (2) The relevant information is selected and
checked through the key issues and the “interesting points” that are highlighted with
an appropriate perspective. It can be implemented by using relevant knowledge to
structure the issues. (3) Process 3 is evolved through a temporary scheme that is
obtained through the issues solving with the knowledge used by the designer.

3. Knowledge—scheme—issue

Three steps are consisted in the process: (1) The temporary schemes entered by
process 2 are evaluated under the influence of empirical knowledge and external
knowledge; (2) Process 2 is evolved through the standardized representation and
scalability segmentation of the design issues that are helped by the relevant knowl-
edge. It will happen when the logical states of the temporary schemes are not clear;
(3) Process 4 is evolved through the schemes when the temporary schemes are clear.

4. Scheme—knowledge

A scheme essentially contains a solution with a clear state of true or false logic.
They can all be used as new knowledge to expand the knowledge space. Process 2
and process 3 are a circular iterative process in it. A complete innovation solving
activity is constituted through the iterative evolution between issue space, knowledge
space, and scheme space of these four processes.

The method to promote the evolution of macro processes can be expressed as the
mapping processes of design elements. Depending on different starting point of the
mapping processes, it can be classified as function or issue-driven mapping. There
are fourteen mapping processes between the design elements, which are shown in
Table 1.
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Table 1 Mapping processes of design elements in the model

Mapping process

Description

1. Design requirements map to basic functions

The requirements or goals are transformed into
basic functions
(K — C: Assisted Conversion of K,)

2. Basic functions map to schemes

The “temporary work structures or schemes”
for the overall functions are Imagine
(K — C: Assisted imagination of K,)

3. Schemes map to sub-functions

The sub-functions are formed through the
imagined “temporary work structures or
schemes”

(K — C: Assisted decomposition of K,
C — C: Limit subdivision)

4. Sub-functions map to expected behaviors

The sub-functions are converted into the
expected behaviors, or be expressed abstractly
(K — C: Assisted abstraction of K./Kg

C — C: Extended subdivision)

5. Expected behaviors map to schemes

Get the “temporary” objective structures due to
the desired behaviors

(K — C: Ke/KE/KM/Kp

C — C: Extended subdivision)

6. Schemes map to physical structures

The physical structures are converted from
“temporary” objectives

(K — C: transformation of K¢/K),

C — C: Limit subdivision)

7. Physical structures map to actual behaviors

The actual behaviors of the physical structure
are analyzed
(C — K: Analyze logical state)

8. Mutual mapping of actual behaviors and
expected behaviors

The actual behaviors and expected behaviors
are Evaluated. It will enter the issue analysis
stage if the structural schemes are not accepted
(C — K: Determining the logical state

K — K: If accepted)

9. Physical structures map to themselves

The physical structures are analyzed to make
sure whether it causes the lack of functions
(K — C: Analysis of K./K )

10. Physical structures map to harmful factors

The physical structures are analyzed to make
sure whether it generates external or internal
harmful factors

(K — C: Analysis of K./K )

11. Physical structures map to expected
behaviors

The objective structures are reconstructed from
the synthesis of expected behaviors due to the
issue of insufficient functions

(K — C: Reconstruction of K./K s

C — C: Limit / extended subdivision)

(continued)
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Table 1 (continued)

Mapping process Description

12. Harmful factors map to expected behaviors | The objective structures are reconstructed from
the synthesis of expected behaviors due to the
issue of internal conflicts

(K — C: Reconstruction of K./K y

C — C: Limit / extended subdivision)

13. Harmful factors map to sub-functions New effects or new expected behaviors are
generated by the “substances” that are
introduced due to the external harmful issue
(K — C: K,/Kp/Ky/K),

C — C: Extended subdivision)

14. Physical structures map to the description | If the structure schemes are accepted, then it
of the structural schemes can be used for future activities by being
described and recorded

(K — K: Expand the knowledge space)

4 Knowledge Reasoning Method for Innovative Conceptual
Design

Conceptual design is a highly creative activity that involves design cognition, inno-
vative methods, and the transfer of multidisciplinary knowledge. An effective knowl-
edge organization and reasoning method help to recommend suitable functional
knowledge to the designer during the conceptual design process. If some knowl-
edge were connected to the sub-functions of decomposition, it would help to obtain
further insights into the conceptual design stage. In this chapter, we define this kind
of knowledge as functional knowledge. The conceptual design model for product
innovation introduced in the third section focuses on “when to use knowledge”, and
this section answers the question “how to reason about functional knowledge”.

4.1 Knowledge Organization and Mapping Process

Knowledge-based reasoning in conceptual design matches and operates data by
using knowledge-based rules and deriving conclusions by applying certain reasoning
methods [10]. A concept-knowledge theory proposed by Hatchuel and Weil is a
traditional method used to describe the process of design thinking [11]. It has had a
significant influence in guiding the study of knowledge flow in the solution process
used to design innovation conceptual schemes.

Knowledge reasoning is a kind of knowledge organization and matching tech-
nology that associates suitable functional knowledge with design tasks in different
stages of innovative conceptual design. Designers are users of knowledge and
decision-makers in product design activities. The effect of knowledge reasoning
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depends on the matching accuracy between knowledge and design activities. To
accurately push the knowledge required for innovative conceptual design, mapping
modes and matching algorithms are introduced.

Based on the process model of innovative conceptual design, knowledge reasoning
mainly occurs in the process of decoupling conceptual schemes, including customer
requirements identification, functional feature decomposition, and functional knowl-
edge matching. Pairwise mapping has become the following relationships [12]:

e “Requirement-function” mapping: mapping customer requirements to func-
tional features such as engineering features, part features, process features, and
production features, and the designer understands “what needs to be designed”.

e “Function-knowledge” mapping: based on the selection and combination of func-
tional knowledge, transform “what needs to be designed” into “how to do”, and
realize the generation of conceptual schemes.

Customer requirements and conceptual schemes are closely related, and knowl-
edge connects the two through reasoning and mapping. Innovative conceptual design
requires the integration and transfer of multi-domain knowledge. Ontology is an
effective method of organizing knowledge. It not only provides a representation
of a shared conceptualization of a particular domain that supports communication
between users and applications, but it also captures knowledge about concepts in the
domain and relationships between these concepts [13]. It helps knowledge reasoning
and data integration. By categorizing customer requirements, functional feature and
functional knowledge, and defining the relationship between them, an ontology tree
structure is shown in Fig. 3. On this basis, the semantic annotation and ontology
expression of customer requirement, functional feature and functional knowledge can
be established through the Protégé system. It is an environment for knowledge-based
systems development.

In the process of innovative conceptual design, a requirement ontology database
(DR = DR, DR, ..., DR,) is established based on customer requirements. A
similar F'F; will be retrieved from the functional feature ontology database (F' F =
FF\,FF,,..., FF,)tooutput functional features that meet customer requirement
DR;. Similarly, search for knowledge F K; similar to F' F; in the functional ontology
database (FK = FK, FK», ..., FK,), and then push it to designers to stimulate
creative thinking and generate conceptual scheme. Innovative conceptual design is a
process of iterative and gradual improvement. In this process, customer requirement,
functional feature and functional knowledge are constantly superimposed and fed
back, so that the innovative concept scheme is gradually improved. The specific
process is shown in Fig. 4.

e Step 1: The functional features, such as material, control, transmission, drive,
structure, etc., are expressed based on the ontology, and the functional features
ontology database is established.
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e Step 2: Functional knowledge such as overall function, usability, structural charac-
teristics, and design principles is expressed based on the ontology, and a functional
knowledge ontology database is established.

e Step 3: Customer requirements are input, such as product quality, price, function,
performance, appearance, service life, etc., and are expressed normatively based
on the ontology.
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e Step 4: “Requirement-function” mapping. The designer analyzes and judges
whether the mapping result meets the customer’s requirements. If it is satisfied,
output the corresponding function feature, otherwise, return to step 3 to further
refine customer requirements.

e Step 5: According to the function features, the next design task is clarified, and
the specific design activities are divided.

e Step 6: “Function-knowledge” mapping. The designer analyzes the mapping
results and judges whether the acquired functional knowledge meets the require-
ments of function features. If it is satisfied, output the conceptual scheme,
otherwise, return to step 5 to further refine function features.

e Step 7: End, the conceptual scheme was further designed in detail.

4.2 Knowledge Matching Algorithm

Usually, knowledge is expressed in ordered triples, including design objects, features,
and values.E = (O, c, v), Where E is the matter-element, O is the object, c represents
the features of the object, and v represents the values of c. An n-dimensional vector
of DR between the three (Epg) can be expressed as follows [14]:

DR CDR] UDRI
CDR, VDR,

Epr = (DR, cpr, Vpr) =
CDR, VDR,

where cpp is the features of DR, which include quality, function, performance, price,
appearance, service life, environmental protection, and other aspects of customer
requirements. Personalized demand is also an important part of it. vpg represent the
corresponding values of each cpg. Similarly, the functional feature matter-element
(ErF) can be expressed as:

FF C}:F1 UFFI
CFF, VFF,

Err = (FF,cpr, Vrr) =
CFF, VFF,

where cpr is the features of F'F, which include material, control, transmission,
drive, structure, overall relationship, safety and maintenance performance, etc. vpp
represent the corresponding values of each cpp.
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FK CFK| UFK]

CFK, VFK,
Erxk = (FK,crg, vrk) =

CrK, VFK,

In the n-dimensional vector of functional knowledge matter-element (Erg), crg
is the features of F K which include the detailed description, applicable stage, appli-
cable object, type, storage form, domain scope, etc. of the knowledge expression
process. vpg represent the corresponding values of each cpg. The features listed
in the above three n-dimensional vectors (cpr, crr, crg) Will be subdivided into
several sub-features according to their characteristics, which can be expressed in the
form of sub-matter-element.

Based on this, consideration of similarity can achieve matching between different
matter elements [10, 12]. If any matter-element Dy, its feature setis Cp, , the matched
matter-element feature is Dy, and its feature set is Cp,, then the similarity between
Dy and Dy can be calculated.

Sim(CDX, CDy) = m+ﬁ7p Zle (wi X S(CDX,- , CDYi))’ S(CDXi , CDYi) € [O, 1]
where p represents the number of matter-element that can be used for similarity
calculation, and w; represents the p weight of the i’ matter-element. S represents the
similarity of the i"" matter-element between the existing object Dx and the matching
object Dy. In the mapping process of conceptual design, Dy is generally a clear
numerical point, and the Dy to be matched comes from different ontology databases
and has a numerical interval. In this case, Hamming approach degree can be used to
calculate S (C py,» Cby, ) Assuming that the value interval of Cp, is [v Dy, » Uy, ],
and the value of Cp, is vp, , then the approaching degree between Cp, and Cp,
is calculated as follows:

Upy.
in _
S(C c ) 1 vay[m X 'UDX,_ }dx
DX‘. ’ Dyx. - h
vDy vDy’. 1
Upy. +UDy_ —ZUDX_
_ im in i <
1 . Z(UDX,» = vpy,,)
(vpy,  —vpy )"+ (Vpy —vpy )
=4q1- — (v <v_ <wv
2hi(vpy, —vpy, ) ( Dy, = Dx, — Dyin)
2upy. —Upy —V
1 m

2h; iy (UDX, > vDyi”)
where h; the value range of the matter-element of the matching object, and h; =
max(C Dyi) — min(Cp, ). The two mapping relationships (“requirement-function”
mapping, “function-knowledge” mapping) mentioned above can be matched through
this similarity calculation. If Sim(Cp,,Cp,) > 0, it means that the match is
successful. In the mapping process of ontology-based functional knowledge, while
effective knowledge is pushed to the designer, the designer or user can also evaluate
and feedback on the pushed knowledge. This helps to upgrade the ontology database
and improve the accuracy of knowledge matching. The knowledge or case obtained
through knowledge reasoning is essentially an aid and incentive to the conceptual
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design process, and this process is not limited to knowledge in a single domain. In
a sense, knowledge reasoning motivates designers to re-understand and characterize
design issues from different perspectives, which is also the key to the application of
knowledge in innovative design.

5 Knowledge System for Innovative Conceptual Design

5.1 Overall System Architecture

The knowledge properties and knowledge cases in the knowledge source are fed
back to designer through the key information of knowledge system when a search
request sent by designer is received by relevant unit module of knowledge system.
The overall system architecture of knowledge is proposed as shown in Fig. 5.
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There are two parts included in the knowledge-assisted innovative conceptual
design: (1) Issues characterization: The classification of design issue is guided or
assisted by design knowledge in the knowledge base system when facing design
task. It can be expressed as a function or issue-driven starting point. The issues
can be characterized by different innovation strategies provided by the system. On
the other hand, the issue characterization may be updated by the designer who is
inspired under the multi-domain analogical knowledge source search. The issue
characterization model is not limited to the “top-down” or “bottom-up” solving
process, but the analysis of the issues be expanded from any level of abstraction;
(2) Knowledge transfer: Analogical knowledge sources in different fields can be
provided by the knowledge system through the search method of the designer. For
example, Analogical knowledge with a high degree of relevance in the field can be
provided by keyword and similarity search; Analogical knowledge in the near field
can be provided by the search of field method; Cross-domain knowledge cases are
often obtained through abstract knowledge search. It can solve innovative design
issue and carry out cross-domain knowledge analogy transfer by stimulating the
designer’s imagination.

The overall system architecture of knowledge can be divided into four parts:
(1) User layer: Functions such as user login, access, knowledge query, and knowl-
edge display can be realized at this layer; (2) Search layer: Design knowledge
related to requirements is provided to design user through different search strate-
gies; (3) Ontology layer: The semantic knowledge expression is formed through
the relational network and semantic network between the knowledge attribute
of the design resources; (4) Resource layer: Patent knowledge, case knowledge
and other knowledge defined by knowledge tags are stored, as is the method
knowledge.

5.2 Function Model of Knowledge System

Design knowledge and solving methods can be effectively provided by the knowl-
edge system, and it helps the product design level of the enterprise and the innovative
design ability of designer to be improved. Because of various types of knowledge
existing in the product design process are effectively integrated and managed by
the knowledge system, the knowledge interaction and knowledge support of man—
machine system can be realized by pushing the required knowledge to the designer
at the appropriate stage to assist him/she in making design decisions. Based on
the above, a function model of the knowledge system is proposed as shown in
Fig. 6. The user management module, process management module, knowledge
management module, and operation management module are included in the function
model.
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1. User management module

User login, role permissions, and other functions are included in the user manage-
ment module. The account information of user is verified and the legitimacy of user
is confirmed through the login function. The role authority function performs role
authorization based on account information, and different functional modules can be
used by users with different permissions. The role is created according to the product
design task, and the corresponding role is set to complete a certain design task. Users
are converted into corresponding roles according to their assigned tasks by assigning
different users different permissions. There are three kinds of users in this model: (1)
Designer: Complete design tasks by acquiring design knowledge and methods, using
knowledge reasoning, knowledge push, and other functions; (2) Knowledge manager:
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Complete knowledge entry, knowledge organization, knowledge expression, and
knowledge update, etc.; (3) Maintainer: Complete system knowledge storage, system
monitoring, system maintenance, etc.

2. Process management module

Design navigation, market analysis, system analysis, demand analysis, issue
discovery, issue analysis, issue solving, solution, scheme evaluation, report genera-
tion, case generation, design summary, and other components are included in the
process management module. Product innovative design is realized through the
respective functions of these components. For example, all design activities and
design processes in the full life cycle of product design are previewed through the
design navigation component; Business opportunities and innovations are captured
through the analysis of the current market environment acquired by market analysis
component.

3. Knowledge management module

Existing knowledge is collected, sorted, organized, and expressed by using a
knowledge management module, and new knowledge in the solution of product
design issues is mined, refined, and ontology expanded by using it. Knowledge
creation, knowledge classification, knowledge organization, knowledge expres-
sion, knowledge reasoning, knowledge output, knowledge reasoning, knowledge
push, knowledge recognition, knowledge review, knowledge generation, knowledge
update, and other components are included in the knowledge management module,
and knowledge management is realized through the interaction of these compo-
nents. For example, through the knowledge reasoning component, knowledge push
technology is supported by matching and mapping of knowledge related to design
activities; In the knowledge review component, the correctness of the entered knowl-
edge and the new knowledge produced is ensured by the designer’s judgment of the
knowledge and the knowledge manager’s review of the system.

4. Operation management module

The normal operation of the knowledge system is guaranteed by monitoring and
maintenance of the operation management module. The storage function module, the
monitoring function module, and the maintenance function module are included in
the operation management module. Components such as design knowledge storage,
design case storage, design rule storage, and design standard storage are included
in the storage function module. Components such as database monitoring, session
monitoring, design case monitoring, and design request tracking are included in the
monitoring function module. Components such as knowledge detection, knowledge
maintenance, knowledge forum, and knowledge evaluation are included in the main-
tenance function module. The normal work of the knowledge system is guaranteed
through the joint action of these components. For example, through the knowledge
detection component, in order to improve the accuracy of knowledge push, the knowl-
edge mastered by the designer is tested and filtered; The effect of knowledge push is
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evaluated by the knowledge evaluation component. Through this component, whether
the designer’s issue is solved or how much help is obtained will be judged, thereby
providing a theoretical basis for the improvement and upgrade of the knowledge
system.

An interface of knowledge system is shown in Fig. 7.

6 Conclusion

Innovative conceptual design has played an important role in stimulating the
creativity of designers and assisting in improving the design capabilities of designers.
In this chapter, the key design phases where the designer’s creativity is concen-
trated are introduced. The main contents are as follows: (1) Conceptual design is
introduced by explaining the importance and characteristics of conceptual design.
The main content of innovative conceptual design is introduced, and according to
different design goals, the innovative concept design is divided into four types: issue-
oriented innovative design, function-oriented innovative design, product-oriented
innovative design, and form-oriented innovative design. (2) The main features of the
product conceptual design process are introduced, and the design process is divided
into four domains for different stages: customer requirements domain, functional
structures’ domain, conceptual scheme domain, and scheme evaluation domain. (3)
An innovative conceptual design process model is presented. The mapping rela-
tions between issue space, solution space, and knowledge space in cognitive activ-
ities are shown in detail, and between design elements in the space. The mapping
between design elements is divided into fourteen mapping processes. (4) The role
and methods of knowledge reasoning are introduced. The ontological relation of
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innovative conceptual design knowledge is explained. The ontology-based func-
tional knowledge mapping process is given and seven of them are presented. (5) The
innovative conceptual design of the knowledge system is introduced, and the overall
framework of the system is given.
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Establishing Product Appearance )
Specifications with the Identification oo
of User Aesthetic Needs in Product

Conceptual Design

Huicong Hu, Ying Liu, and Wen Feng Lu

This chapter presents the basic concepts of aesthetic needs and product specifications
in conceptual design. The user aesthetics needs are considered one of the significant
determinants in increasing user satisfaction. In this regard, the importance of estab-
lishing product appearance specifications to identify user aesthetic needs is discussed.
A method is introduced to demonstrate the significance of considering aesthetic and
emotional needs when establishing product appearance specifications in product
conceptual design. To improve appearance specifications based on aesthetic experi-
ences collected from users and designers, an approach using fuzzy logic is proposed
and illustrated by a case study of digital camera design.

1 Essential of Identifying the Aesthetic Need in Product
Conceptual Design

The focus of the conventional conceptual design is typically on functional design,
which is targeted at generating appropriate structures so that required functions
are provided [5, 56]. The user needs are generally structured into function or
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usability-related statements, while design specifications are formalised into tech-
nical descriptions or values of functions. However, with the improvement of life
quality, a major contributing factor contributing to a successful product is user satis-
faction [9, 51, 57]. With the aim of meeting the competitive market requirements and
enabling the purchase decision of a customer, the functional aspect is not enough.
To increase user satisfaction, the product should be able to satisfy user needs to a
higher level. In this case, the aesthetic aspect of user needs should be taken into
consideration as well [1, 20, 40], especially for electronic consumer products, in
which field the trend is getting more obvious.

As the transitional role, which translates the language of the users into technical
descriptions of product requirements, product specifications are studied to understand
user needs in conceptual design [7]. However, formalised into technical descriptions
or values, product specifications are generally associated with usability or functional
requirements in most related design studies [8—10]. Additionally, few studies look
into the appearance of product specifications, which are characterised by the choices
of surface materials and the dimensions of basic geometric. Also, regarding the
establishment of product appearance specifications, few studies discussed emotional
needs with aesthetic considerations regarding product appearance, and few studies
have included the aesthetic aspect of design information.

In terms of quantifying user aesthetic needs, retrieving user responses to the visual
appearance of design elements has been discussed as an effective approach to the
establishment of product appearance specifications [2]. Under this approach, based
on the perceived user reaction and product appearance specifications, the design
team is enabled and facilitated to acquire user needs. In a study that investigates the
sentimental response of the customer to a product, Kansei Engineering was developed
by Nagamachi to translate user psychological feelings into product design elements
[41]. By applying this approach, other related studies have been proposed as well
[2, 9, 52]. Given the fact that there are successful applications of these methods in
processing the emotional needs of users, the studies of Kansei Engineering face a
constrain, which is the insufficient considerations of aesthetically attractive visual
configurations. These configurations support the arrangement of design elements.
Kansei words describe the user needs of product forms, which are usually adjectives,
nouns, or verbs that describe specific emotions. As Kansei Engineering explains,
it works by connecting Kansei words with design elements. According to existing
product structures, it can effectively identify design elements that match Kansei
words used by users. It could not, however, specify how the design elements should
be arranged. Thus, the newly identified design elements cannot align with the initial
product structures in a visually pleasing manner [17].

To consider the aspects of both emotion and the arrangement of design elements,
assessing the aesthetic experience of users could be an effective way. The aesthetic
experience could reflect how a user perceives and responses to the aesthetic quality
of a product regarding both the inherent attractiveness of the arrangement of design
elements and the expression of implied emotions and meanings. Therefore, this
paper is aimed at proposing a novel approach that supports the identification of
user aesthetic needs and the establishment of product specifications in appearance
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(appearance specifications). It is aimed to improve appearance specifications by
taking both the emotions and the arrangement of design elements into considerations.

First of all, based on the understanding of user aesthetic experience, the proposed
approach investigates user aesthetic needs. The way people perceive and respond to
a product’s aesthetic quality can be indicated by the aesthetic experience, including
the emotions and the arrangement of design elements. In this approach, appear-
ance specifications are represented using a comprehensive model. A mapping task
is then performed for establishing improved appearance specifications based on
aesthetic experience. The mapping task consists of (1) the construction of a mapping
model between initial appearance specifications and user aesthetic preferences of
user aesthetic experience and (2) the implementation of the mapping model to obtain
improved appearance specifications with enhanced user aesthetic preferences. A case
study on digital camera designs was conducted to demonstrate the effectiveness of
the proposed approach. The proposed method could help to establish appearance
specifications-based user aesthetic needs.

2 Background and Related Works

2.1 Aesthetic Information in Conceptual Design

The conceptual design is typically defined as the initial stages of the design process
when design solutions are fuzzy [21]. The impact of conceptual design is substantial
since a large number of ideas are generated during this process, which is considered
to facilitate the achievement of a desirable design [28]. As the conceptual design
process converts the design problem at an early stage into a transparent representation
of design solutions, the uncertainty and unknown are reduced [35]. With the aim
of reducing the uncertainty and the unknown, which lies in the design problem,
decomposition of the problem and investigation of potential design solutions are
typically conducted before generating a final concept [12]. In this case, the generation
of creativity is usually considered to be motivated by the development of design
solutions and problems at the same time [14].

The conceptual design process is usually divided into several phases, including
user needs identification, specifications establishment of the product, concept gener-
ation, selection, and evaluation [55]. First of all, with the aim of identifying user
needs, the extraction and organisation of the statements from aimed users will be
conducted in hierarchical order. Following the assignment of importance fuzzy, a set
of carefully constructed user need statements are generated as the foundation and
motivation for design specifications establishment. Subsequently, a rough descrip-
tion of the appearance and structures for the product is created within the product
concepts. The information collected along the conceptual design process is essential
to product development [42].
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Conventionally, the functional and structural aspects are the primary focus in
terms of the design information representation [43]. With the aim of delivering the
expected effect, the represented information of functional aspects follows geom-
etry restrictions. Meanwhile, the structural aspects focus on the design solutions
which deliver the expected effect. For instance, a representation of design knowl-
edge, including structures connections were proposed by Amaresh [6]. Also, with the
aim of supporting the functional synthesisation, the function-behaviour-state (FBS)
modeller based on knowledge representation [56] was proposed. Based on this FBS
modeller, further studies on conceptual design studies were conducted [32, 48].

With the increasing life quality requirement, the main focus in terms of design
information is not only on the functional aspect but also on the aesthetic aspect
[58]. The definition of aesthetics is the pleasure obtained from sensory [22]. As a
fundamental feature for a product, visual product aesthetics include the constitution
of the form, colour, and texture of a product preference [4, 28, 59]. Therefore, visual
product aesthetics is one of the most essential contributing factors of a desirable
product [29].

In the field of design information representation, it is a popular research topic
on the consideration of subjective requirements, especially aesthetic ones. With the
aim of recognising the aesthetic aspect, it was stated [23] that there are two promi-
nent indicators which are the inherent arrangement of visual design elements and
the expression of design emotions implied in its design appearance when aesthetic
information is processed. With the aim of realising positive customer satisfaction,
aesthetic quality is one of the most contemptuous aspects of product development
[39]. In addition, there are high correlations between the purchase decisions made by
customers and the visual aesthetics design elements. It is believed that the aesthetic
quality can be improved if the aesthetic needs of customers are measured and achieved
through product forms design [18]. Aesthetic shapes are characterised by integrity,
order, visual balance, rhythm, and appropriate size ratio in aesthetic cognition [15].

The expression of design emotions is one of the essential indicators of aesthetic
information [50]. However, the understanding of design emotions expression is
subjective since the unquantifiable implications or symbols implied in the product
appearance were indicated. In regard to this indicator, Kansei engineering is a popular
approach that assesses user-perceived emotions in design and deals with the senti-
ments of consumers [38]. Kansei engineering was defined as the translating approach
of a consumer’s psychology regarding the product to the design elements [41]. Kansei
engineering has been successfully applied in the design domain as it conveys the
emotions in a design. Similar to the principle of Kansei Engineering, the quality
function deployment (QFD) transforms the needs of customers into technical require-
ments [7]. For its applications, the customer preferences are identified using the QFD
method in the quality analysis of products [33]. Based on online reviews, Jin et al.
focus on engineering characters for QFD in the product design [27].
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2.2 Understanding User Aesthetic Needs Through Aesthetic
Experience

As a concept, aesthetic experience entails a number of complex processes that are
involved in the interaction with a product’s visual experience. According to Leder,
Belke, Oeberst, and Augustin, aesthetic experience involves perceptual analysis,
comparison with previous encounters, classification, interpretation, and evaluative
judgments, which eventually result in aesthetic judgments and emotions [37].

An element of visual design can have a significant impact on the aesthetic expe-
rience of a product through the expression of information implied in its appearance
and its integrated arrangement of elements [23]. These conclusions can also be found
in the “classical aesthetics” and “expressive aesthetics” dimensions [10, 36], as well
as Crilly’s conclusion concerning aesthetic impression, semantic interpretation, and
symbolic associations with cognitive response [11].

Depending on the way in which design information is presented, people might
understand and view the product differently [23]. Rather than considering tangible
artefact characteristics, this indicator takes into account intangible properties of
meanings and metaphors that are embedded in the product forms. Due to its subjective
nature, this indicator depends greatly on someone’s background, identity, personality,
social status, or culture, etc. [11, 24]. In addition, the user-perceived attractiveness
of a product may also be affected by the typicality and novelty of the product form
and by the usage of certain design metaphors or expressions [23, 44].

Form, colour, texture, etc., affect a product’s universal appeal as a result of its
inherent arrangement in the design. The human mind will award beauty to certain
geometric shapes, proportions, and colour combinations [47]. It is an objective prop-
erty that affects the aesthetic experience and is considered as reflecting the inherent
attractiveness that is perceived by sensors. As a consequence of the notion of design
beauty being an important part of many design theories, such as the golden section
[13], many have been put forward. The Bauhaus is one of the famous pioneers of the
field of product design. The Bauhaus’ teaching theory is often embraced in product
design because it actually incorporates Gestalt psychology and tries to create a “new
sense” from the design elements like line, colour, text, and so on [31]. Those who
follow Gestalt psychology—which was developed in the early 1900s rather than the
modern generation-believe that “there is more to an experience of the whole than its
parts” [30]. As a result, people tend to perceive things that are pleasing, balanced,
and unified, spreading a feeling of overall harmony [8]. In spite of this, a product
considered to be too harmonious may be regarded as boring and monotonous [23].
The ability of complex and varied experiences to generate arousal can sometimes
be required in some circumstances [3]. There are a number of aesthetic equilibrium
theorists who suggest that this balance lies between boredom and confusion [16].

According to aesthetics, design elements are vocabularies that constitute a design
form [31]. There are several commonly recognised design elements, including line,
shape, colour, and texture [53]. A number of researchers have argued that an appealing
psychological form is one that holds the right aesthetic balance between covenant
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order and complex arousal based on research findings. It is critical to apply aesthetic
principles to provide a heuristic guide for users in order to be able to perceive both
arousal-reducing and arousal-driving design strategies [31, 34]. The principles of
aesthetic design can be defined as universally recognised compositional strategies
for visual appearance. In addition to constituting and arranging the elements of
visual design, they contribute to the aesthetics of the process [19]. Based on contrast,
rhythm, balance, and proportion (CRBP), Stebbing enumerated the basic principles
of aesthetic design on visual composition [54]. A contrast is, in this context, the
juxtaposition of different elements of a composition that creates visual disunity. The
concept of rhythm is based on repeated or alternative elements that are arranged
with organised or defined intervals. With the aim of creating a sense of equilibrium,
balance is the application of design elements. Various elements in a design must be
sized and scaled so that they are proportionately large [25].

3 Overall Framework

As appearance specifications are usually described as semantic requirements, which
are imprecise and challenging to quantify, design specifications in conceptual design
are typically composed of a collection of attributes or metrics with certain values.
To describe the requirements of product appearances, a representation model of
appearance specifications is first proposed in order to recognise important attributes.

As illustrated in Fig. 1, a representation model for appearance specifications is
presented. It is useful to use appearance specifications to describe the appearance of
the product from the six different points of view (front, back, top, bottom, left, and
right). Within each view, two categories of appearance specification are displayed,
namely emotion and aesthetic indicator. Emotions, or content meanings implied in
the appearance of the product, are defined as the attributes of subjective emotions
and meanings. Various emotional words are included in this product. A noun may
refer to an object, or an adjective might describe certain psychological meanings.
An emotional adjective is employed to evaluate the expression of design forms in
this study. As stated by Dong et al. [46], four categories are used to categorise
adjectival words, these categories being physiological, psychological, cultural, and
physical. The adjectives in each category are each considered attributes of emotion
corresponding to implied feelings associated with the product’s appearance. When
defining appearance specifications, the value of emotion attribute is determined as
the degree to which the product appearance gives people a sense of the emotion
word. In the case of the “modern” emotion attribute, values could be “very high”,
“high”, “middle”, “low”, and “very low”. It indicates that the product may not appear
modern to people if the value of the emotion attribute “modern” is “very low = 1.
It is also possible to refer to an emotion attribute as a noun, which could refer to
the shape of an actual object. This could be an inanimate object like a cloud or an
animate object like a beetle. An abstract notion, such as Sony or Modernism, can
also be a representation of an idea. As described in the aesthetic indicator, design
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Fig. 1 Representation of appearance specifications

elements must be arranged according to specific strategies. The aesthetics of design
principles determine how to arrange design elements. Aesthetic design principles are
well-known and are used by designers in composing design elements, as discussed in
previous chapters. They are regarded as attributes of aesthetic indicators, as described
in previous chapters. According to Stebbing’s study [54], the representation model
contains common aesthetic design principles, such as contrast, balance, rhythm,
proportion, and unity. As a result, the aesthetic indicator attribute value is determined
by the degree of implementation of the corresponding aesthetic design principle in
the appearance of the product.

As shown in Fig. 2, the front view of a digital camera is represented by appearance
specifications. Aesthetic design principles are contrast and balance as the elements of
the aesthetic design indicator, and emotion adjectives “classic”, “modern”, “elegant”,
and “cute” are selected as emotion attributes.

Next, the overall method for improving appearance specifications is presented
in Fig. 3. Based on the aesthetic experience of existing design samples, a mapping
task is performed to generate appearance specifications. The mapping task consists
of three steps. The first step is to acquire initial appearance specifications and user
aesthetic preferences of existing design samples. The values of initial appearance
specifications are obtained from both evaluations of user aesthetic experience and
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Fig. 3 The proposed method for improving appearance specifications based on aesthetic experience

designer aesthetic experience. In the evaluation of user aesthetic experience, the
user would also indicate their aesthetic preferences of the existing design samples.
Step 2 focuses on constructing a mapping model between the initial appearance
specifications and the user aesthetic preferences. Step 3 is to generate improved
appearance specifications based on enhanced user aesthetic preferences, which are
predefined by designers.

Figure 4 shows the detailed process of constructing the mapping model between
initial appearance specifications and user aesthetic preferences (Step 1 and Step 2).
In Step 1, design samples are chosen from existing product designs or prototypes.
From the design samples, the attributes of the initial appearance specification are
determined based on the proposed representation model. With the aim of obtaining
the values of the initial appearance specification attribute regarding design samples,
user evaluation and designer evaluation are conducted. Participants of the user eval-
uation could be users from the target user group with defined personal backgrounds.
Participants of the designer evaluation are designers with certain design experience
and knowledge of applying aesthetic design principles. During the evaluation, users
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and designer(s) observe the appearance of design samples and gain certain aesthetic
experiences. Their aesthetic experiences could be acquired from survey questions
regarding each attribute of initial appearance specifications. In the user evaluation,
values of the emotion attributes of initial appearance specifications and ranking values
of user aesthetic preferences are obtained. In the designer evaluation, designer(s) eval-
uate the appearance of design samples and indicate the values of aesthetic indicator
attributes of initial appearance specifications. The resulted values of both user and
designer evaluations would be used for constructing the mapping model. In Step 2,
the mapping model is constructed with the input of initial appearance specifications
and the output of user aesthetic preferences.

Step 3 is to implement the constructed mapping model to generate improved
appearance specifications. Figure 5 shows the detailed process of implementing the
mapping model for the generation of improved appearance specifications. In this
process, enhanced user aesthetic preferences are first defined as the target aesthetic
preferences. Based on the mapping model, improved appearance specifications that
result in the target aesthetic preferences could be generated.
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4 Case Study on Improving Appearance Specifications
Based on Aesthetic Experiences

To demonstrate the method proposed for improving appearance specifications based
on the aesthetic experiences of users and designers, a case study with digital cameras
was conducted. By applying fuzzy logic, a mapping model was constructed for this
study. There is evidence to suggest that fuzzy logic is an excellent tool for modelling
information with imprecise values that depend on their degree [45]. Therefore, it can
be used to construct mappings between original appearance design specifications
and aesthetic preferences. Below is an outline of the steps involved in this case study.

1. Select design samples and attributes of initial appearance specifications for
aesthetic experience evaluation.

2. Determine linguistic variables for initial appearance specifications.

Construct a fuzzy set X of initial appearance specifications.

4. Determine linguistic variables for user aesthetic preferences and construct a
fuzzy set Y of user aesthetic preferences.

5. Construct fuzzy rules between initial appearance specification fuzzy set X and
user aesthetic preference fuzzy set Y

Rule: IFX;isA; AND X,is A, ... AND X, is A, THEN Y is B,

where A;, Ay, ..., A, and B are fuzzy linguistic values, taken by the input
linguistic variables X; and the output linguistic variable Y.

6. Generate improved appearance specifications with enhanced user aesthetic
preferences.

(O8]

This case study is to demonstrate the appearance design of the interchangeable-
lens digital camera. The goal was to establish appearance specifications of the digital
camera for the target users of 20-30 years olds female college students.
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4.1 Acquiring Initial Appearance Specifications and User
Aesthetic Preferences

A total of eight interchangeable-lens digital cameras were chosen as the study’s
design samples. There were different combinations of styling forms, colours, and
textures used to select the design samples. Aesthetic design principles “contrast” and
“balance” were chosen as aesthetic indicator attributes, whereas emotion attributes
“classic”, “modern”, “elegant”, “cute”, and “professional” were chosen as emotion
attributes.

To determine linguistic variables for initial appearance specifications, the trian-
gular form of the membership function, which is frequently used for representing
fuzzy numbers and significantly simplifies the modelling process [26], was employed
to determine approximate interval values of linguistic variables. Seven linguistic vari-
ables were chosen as criteria for appearance specification attributes (Fig. 6, Table

1).

Fig. 6 Membership
functions for appearance
specification attributes 1 A 1

v L A MLAMAMHA H VH

0 0167 0333 05 0667 0833 1

Table 1 Linguistic .criter.ia Linguistic variable Interval of triangular fuzzy number
for appearance specification
attributes Very low (VL) [0, 0.167]

Low (L) [0, 0.333]

Medium low (ML) [0.167, 0.5]

Medium (M) [0.333, 0.667]

Medium high (MH) [0.5,0.833]

High (H) [0.667, 1]

Very high (VH) [0.833, 1]
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Next, the value of each attribute of appearance specifications was obtained. To
construct a fuzzy set on emotion attributes, the semantic differential (SD) method,
which is a self-report method using a Likert scale, was employed to evaluate design
samples regarding each emotion attribute. A seven-point SD scale (1-7) corre-
sponding to the seven linguistic variables (VL to VH) was employed in the user
evaluation. Forty-three female college students were selected from target users for
the user evaluation. The evaluation result of each emotion attribute is shown in Table
2, with the average and standard deviation values. The converted values of fuzzy sets
on emotion attributes are listed in Table 3.

The Analytic Hierarchy Process (AHP) developed by Saaty [49] was applied to
perform comparative judgments to determine the degree to which aesthetic princi-
ples were implemented in particular design samples in order to construct a fuzzy set
of aesthetic indicators. Table 4 illustrates the pairwise comparisons made between
design samples in regards to aesthetic design principles based on their intensity of
importance, as shown in the figure. By applying local weights, each aesthetic design

Table 2 Users SD evaluation results

Design | Classic Modern Elegant Cute Professional
sample | Ave [Std  |Avg |Std  |Avg |Sid |Avg |Std |Avg  |sud
1 221 |1.29 |595 (099 |558 |1.10 (453 |1.53 |4.23 1.74
2 591 |1.03 |256 |[133 [440 |150 |198 |[090 |5.14 1.39
3 2.05 |0.89 |5.65 1.27 |3.12 |1.67 |570 |[1.50 |3.28 1.60
4 291 |1.51 |456 156 ([3.07 |[1.59 [430 |159 |[3.42 1.50
5 528 |1.83 |342 |1.73 |451 |153 226 |1.08 |5.84 1.03
6 381 [1.79 |323 |1.87 |[3.05 |149 [321 |2.03 |3.98 1.80
7 326 |1.73 |467 143 437 |1.75 |3.16 |1.41 |4.70 1.46
8 288 |1.50 |4.88 183 |621 |[1.05 |4.16 |1.74 |295 1.70
Table 3 Values of the fuzzy set on emotion attributes

Design sample Classic Modern Elegant Cute Professional
1 L H H MH M

2 H ML M L MH

3 L H ML H ML

4 ML MH ML M ML

5 MH ML MH L H

6 M ML ML ML M

7 ML MH M ML MH

8 ML MH H M ML
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Table 4 The intensity of importance scale for AHP evaluation
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Intensity of importance

Definition

Explanation

1

Equal importance

Two activities contribute
equally to the objective

Weak importance of one over

another

Experience and judgement
slightly favour one activity over

another

Essential or strong importance

Experience and judgement
strongly favour one activity
over another

Demonstrated importance

Activity is strongly favoured,
and its dominance
demonstrated in practice

Absolute importance

The evidence favouring one
activity over another is of the
highest possible order of
affirmation

2,4,6,8

Intermediate values between the

two adjacent judgments

‘When compromise is needed

Table 5 AHP results of the fuzzy set on aesthetic indicator attributes

Design | Contrast Balance

sample | \eioht |weight | Linguistic variable | Weight | weight | Linguistic variable
#0.917 |\DOS #0.833 | \DOS

1 0.126 |0.116 |1\0.70 | VL\0.30 |0.848 |0.707 |MH\0.76 |H\0.24

2 0.082 [0.075 |VL\0.55 |[L\0.45 0196 [0.163 |L\0.98 VLA\0.02

3 1.000 0917 |H\0.50 |VH\0.50 |0.722 |0.602 |MH\0.61 |M\0.39

4 0.746  |0.684 |MH\0.90 |H\0.10 |0.428 |0.357 |ML\0.86 |M\0.14

5 0280 |0.257 |ML\0.54 |1\0.46 | 1.000 |0.833 |H\ VH\0

6 0.530 |0.486 |M\0.92 |ML\0.08 |0.277 |0231 |L\0.61 ML\0.39

7 0.076 |0.070 |VL\0.58 |1\042 0361 |0.301 |ML\0.81 |L\0.19

8 0.113  |0.104 |1\0.62 VL\0.38 |0.236 | 0.197 |L\0.82 ML\0.18

Inconsistency = 0.04

Inconsistency = 0.07

principle was assessed in relation to its degree of implementation. This process was
performed by an aesthetic designer with over five years of experience in imple-
menting aesthetic design principles. The resulting AHP weights are presented in
Table 5. The largest weights of “contrast” and “balance” were found in Sample 3
and Sample 5, respectively. The linguistic variables regarding “contrast” for Sample
3 and “balance” for Sample 5 were determined as “VH” and “H”, respectively by
the designer. The corresponding numerical values of the linguistic variables “VH”
and “H” were 0.917 and 0.833, respectively, based on the defined linguistic criteria
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Table 6 Lingu.i stic criteria Linguistic variable Interval of triangular fuzzy number

for user aesthetic preferences
Rank 1 (R1) [0, 0.143]
Rank 2 (R2) [0, 0.286]
Rank 3 (R3) [0.143, 0.429]
Rank 4 (R4) [0.286, 0.571]
Rank 5 (R5) [0.429, 0.714]
Rank 6 (R6) [0.571, 0.857]
Rank 7 (R7) [0.714, 1]
Rank 8 (R8) [0.875, 1]

Fig.7 Membership

functions for user aesthetic

preferences 1 \

R1( R2 | R3 | R4 | Rs | R6 | R7 RS

0 0143 0286 0429 0571 0.714 0875 1

of appearance specification attributes (Fig. 6, Table 1). By multiplying the resulting
AHP “contrast” weights by the “Contrast” numerical values (0.917) of Sample 3, the
“contrast” numerical values of other samples were obtained. The “balance” numer-
ical values of other samples were generated in the same way. The numerical values
were then converted into the fuzzy set, which consists of linguistic variables with the
degree of support (DOS) based on the defined linguistic criteria of appearance spec-
ification attributes. The DOS could be regarded as the weight of the corresponding
fuzzy rule for constructing the fuzzy model. Table 5 shows the AHP evaluation results
of the fuzzy set on aesthetic indicator attributes “contrast” and “balance”.

With the aim of acquiring user aesthetic preferences, user ranking was used to
represent the user aesthetic preferences. Table 6 shows the evaluation criteria for
linguistic judgments of user aesthetic preferences and Fig. 7 presents the membership
functions for user aesthetic preferences. Table 7 shows the ranking results of the fuzzy
set on user aesthetic preferences.
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Table 7 Ranking results of
the fuzzy set on user aesthetic
preferences

Design sample User ranking

Ranking 1 (R1)
Ranking 5 (RS)
Ranking 4 (R4)
Ranking 7 (R7)
Ranking 3 (R3)
Ranking 8 (R8)
Ranking 6 (R6)
Ranking 2 (R2)

[c-HEEN N e N R N S S

4.2 Constructing the Fuzzy Model

Based on fuzzy sets of the appearance specifications and aesthetic preferences, 32
fuzzy rules were constructed, as shown in Table 8. The weight of each fuzzy rule
was determined by the DOS of the aesthetic indicator of “contrast” and “balance”.

4.3 Establishing Improved Appearance Specifications

The enhanced user aesthetic preferences are predefined by designers to establish
improved appearance specifications based on the constructed fuzzy model. In this
case study, referring to the linguistic criteria of user aesthetic preferences, the fuzzy
linguistic value of enhanced user aesthetic preferences was defined as R1 (Ranking
1) [0, 0.143]. Based on the constructed fuzzy model, every possible combination of
appearance specifications that contributes to the enhanced user aesthetic preferences
were searched and generated as improved appearance specifications. Twelve groups
of improved appearance specifications that result in Ranking 1 of user aesthetic
preferences were generated and are shown in Table 9. The results suggested that
users would prefer designs with a lower degree of “contrast” and higher degrees
of “modern” and “elegant”. The values of appearance specification attributes could
provide directions and insights in both aspects of emotions and the arrangement of
design elements for designers to generate design concepts.

5 Conclusions

When it comes to increasing user satisfaction, the aesthetic aspect of product design
becomes crucial. Conceptual design literature rarely addresses the information repre-
sentation of appearance specifications. An information representation model of
appearance specifications was proposed to address this issue. Further, a method
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Table 8 Fuzzy rules between appearance specifications and user aesthetic preferences

Expression Arrangement Weight | User
preference
Classic | Modern | Elegant | Cute | Professional | Contrast | Balance Ranking
1 |L H H MH M L MH 0.5320 |R1
2 |L H H MH |M L H 0.1680 | R1
3 |L H H MH |M VL MH 0.2280 | R1
4 |L H H MH M VL H 0.0720 |R1
5 |H ML M L MH VL L 0.5390 | R5
6 |H ML M L MH VL VL 0.0110 |R5
7 |H ML M L MH L L 0.4410 | RS
8 |H ML M L MH L VL 0.0090 | R5
9 |L H ML H ML H MH 0.3050 | R4
10 |[L H ML H ML H M 0.1950 | R4
11 |L H ML H ML VH MH 0.3050 | R4
12 |L H ML H ML VH M 0.1950 | R4
13 | ML MH ML M ML MH ML 0.7740 |R7
14 |ML MH ML M ML MH M 0.1260 |R7
15 |ML MH ML M ML H ML 0.0860 | R7
16 | ML MH ML M ML H M 0.0140 |R7
17 | MH ML MH L H ML H 0.5400 | R3
18 | MH ML MH L H ML VH 0.0000 | R3
19 | MH ML MH L H L H 0.4600 | R3
20 | MH ML MH L H L VH 0.0000 | R3
21 |M ML ML ML M M L 0.5612 | R8
22 |M ML ML ML M M ML 0.3588 | R8
23 |M ML ML ML |M ML L 0.0488 | R8
24 |M ML ML ML |M ML ML 0.0312 | R8
25 |ML MH M ML |MH VL ML 0.4698 | R6
26 | ML MH M ML |MH VL L 0.1102 |R6
27 |ML MH M ML |MH L ML 0.3402 | R6
28 | ML MH M ML |MH L L 0.0798 | R6
29 | ML MH H M ML L L 0.5084 | R2
30 |[ML MH H M ML L ML 0.1116 |R2
31 |[ML MH H M ML VL L 0.0684 | R2
32 |ML MH H M ML VL ML 0.3116 |R2
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Table 9 Generated improved appearance specifications

Group Contrast Balance Classic Modern Elegant Cute Professional
1 VL MH L H H MH ML
2 VL MH L H H MH M

3 VL MH L H H MH MH
4 VL H L H H MH ML
5 VL H L H H MH M

6 VL H L H H MH MH
7 L MH L H H MH ML
8 L MH L H H MH M

9 L MH L H H MH MH
10 L H L H H MH ML
11 L H L H H MH M
12 L H L H H MH MH

that supports designers in improving appearance specifications based on aesthetic
experience was developed. In the method, a mapping model was constructed with
the input of initial appearance specifications and the output of user aesthetic pref-
erences. From the mapping model, improved appearance specifications that result
in enhanced user aesthetic preferences could be obtained. A digital camera design
case study was conducted to illustrate the overall method. The case study reflected
that the proposed method is effective in improving appearance specifications. It also
showed that fuzzy logic is applicable to construct the mappings between appearance
specifications and user aesthetic preferences.
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This chapter presents the transformation of the product design and idea generation
process influenced by modern digital technologies. Influences on the first stages of
the product design process are considered. Market research as the information source
is subject to drastic changes due to the introduction of data gathering techniques in
the digital era and emerging of the product intelligence process and tools. The intro-
duction of artificial intelligence in concept design and idea generation offers exciting
possibilities in creative design problem solving, suggesting future automation of the
design process. Furthermore, the cost-effectiveness and speed of the design devel-
opment stage are improving through the adoption of virtual and augmented reality

alongside rapid prototyping technologies.
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1 Research, Idea Generation, and Concept Design
in the Product Design Process

Product development involves a range of activities from the conceptualization to
the realization of a new product, making it complex with the need to involve
numerous fields of expertise. Usually, it follows a protocol consisting of several
stages: idea generation (Ideation), product definition, prototyping, detailed design,
validation/testing, and commercialization.

The first stage, idea generation (Ideation), might be the most important as this
is the stage where product concepts originate. Making the wrong product concept
wastes time and other resources without the chance of achieving the profit objectives.
Shocking estimation is that roughly 40% of new products fail at the launching stage,
and industry reports that only 13% of new product investments achieve their profit
objectives [1, 2].

The idea generation process is highly connected and associated with creativity,
invention, and technical innovation. Design solution does not come from a vacuum
and the designer’s inspiration only. New product ideas might originate from customer
requirements, marketplace, engineering, laboratory research, etc. As new products
are intended to satisfy the needs of the consumers, each design solution is influenced
by various factors that must be considered when making decisions about colors,
shapes, and materials. Factors like socio-economic, cultural, and technological devel-
opment influence market demands, consequently playing an important role in design
decisions alongside ergonomics, aesthetics, ecological demands, etc. Keeping in
mind the aforementioned factors and their complexity, the importance of gathering
quality information and conducting proper research is obvious. Valuable informa-
tion for idea generation comes from primary and secondary data sources like focus
groups, in-depth interviews, observations, product analysis, conducting workshops,
demographic data, etc. The overview of data sources is shown in Table 1.

Outcomes of the research stage are textual and statistical reports for managerial
decisions important for formulating the product requirements.

Table 1 Data sources defining design problem and requirements

Data (Facts and figures about design problem and requirements)

Secondary data Primary data

Facts and figures known and recorded prior to | Facts and figures newly collected specifically
the project for the project

Internal data Observational data

Financial statements, research reports, files, Mechanical and electronic approaches,
customer letters, sales call reports, and Personal approaches

customer lists

External data Questionnaire data

Census reports, trade association studies and In-depth interviews and focus groups mail,
magazines, business periodicals, and online, telephone, and personal surveys

Internet-based reports
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A detailed design brief resulting from the research conclusions is the first step in
successful concept design. Concept design is usually the most unrestricted stage of
the idea generation process, allowing for the utilization of numerous suitable tech-
niques. Some of the most used are brainstorming, mind mapping, storyboarding,
role-playing, forced relationships, C-sketch (collaborative sketching), SCAMPER,
6-3-5, etc. Each of these methods has its advantages and disadvantages [3—6]. Gener-
ally, techniques like 6-3-5 and C-Sketch produce a larger number of ideas as partic-
ipants have insight into a subset of all the ideas. On the other hand, methods such
as brainstorming and storyboarding allow for faster idea development where partici-
pants can view all the ideas the whole team has generated during the idea generation
process [3]. This stage results in numerous ideas captured as sketches or crude models
intended only to clarify the idea.

Idea refinement is a process of selection and detailed definition of an idea. This
phase in a product design process pushes the idea further towards the realization
of the product, still offering vast possibilities and requiring consideration of many
variations. It is the final stage of idea generation, after which the design team should
have a clear idea about the product and potential market response to the product.
The design team at this time has the scope of the functional, technical, market,
and business aspects of the product concept developed in the previous stages. Early
mockups are presented in order to get the market feedback and test if the concept is
good and if it satisfies customer demands and expectations.

The complexity of the idea generation process emphasizes the importance of opti-
mization, which affects time resources and general ability to develop concepts that
have the potential for achieving aesthetic, ergonomic, performance, buildability, and
other requirements, as well as ensuring the consumer’s satisfaction. Digital transfor-
mation of the idea generation process in the past decades and constant adaption of
the emerging technologies offer tools for the fast and successful journey through this
process.

2 Transformation of the Market Research Methodologies
by Digital Technology

Traditional data gathering methods still have their place in the research methodolo-
gies, but the availability of new technologies is rapidly changing trends and practices
in this field. The introduction of the Internet changed the way people communicate
by offering digital alternatives to all forms of human communication, from written
messages to face-to-face interaction. In the last three decades, digital communication
went from the basic text to video communication as we know it today, with virtual
environments fast approaching. In one minute, 168 million e-mails are sent, 694,445
Google searches are performed, 695,000 Facebook status updates are posted, 370,000
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Skype calls are made, 98,000 tweets on Twitter are made, etc. [7]. Keeping in mind the
current consumption patterns, products life cycle, and development period becoming
shorter and shorter, this evolution of the communication and new opportunities for
gathering information for product development had to be used. Internet research
developed very dynamically in the second half of the 90s [8]. At first, surveys were
digitized, offering time and money-efficient methods of data gathering. Like other
research methods, online surveys have their benefits and drawbacks, depending on
the specifics of the project. Some of the benefits are quick response, low cost, and
easy fielding, but at the same time, there are some drawbacks, such as low response
rates and claims that samples do not adequately represent populations. Online surveys
show their superiority when: there is a need for a large and geographically widely
distributed sample size; the questionary can benefit from the use of multimedia
or interactive features in the questionary; the information is not sensitive for the
participant and if the targets are Internet users [9].

Today social networks have become an everyday part of human life. They are
rich in all types of content (video-audio, text, and images) and linked data, forming
a vast source of various complex and heterogeneous data. Traditional analysis tools
are inefficient in handling such data. Therefore, many data mining and artificial
intelligence techniques exist and are still being developed to extract useful patterns
and knowledge from this data. Data mining could be explained as an umbrella term
covering and combining statistics, artificial intelligence, and machine learning to
search and analyze data in order to find implicit, potentially useful information,
eliminate the randomness, and uncover previously unknown patterns by selecting,
exploring, and modeling large amounts of data from a large database [10].

The typical flow of the data-driven analysis of the consumer product requirements
is shown in Fig. 1.

There are different tools available, but their basic functions are similar [11]:

Input:

Requiring Gathering Isolation of

reparation Data cleaning
consumer product Data p consumer requirement data key requirement
preferences
Data mining
Qutput: Pt .
. P 4 : === Determination of
equire }Inppmg of requirement Data transformation requirement
consumer product functional characteristics importance
preferences

Fig. 1 Data-driven consumer product requirement analysis flow
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pattern discovery,

trends detection,

data dimensionality reduction and
visualization.

Some of the most widely used data-mining algorithms are [12]:

decision-tree algorithms,
decision-rule algorithms,
Bayesian algorithms,
neural networks,
clustering and
regression.

In a digital environment saturated with data, the fundamental challenge is not
collecting the data, but rather comprehensively organizing unstructured data and
extracting useful conclusions.

Product intelligence is an emerging field of collecting and analyzing data about
a product’s performance with users, creating a positive feedback loop helping the
design team to innovate fast, accurately and efficiently satisfying user requirements.
Apple is one of the first to implement product intelligence. They gather data about
how consumers use their device directly from the device, and use that information
to make changes and keep improving products to constantly be competitive in the
smartphone industry. Furthermore, the introduction of smart products in all segments
of consumer goods production, and the spreading of the Internet of Things concept
help offer direct communication between products and manufacturers, which can
contribute to product improvement resulting in a good customer experience.

3 Artificial Intelligence in the Concept Design and Idea
Generation

Generating many design idea variations and choosing the best of them according to
the predetermined performance criteria is a goal of every design process. A number
of the idea variations greatly depend on the resources (human resources, time, money,
etc.). Limitations in the resources usually result in a finite number of variations and
a relatively small number compared to the number of viable variations that should
be considered. With the introduction of artificial intelligence (Al) in idea generation,
process designers can create design solutions faster and cheaper due to the speed
at which Al can analyze vast amounts of data and suggest design variations. The
designer can make the final decision or opt for the performance criteria broadening.
The use of artificial intelligence in providing design has proven great benefits, espe-
cially in structural optimization tasks. Using the Variational Autoencoders (VAEs)
model to create Al-generated design ideas results in optimization and a great diversity
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of design outputs. These Al models can conduct the learning process on an artifi-
cial dataset to generate design ideas [13]. Generative design is not constricted by
previous experience and often results in uncommon solutions that do not fall within
the typical set of shapes or configurations. As a result, it has been first exploited
mainly to encourage divergent thinking and creativity [14]. Philippe Starck’s A.L
chair, is claimed to be the first production chair designed using artificial intelligence
[15].

Engineering data science propelled by the increased availability of computing
power is combining the potentials of Al with the robust simulation, testing, and
field data sets in all segments of product development. This helps in removing strict
boundaries between concept design, design development, engineering, and tech-
nology by applying the same physics-based tools used for verification in each product
development stage. Using predefined constraints, Al-supported product development
systems enable faster convergence of design by ranking design solutions and rejecting
those with lower potential early in the development process. There are numerous
examples of successful use of Al in product development of well-known manufac-
turers in the automobile industry, electronic industry, etc., documenting advantages
in simplifying complex systems, deploying early detection for fast action, increasing
precision in processes [16].

The product development process is at the brink of automation by Al technology
implementation. The near future will enable designers to set design goals, prices,
and choose materials, implement that information into the Al algorithms and get
numerous design solutions in short time. These proposed solutions will be based on
the data collected and processed through cloud computing and big data technologies.
Product development in conjunction with changes in production technologies and
adoption of additive manufacturing could change the whole design and manufac-
turing process, offering products highly customized to the consumer needs [17]. The
proposed concept is presented in Fig. 2.

As the design process is a collaborative activity, real-time collaboration over the
Internet can support the process of idea generation. Brainstorming is one of the
best-known and most used collective idea generation methods. It was modernized by
the introduction of the Internet and branded as Electronic Brainstorming or Brain-
neting. Effective Brainstorming needs a moderator. Artificial intelligence functions
like natural language processing, machine learning, and reasoning could help create
comprehensive virtual moderators. This enables multiple participants to share their

Data colection and analysis Design proces Production
s Design goals definition
: Big data Additive yping
s i : ! prototyping
Product idea Al Generative design Product
Cloud computing Design sxploration Aditive manufacturing
Al analysis Design result

Fig. 2 Concept of automated design and manufacturing process
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ideas without having to wait for their turn, as in face-to-face Brainstorming. Another
benefit is overcoming the problem of evaluation apprehension, as participants are
communicating with the computer and not with the other person [18].

Al is expected to play an important role in the future of product design. Numerous
activities of the design process have already been affected. Although this technology
is rapidly developing and being more and more implemented, total replacement of
humans in the creative processes still seems impossible in the foreseeable future.

4 Design Process Supported by the Virtual and Augmented
Reality Technologies

Visualization in idea generation is crucial. Traditionally sketches are used to capture
and present the idea in a fast and loose manner. The goal is to present as much infor-
mation as possible in as little time as possible. Transition to computer technology
resulted in a similar two-dimensional digital sketch, as three-dimensional modeling
takes time and effort, which is not affordable for the numerous idea capturing. With
the introduction of virtual environment (VR) and tolls for VR-human interaction
(headsets and controllers) possibility of producing fast three-dimensional repre-
sentations of a design idea became possible. Virtual reality produces an entirely
computer-generated simulation of an alternate world. These immersive simulations
can create a life-like visual perception of the material objects using headsets, gloves,
and sensors. Although still in its infancy, this technology captures the interest and
imagination of designers, especially in the early creative design phases [19, 20].
This technology adoption in early design phases is also noticeable in products that
involve an emotional dimension beyond functional aspects, virtual assemblies, and
prototypes [20]. Although design verification is a very important step, it can prove to
be a significant problem when design and managerial teams are in separate locations,
especially in the automobile industry, considering the size of the product. Therefore,
VR has attracted considerable attention. Research into the usability of this tech-
nology verified that with regard to the perception difference between actual cars and
VR cars, there is no significant difference regarding the exterior of the vehicle, but
when the objective is to evaluate the comfort of the interior space of a car, using VR
is not recommended [21].

Augmented reality (AR) is an interactive experience where the real-world envi-
ronment is augmented by computer-generated perceptual information such as sound
and images. This technology offers possibilities for design presentation and collabo-
rative design, with researchers reporting the following advantages: support for direct
manipulation in part creation and modification; easy evaluation of modifications in
real-time.
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5 Conclusions

The design process at its early stages, namely idea generation, uses similar steps
established before introducing digital technologies. However, each individual step
suffered drastic changes through time under the influence of ever-evolving digital
technologies. Results of research into consumer needs as a driving factor of every
product development process have gotten extremely precise in identifying each of the
product’s characteristics. The introduction of the possibility of big data processing,
product intelligence, and emerging of the Internet of Things enables further and easier
refinement of the products to increase user satisfaction. However, the results of this
process still greatly depend on the quality of ideas for solving identified problems
and addressing opportunities.

Support of artificial intelligence in all aspects of idea generation is notable and
welcomed by industry leaders, with great expectations of Al implementation in the
future. VR and AR technologies have already found their place in the early design
stages. With the improvement of their capabilities and the dissolving of the bound-
aries between the real and virtual world, their application is expected in all product
development stages.
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