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Abstract In recent years, the production of consumer goods has exceeded that of
industrial products. This has led to changes in the areas of design and production.
The target users of industrial products (in the Business to Business—B2B market)
are industries that decide to purchase a product on the basis of its technical features,
functions and performance. Differently, the target users of consumer products (in
the Business to Consumer—B2C market) are the consumers who choose a product
driven by other aspects, besides features and functions, such as the perceived value,
the expected benefits, the emotions elicited, as well as features and functions. This has
brought a paradigm shift in the design process. And in fact, the design of consumer
products is increasingly focusing on the so-called user experience. The designer must
not design only the product, but also the user experience in relation to its use. The
resulting product should have a high perceived value and generate positive emotions
in the consumer. These factors make a successful product on the market. Therefore,
the role of the designer is designing the products and the perceptual aspects of their
use, that is, designing the user experience and deriving from that the products’ speci-
fications. Consequently to that, the design process has changed in the last years.
In fact, the user is now at the center of the design process, named user-centered
design. Being the new focus the target users, the evaluation of their interaction with
the new designed products is expected to be rigorous and systematic. An efficient
approach has proved to be one in which the validation is made up by involving users
in the early stages of the product design. Since typically at the level of the concept the
product, or a prototype that is comparable with it at the perceptual level, is not avail-
able, it is not possible to make a thorough validation of its use with users. However,
new methodologies of Virtual Prototyping allow us to simulate multisensory user
interaction with product concepts early in the design process. This chapter introduces
the use of interactive Virtual Prototyping (iVP) methodology for the design of the user
experience with the concept of a new product. Interactive components of new products
and their behavior are simulated through functional models, and users can experience
them through multisensory Virtual Reality (VR) technologies.
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14.1 Introduction

Product innovation refers to the design and implementation of newly designed
products, which are proving successful in the market for their novel aspects, which
may concern aesthetics, functionality and usability. Product innovation is based on
a first generative phase in which many solutions are proposed in response to an
initial market question [1, 2]. A creative approach of the designers and engineers
at this stage is crucial in order to identify genuinely new solutions. Obviously, the
creative phase is also very exploratory, and the set of solutions identified must then
be carefully analyzed in order to discard most of those and preserve the one to
implement.

The traditional approach of design is based on the proposition of engineering
(technical and quantitative) questions that focus the research of the design solu-
tions on issues relating to the efficiency and effectiveness of the product, in rela-
tion to the task it must perform.

A product is designed and produced for its consumers, and this is especially
true for consumer products, that is, those goods intended for direct use or con-
sumption by the average consumer. Consumers buy a specific product for several
reasons, for example, because of its price or brand. Or for its features, for its spe-
cific functionalities, but also for the perceived benefits the product delivers. These
aspects are related to the perceived value of a product, which can be defined as
the mental estimation a consumer makes of it [3]. When considering consumer
products, the consumption experience is the true value of a product for consumers.
In this view, the consumers, and all issues related to them like feelings, prefer-
ences, emotions, become central in the design of a new product.

Actually, the traditional design approach based on engineering questions is
independent of considerations related to the consumer. The questions that the
designer must answer concern engineering aspects, such as Does the solution work?
Are consumption and cost optimized? Is the product sturdy, durable, etc.? Such
questions certainly do not consider the preferences of the user of the product. In fact,
questions that can be defined as emotional questions are not typically raised, such as
Does the user like the product for what concerns its aesthetics, usability, comfort?
Which are the user preferences? Does he prefer solution A or solution B or rather C?

As it is demonstrated that emotional aspects contribute greatly to the success of
a product and to the affection of the users for that product or brand at long term,
today’s design cannot ignore the study of the emotional aspects, since the early
stages of the product concept [4]. The bond of an individual to a product is signifi-
cantly driven by the emotional-subjective values. Actually, emotion is one of the
strongest differentiators in user experience principally because it triggers uncon-
scious attitude and mood in relation to a product [5].

Nowadays, users have clear expectations about a product. For example, they
assume that a product works properly and also that they have the possibility of
choosing among many comparable alternatives at the moment of purchase. What
is becoming evident is the importance that the user (a potential customer before
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becoming a user) really likes the product, from various perspectives, and chooses
it among a set of alternative products offered by competitors. So, it is important to
ensure that the product captures the preferences of the user through several fea-
tures, such as form, finishing, material, meaning and others.

Therefore, generating positive emotions in consumers becomes an essential
design issue. In the view of designing a successful product, the designer should
now favor the users’ preferences, rather than the product performances. And this
is why emotion becomes one of the key requirements of design. As the emo-
tional responses should be predicted already during the conceptual phase, the
drivers of the emotions can be intended as tuner for design: an elicited negative
emotion can be used to change the product features as long as a positive emotion
is yielded.

Engineering questions usually generate answers and solutions that are well
analyzed, observable, measurable and quantifiable. Instead, how to under-
stand and consider the implicit and explicit desires and feelings of the indi-
vidual, how to measure the emotions and how to trigger them when interacting
with the product are actually open issues. An additional issue is also about how
to test the design solutions, considering the emotional aspects and not just the
functional ones. Or indeed, the question to answer is about how to organize the
design requirements around the emotions that embody users’ expectations and
preferences.

Users learn about products through a direct experience, which happens through
an actual interaction with the product. People interact with everyday objects
through sensory dimensions, which include vision, touch, hearing, smell and taste.
This experience is also important when purchasing a product. Actually, it is also
on the basis of the kind of experience one makes that one chooses and buys a
product rather than another one.

When considering the interaction between a user and a consumer product, the
sense of touch is a fundamental part of our experience. In fact, everyday, we use prod-
ucts and we also use our sense of touch as an integral part of our experience when
using these products. It has been demonstrated that the design requirements should
also address haptic interaction with products, including the user emotional engage-
ment [6]. Haptic interaction design (HID) is then a topic of major importance deserv-
ing study and experimenting [7], as well as sonic interaction design, since touch also
works in tight partnership with vision and hearing in many ways [8]. So, it is neces-
sary to consider the user interaction with the product as a multisensory experience.

This chapter first describes the evolution of the design context, where in the
last decades we have assisted to an evolution of machines, systems, products and
services, and accordingly the changes in the design methodology and paradigms,
in the role of designers, and in enabling tools as well. Then, the chapter reasons
about the relationship between consumers and products, including perceived value
of a product and user interaction with a product. The two subsequent sections pre-
sent issues about user experience design (UXD) and how iVP can be used for the
simulation of the user experience, including two case studies as examples. Finally,
the last section presents the conclusions.
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14.2 The Evolution of the Design Context

In order to fully understand the present design practice and its evolution trend,
it is useful analyzing the evolution of design, also in relation to the kinds of
artifacts it addressed. This section presents the evolution of the design context
where we analyze the objective and output of the design, the design process,
the role of designers and the enabling design methods and tools. These issues
are tightly correlated; for in the last decades, the design process has evolved,
in accordance with the evolution of the typology and complexity of the arti-
facts, and new tools have been introduced, and also designers have taken on
new roles.

14.2.1 Machines, Systems and Products

Traditionally, the designers’ activity was about creating and designing machines.
Machines were intended as devices consisting of fixed and moving parts that
modify mechanical energy and transmit it into a more useful form [9]. Therefore,
machines were built with the aim of satisfying functions, generally oriented to
help humans in doing things usually amplifying their craftsmanship and skill, by
decreasing risk, fatigue, etc. In that time, users’ expectation was that the machine
operates properly and does not break.

Besides machines, systems have been subjects of study for design teams.
Systems are more complex than machines, as they consist of groups of interact-
ing, interrelated elements forming a whole complex. Systems are characterized by
being multitechnological and with embedded controls and usually can be made up
of mechanical electronic, pneumatic and oleodynamic components. Systems con-
sist of assembly of subsystems, based on varied technologies for operating as a
whole. Also for complex systems, the expectations of users are essentially related
to technical functions, with an emphasis on reliability, fault tolerance, adaptability,
flexibility, etc.

While technical systems can be part of a whole without any relation with
humans, and only interact with other technical systems, products are strictly
related to their users. A product can be defined as anything that can be offered
to customers, which might satisfy a want or a need. The increasing spread of
products with respect to systems has been accompanied by the growing impor-
tance of the users in relation to the products. Their satisfaction about the prod-
uct is of primary importance for its success. Besides, designing a product also
means designing the market addressed by the product and the accompanying
services [10, 11].

In summary, the subject of design includes machines and systems, which have
little to do with users, and products, which conversely have a strong relation with
their users.
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14.2.2 Functions and User Experience

In case of machines or systems, the users’ main interest is focused on issues con-
cerning their functions and technical features. Actually, it is important that the sys-
tem that works well, does not break, is efficient and performing. Accordingly, the
design is primarily aiming at ensuring these characteristics.

But in recent years, the focus has shifted. In fact, innovation in design is also
crucial when delivering systems and industrial products more generally. Innovation
has to do with the improvement of existing products or with the development of
new products, which have new features, new aesthetics, new materials, etc. The
technological innovation is accompanied by an additional value, namely the user
experience, which is related to the effects that the product’s use have on users.

These effects are particularly important in relation to the first contact that
a customer has with a product during the purchasing decision process. Most of
the times, the customers choose and buy what they like most. The motivation is
often not clearly expressed or expressible and is somehow related to the emotional
response, which induces the user to prefer a product to another.

In this changing and evolving context, also the design process has evolved
accordingly, as described in the following section.

14.2.3 The Evolution of the Design Process

The design process has followed the evolution of the typology of designed artifacts.
At least four types of design processes and approaches can be identified, which are
related to the kind of users’ needs (explicit or unspoken) and to the kind of products
(incremental or new) (Fig. 14.1). The first are the design questions, and the second
are the answers to the design questions, that is, the design solutions.

1. Explicit needs versus incremental products. The design of a product typically
answers to a question derived by the analysis of the users’ needs. The design can
be very traditional and proposing an incremental development of a product built
on previous products, engineering solutions and components. This kind of design
process traditionally includes several phases aiming at obtaining a definition of a
product that is detailed enough and also optimized for the following manufactur-
ing phase [12]. These phases include conceptual phase and detailed design phase,
evaluation phase and redesign and optimization phase. This approach is very typi-
cal and somehow conservative and is adopted by several companies developing
products based on incremental solutions that answer to present users’ needs.

2. Explicit needs versus radically new products. The design activity can bring to
the definition of new products, which answer to questions explicitly posed by a
group of target users. In order to make the proposed product a successful one, the
design must be a response to an actual user demand. This approach is typical of
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Fig. 14.1 Kinds of products
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technology-push paradigm, where the design solutions developed can be intended
as answers for the current traditional market or can even open new markets [13].
For example, the PC laptops were new products based on an incremental design
that at that time satisfied the present market; instead, video game consoles were
new products, creating the very new market of home video games back in the early
1980s.

3. Unspoken needs versus incremental products. The design can also be based on
latent and unspoken needs that are somehow described, typically by marketing
experts. Traditionally, users’ needs and requirements are collected and identi-
fied through surveys that are carried out by companies’ marketing departments.
Many studies have shown that user’s needs surveys based on customers’ state-
ments do not express real customer needs [14, 15]. Currently, in order to over-
come these problems, some other methods are used. For example, ethnographic
methods are used to study the behaviors of a small number of testers when
using products. However, some issues still remain, despite attempts to improve
survey methods for users’ needs collection. These issues relate to the difficulty
in collecting data about “unspoken” customer needs, which could represent
the most important input for defining the requirements of new and innovative
products. Once the unspoken needs are identified, the designers proceed in the
search for possible solutions to the questions posed by the requirements. Since
the solutions can be many and varied, the designs require performing careful
tests, followed by optimization, in order to converge to the final and optimum
solution. Products answering to unspoken needs can be suitable for the present
market. An example is that of the electric city cars. Besides, there are prod-
ucts that open new markets. An example is the Roomba vacuum cleaning robot,
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which is not a totally new product considering its functionality, but has cer-
tainly opened a new market in the field of household appliances [16].

4. Unspoken needs versus new products. Finally, a new design can be developed for
satisfying unspoken needs. This can lead to the design of completely new prod-
ucts. Given the uncertainty of users’ acceptance, the product has to be developed
by holding the users in high regard and often involving them in the validation
phases of the design choices. Actually, the level of success is less predictable
than in the previous cases, and therefore, a more careful analysis and testing is
required. The Segway is an example of an innovative product designed for satis-
fying unspoken users’ needs, which has been created for a traditional market that
is the one of personal mobility [17]. Instead, recent examples of innovative prod-
ucts created for a completely new market are personal 3D printers, which allow
us to easily and directly create physical objects from 3D models [18].

14.2.4 People Responsible for the Design Results

Within the evolving context presented so far, also the role of the people respon-
sible for the design process has changed in years (Fig. 14.2). Various skills are
required to manage the various phases in the design process.

The roles of the various expertise involved in the design process can be listed as
those who

— define the requirements
— propose the solutions
— decide and organize the validation

MARKETING
EXPERT/
SYSTEM EXPERIENCE
ENGINEER ENGINEER DESIGNER DESIGNER

MACHINE @ + ) + +

SYSTEM + (+) +/ +
PRODUCT + + @ +
MARKET + + + @

Fig. 14.2 Roles of people involved in the design with respect to the evolution of the design
subjects (machine, system, product, market)
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— validate the product
— choose among the various alternatives during the process and are in
charge and responsible for the design as a whole

The design of machines was mainly carried out by mechanical engineers who
approached the design problems from a functional point of view and often start-
ing from known solutions. With the increasing complexity of machines, the role
of designers has become multidisciplinary. Actually, design teams have replaced
designers, and the system engineer is the one who designs the architecture of com-
plex systems and who coordinates the design and assembly of subsystems.

The requirements of modern products are not primarily and uniquely related
to engineering and technical questions, and the design process does not follow
the traditional sequence of mechanical product design, as well as the role and
kinds of practitioners involved have changed. In the view of designing products
that are successful with users, it is important that designers always keep in mind
who the end user of a product will be. Industrial designers have key roles and
are sort of product architects, the ones who collaborate with several experts and
have a whole vision of the product. They are called to design innovative solu-
tions to real market problems and to define the overall product architecture and
are expected to work closely with product and marketing managers, user interac-
tion designers and software engineers to develop new products and to improve
existing ones. This new figure of designer is knowledgeable about design (shape,
aesthetics, ergonomics) and engineering (function, materials and production).

It is quite typical of the consumer market that marketing people give input to
the design process of new products, by defining the initial requirements. Then,
those are transformed into other kinds of requirements by the industrial design-
ers, and by the system engineers, and eventually are handled by the mechanical
engineers. It appears increasingly strategic that user interface and interaction
aspects are considered since the beginning of the design process, for they may
influence the design decisions throughout the process, especially for what con-
cerns the way of using a product. For example, an interactive device should
be designed differently if the potential user is someone usually working with
a computer, than if it is designed for an elderly person, with a limited or no
experience with computers. And therefore, today’s designer is also the one who
starts designing the users’ experience, also named experience designer.

14.2.5 Design Methods and Tools

The design process has evolved over the years, and its evolution has been par-
tially driven by the progresses of technology. Actually, the design process has
changed since when digital tools have been integrated into the overall product life
cycle management. At the beginning of the introduction of digital tools into the
design process, design tools were used for replicating the production of design
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deliverables, that is, drawings. Today, digital tools are more intended to integrate
and collaborate with the designers so as to expand their joint capabilities used to
design and also test the results of the design activity.

Figure 14.3 shows a diagram reporting design methods versus tools. Design
methods are classified as function-based and use-based, and design tools as
geometry-centered and interaction-centered. Hereafter, we describe in details the
evolution of digital methods and tools for product design and testing, including
Digital Mock-up, Virtual Prototyping and iVP.

14.2.5.1 Digital Mock-Up: Function-Based: Geometry-Centered

The activities concerning the design of products are supported by various tools,
which are mainly based on a geometric representation of the product and aiming at
solving engineering and functional problems. Computer-aided design (CAD) tools
support the geometrical description of products, including details as dimensions
and tolerances.

Digital Mock-Ups (DMU) have been introduced to simulate and test the
behavior and the performance of the components of products designed by using
CAD tools. DMU are typically geometry-based, where the geometry of the sys-
tem, subsystems and components is precisely defined [19]. The features describ-
ing the product, which are necessary for assessing its behavior and performances,
are attached to the geometry. The DMU is therefore a static representation of the
product or system, which can be used for simulating the movement of the various
parts with the aim of detecting clashes, collisions and interferences, and simulat-
ing assembly and disassembly activities.

Fig. 14.3 Design methods

versus tools Design

Tools

Interaction-
centered

Design
Methods

Geometry-
centered

Function-based Use-based
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Various functional models can be derived from the DMU, which can be used
for testing specific aspects of a product, for example, structural models, dynamic
models. Much of the embodiment and detailed design phases of mechani-
cal design consist of ensuring that the components in the design will not fail
mechanically, either through excessive stress or through excessive deformation.
Initially, this is done by using simple mathematical models. Then, more elaborate
analysis methods are used, such as finite element analysis or computational fluid
dynamic analysis.

The results of each test and analysis are used to solve a specific design prob-
lem, which does not necessarily mean optimizing the overall design of the product.
In fact, the optimization of one aspect made on the basis of the analysis results
may impact on other aspects. Therefore, there is a great need for more comprehen-
sive testing methods.

14.2.5.2 Virtual Prototyping: Function-Based: Interaction-Centered

Virtual Prototyping is instead a common practice used to test the design solu-
tions mainly with the aim of evaluating product function performance [20]. Virtual
Prototyping consists of a combination of single- or multidomain functional models,
which fully represent the physical behavior of a product, and VR technologies, which
are used to give realism to the product representation. The geometry of the product can
be simplified and is not anyhow the core of the prototyping; on the contrary the func-
tional models are. The functional models can be modified during the testing phase, and
the results are evaluated globally, thus providing a comprehensive view of the product.

In addition, VR technologies are used to realistically represent and render the
virtual prototypes to users [21]. Most of Virtual Prototyping has been based on the
use of visualization technologies, such as stereoscopic displays. In a sense, they
are sort of “visual prototypes,” where the realism of the representation is focused
on the visualization of the product features. In order to overcome this limitation,
recently Virtual Prototyping has integrated haptic technologies for simulating the
physical contact and haptic interaction with products [22, 23].

Virtual Prototypes can also be used for testing the product design with end users.
In this case, they can be used and operated by users with the aim of testing specific
product features. The design configurations that can be tested are actually limited
and must be predefined by the design team. So, users can say which configuration
they prefer, but they cannot ask and try any other configuration outside those ones.

14.2.5.3 iVP: Use-Based: Interaction-centered

It is reasonable expecting that the design of a product that is typically used inter-
actively by users would start by focusing on the interaction, instead of on the over-
all product. Therefore, before designing the product, the focus should be put on
the design of the user interaction. In this case, the design team should work on
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the design of the product use, independently from how the product itself will be
designed. iVP is aimed at supporting this activity [24]. This capability is particu-
larly important for the validation of the initial conceptual design of such products,
as those for the consumer market. In fact, in this case, the prototype is used early
in the design phase for simulating the behavior and the interaction of something
that is meant to be used by a person.

In conclusion, changes in design over the last decades have brought us to the
present situation, where the product design starts, being focused on the design of
the user experience. Proposed new methods and tools for the evaluation of user
interaction to use early in the concept phase are based on iVP, which gives target
users the possibility to try and test early simulations and variants of the user expe-
rience with new products.

14.3 Consumer-Product Interaction

It has been previously claimed that in the evolution of the products, of the users’
expectations, and of the design methods, the attention to those who are the users
of the products has grown to the point that the design of consumers’ products put
the user at the center of the design process. The focus is on the so-called user-
centered design, which primarily addresses the user experience with a product
during its conceptual design. The following sections address some definitions and
issues related to consumer products, perceived value for users and salient attrib-
utes of these kinds of products.

14.3.1 Consumer Products and Their Perceived Value

Consumer products can be defined as goods that satisfy personal needs. They can
be described as any tangible personal property for direct use or consumption and
that are used for personal, family or household purposes.

From a production perspective, consumer products are the final result of manu-
facturing and are what a consumer will see on the store shelf. Household supplies
and furniture, consumer electronics, jewelry, children’s toys, kitchen supplies and
automotive accessories are all examples of consumer goods.

Consumer products are typically produced in volumes. Consequent their scales
of production, consumer products represent a major global design and manufactur-
ing sector responsible for the production and supply of diverse goods. It can be
reasonably said that consumer goods are universally the most competitive and fast-
est growing market compared with other products purchased only by industry and
businesses.

The perceived value of a product is the personal estimation a consumer makes
of it. The consumer’s perceived value of a good affects the price that he is will-
ing to pay for it. Generally speaking, consumers are unaware of the true cost of
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production for the products they buy. Instead, they simply have an internal
feeling for how much certain products are worth to them. Thus, in order to
obtain successful products and a higher price for their products, producers
may pursue marketing strategies to create a higher perceived value for their
products [25].

Traditionally, the reasoning about relative perceived value of products has
been centered on fundamental concepts as features and functions, and cost.
Customers buy products for their features (e.g., a mobile phone with a touch
screen) or their specific functionalities (e.g., a mobile phone playing video and
music). Similarly, potential customers make purchase decisions considering a
product’s price. That is, how much a customer thinks that a product will cost
him.

Today, these perceptions may not completely reflect reality. Recently, peo-
ple tend to buy products for the perceived benefits that they deliver. Features and
functions, which are the main focus of product design specifications, are sort of
container for delivering the benefits that are desired by customers. A product may
meet objective performance criteria, which are typically validated by analytical
or physical laboratory tests. But a product is successful only if the customers and
consumers recognize that the product actually delivers some benefits. And it is
also worth noticing that the perception of the customer about the product is central
in the purchasing experience.

Formally, the value of a product may be conceptualized as the relationship
between the consumer’s perceived benefits in relation to the costs of receiving
these benefits [25]. It is often expressed as the equation: value = benefits/cost.
Value is thus subjective, that is, a function of consumers’ estimation.

Today, regarding consumer products, the consumption experience is the true
value of a product for consumers. A product purchase can be directed not directly
toward a physical product, but rather toward a consumption experience, which
consists of both cognitive and emotional activities [26].

Therefore, some of the issues that people consider before placing a value on a
product are as follows:

o Artributes They include characteristics like size and color. For example, one
consumer may prefer a pink mobile phone cover to a black one.

e Functional benefits This is what the consumer expects to gain from the
product. It concerns all the advantages a product offers as compared to
similar product offerings. For example, a product is easy to use, its design
meets the expectations of the customer, it is easily available and it has a
long lifetime.

o FEmotional benefits This refers to the feelings evoked in customers while and
after buying a product. The quality and reputation of the brand as well as the
characteristics of the product play an important role in stirring feelings in cus-
tomers [4]. The feeling can be contentment, angry, excitement, etc. For exam-
ple, a lady decides to buy a dress according to how it fits on her body and also
for the tactile feedback provided by the fabric.
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14.3.2 Salient Attributes of Products

Various attributes, named salient attributes, can be associated with products, which
can be classified as follows:

— geometric/shape attributes
— material attributes

— functional attributes

— experience attributes

There are some products mainly containing shape attributes, which are visually
salient attributes. These products can be assessed and selected by consumers merely
through vision. An example of such product is a vase. When material attributes are part
of a product, consumers typically desire to obtain further information using their hands
to touch and feel the products, in addition to the visual exploration. A typical example
is a dress. Functional attributes are related to what a user can do when using a product
and to its performance. For example, some radio stations can be directly connected
with our iPod and allow us to listen to our music playlist. Furthermore, there are some
attributes of a product, which we name experience attributes, that consumers can only
assess through actual use, or direct contact, with the products. These are, for example,
taste, fit, softness and also ways of using the product through buttons, touch screens.

People explore everyday objects through sensory dimensions, which include
vision, touch, hearing, smell and taste. Different types of salient attributes involve
different sensory input in regard to consumption experience. For example, a pan
can be experienced through vision and touch (to check its appearance and how
much it weighs), a bar of soap through smell (to feel its fragrance). But basically,
according to some studies, in most cases, people tend to explore objects through
two sensory dimensions: vision and touch [27].

Already during a purchase experience, consumers learn about products through
both direct and indirect experience [28]. The most effective is the direct experience,
which happens through an actual contact with the product. This means touching,
holding, handling, manipulating and using the product. Consequently, a major issue
for companies is to identify which types of attributes are dominant, which are impor-
tant to consider when customers make purchase decisions. Therefore, it is important
to be able to check the probability that a product can provide an expected experi-
ence before customers are confident in making a purchase decision. In order to be
effective and relatively inexpensive, this check should be made at the concept design
phase, when it is possible to perform the simulation of a consumption experience for
consumers, which is assessed prior to the purchase or actual use of the product.

14.4 User Experience Design

User experience design (UXD) is part of the design of a new product [29].
UXD includes the definition of the interaction components, that is, their shapes,
material and layout, and the definition of their behavior to users’ actions.
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UXD refers to the application of user-centered design practices to generate pre-
dictive and desirable designs based on the consideration of users’ experience
with a system. The practice includes the definition of the user interface, graph-
ics, and physical and manual interaction performed in close collaboration with
target users.

Two very similar products, with the same look and the same functionality, can
deliver experiences of different quality that users like differently [30]. Therefore,
the user experience, once designed, needs to be tested with users in order to meas-
ure its quality and appreciation.

The experience of a person with a product occurs through direct contact and
use. For example, the shape and material that constitute an object are relevant,
as well as the modality of use and interaction with it. For this reason, a prod-
uct should be designed keeping in mind and focusing on the direct and physical
interaction.

Part of UXD is the haptic interaction design (HID). HID is that phase of prod-
uct development where one designs the interaction with the product that occurs
through touch and manual control [31, 32]. This activity includes the design of the
physical interaction components and devices, as well as the design of the modali-
ties for interacting with them, also including the integration with other modalities
as vision and sound (also named cross-modal interaction).

The kind of interaction designed depends on the product attributes and on its
functionalities and also on the target users of the product. We can design prod-
ucts integrating haptic and touch as a novel interaction modality, which proposes
users a new way of doing the usual things. Or we can even design a novel physi-
cal interaction that aims at creating new emotional and compelling experiences
for the potential future users of the product. The design of haptic interaction
devoted to skilled users requires the acquisition of knowledge about the users’
skills and dexterity, about the users’ objectives in using the product, so as to best
exploit the ways these users are used to do things and perform manual tasks.

So, the design team must deal with the design of the experience of a per-
son with a product, so as to optimize his enjoyment, satisfaction and positive
emotional response. A major issue is how to check if the designed experience
is really satisfactory. This issue is actually difficult to address, since it implies
that it is necessary to have a properly functioning product that one can use for
testing, before the real final product is available. iVP, based on the simulation
of products behavior and use, has demonstrated to be effective for this purpose.

14.5 Interactive Virtual Prototyping

This section introduces the concepts related to interactive Virtual Prototyping
(iVP), which is proposed as a product concept evaluation methodology for testing
the use of products with users, for evaluating the users’ experience and ultimately
for compiling the list of specifications for product design [20, 33].
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Interactive Virtual Prototypes can be used in two ways:

1. for verifying and validating the behavior of a designed product with people
(potential customers and consumers) and also

2. for evaluating variations in interaction experiences and identifying the ones that
people (potential customers and consumers) like more.

In the first case, the iVP can be used for testing the design solutions that respond
to user’s needs and requirements, and this is typically done when the design is
advanced enough. The second one can be used to test proposed novel interactive
solutions with users, when the product has not been yet fully decided and designed.

In both cases, for being beneficial, iVPs should be used in a continuous design-
validation loop, where a new interactive modality can be designed, soon after
tested with users, and modified if necessary. This close loop requires that the iVP
can be easily and quickly modified and adapted to meet the user’s preferences.

In order to satisfy all these issues, the iVP should have the following
characteristics:

e Realism and fidelity The iVP should be perceived by the human senses
exactly as a real prototype would be, hiding the complexity of the simulation
and of the technology at its basis.

e Multimodality and multisensory interaction The iVP should support the same
interaction modalities and stimulate the same sensorial channels, as it hap-
pens when humans interact with real products.

e Real-time feedback The iVP should react to user’s actions in real time (from
the users’ perceptual point of view), with no perceivable delays. This require-
ment impacts also on the complexity of the product and on the behavioral
simulation performances.

e Parametric The iVP should be based on functional models describing the
behavior of each component to test. The models should be parametric, so that
the behavior can be changed until an optimum is reached.

o Sharable among different users remotely located Sometimes the testing activ-
ities on the same product might be performed in different placed and also in
different cultural contexts. Therefore, interactive Virtual Prototypes should be
effectively used for this purpose.

14.5.1 iVP Architecture

The architecture of a framework for iVP consists of three main components:
the Functional Mock-Up (FMU), consisting of functional models, describing
the product behavior and the user interaction model, including a perceptual
model for each human sense, which actually implements the user interaction,
and the multisensory VR environment for performing and handling the user
interaction in a realistic way (Fig. 14.4). The three components are described in
the following.
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Fig. 14.4 Framework for iVP

14.5.1.1 Functional Mock-Up

The FMU includes functional models and related functional simulation tools. The
FMU is based on the definition of several elements, one for each effect that one
wants to simulate. A set of parameters is used to describe the behavior of each ele-
ment, which is simulated by multiphysics functional simulation tools. All these
elements are integrated into a unique and comprehensive model, named the multi-
domain functional model. As an example, let us consider the FMU built for simulat-
ing the door of a refrigerator. In a real refrigerator, there can be several functional
elements, each representing an effect: the element simulating the effect of the mag-
netic attraction of the door when it is closed, the element simulating the effect of the
gasket when opening/closing the door, the element related to the sucker-like effect
generated by the air contained in the refrigerator, the friction and inertial effects gen-
erated when opening/closing the door, etc. These elements are set as parametric, and
the parameter values can be changed for setting the final behavior perceived by the
user during the interaction, which is performed by the multiphysics simulation tool.
FMU is generally a mathematical complex structure, whose computation is time-
consuming and typically not running at real time. For this reason, they cannot be
used straightforward in interactive applications, and alternative solutions are required
for mapping the output of these models into values that can be handled at real time.

14.5.1.2 User Interaction Model

The output of the FMU consists of parameters concerning velocity, accelera-
tion and force related to the simulated effects. These parameters can be mapped
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into a user interaction model, which consists of a set of parametric perceptual
models that define the behavior of the product defined at the user perception
level. Each model addresses a sensory channel: visual, sound and haptic. These
models, including their parameters, are rendered to the user through appropriate
VR technologies (3D displays, stereo glasses, haptic devices, auditory devices,
etc.) [21]. While visualization and auditory interaction modalities are output
modalities, the haptic interaction modality is of type input/output, which can
be activated by users’ actions, and which reacts accordingly by exerting force-
feedback. These models are simplification of the FMUs, which can be used to
render the effects at real time. For example, the behavior of the refrigerator
door previously considered as an example can be simplified as a spring/damper
element described by a force—displacement relation. This parametric model,
where the displacement values can be changed, can be rendered to the user as a
haptic feedback.

14.5.1.3 Multisensory Virtual Reality Environment

The third component consists of a Multisensory Virtual Reality Environment
allowing multisensory and multimodal interaction. In the section about the evolu-
tion of design tools, it was mentioned that the practice of Virtual Prototyping has
been based for years purely on visual representation of products. Actually, iVPs
based on the solely visualization of the product are not good for testing the inter-
action with the product. For example, the study of the use of a door handle is inef-
fective if performed using a virtual model of the handle. In fact, the user cannot
feel the contact with the handle, the mechanical response, etc. Therefore, it is evi-
dent that the realistic simulation of the physical contact of the user with the com-
ponent is important and allows users to feel and evaluate the geometrical shape of
the product component, as well as the material properties, as elasticity, rigidity,
plasticity, hardness, texture, etc.

For what concerns the physical interaction with the virtual prototype, modern
haptic technologies can be used to simulate the physical interaction with a product
component [24]. General-purpose haptic devices are not effective for the simulation
of the interaction with any object, since they may have limited degrees of freedom,
low force-feedback rendering values, or end-effector shapes that do not conform to
the component shape [34]. A possible solution to this problem is to develop ad hoc
force-feedback systems. Examples are the refrigerator door proposed in [35] and the
car door described in [36]. Alternatively, it is possible to use commercial devices
where the end effector is replaced or integrated with more appropriate handling
tools. This second option, more flexible and general purpose with respect to the first
one, has demonstrated to be feasible and effective in various set ups [37]. For exam-
ple, the end effector of a MOOG HapticMaster device [38] can be replaced with a
door handle. An additional benefit is obtained if the handling tool is designed and
then produced using a rapid prototyping technique. In fact, it can be easily and rela-
tively quickly re-designed and adapted so as to meet the users’ preferences.
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14.5.2 iVP and Users Tests

Interactive Virtual Prototyping is a practice used for validating the user interac-
tion with a product, which has been newly designed and is simulated in its various
aspects. The validation is done through tests performed with users’ groups, during
which the designed interaction effects are tested and evaluated. If the effects are
considered unsatisfactory or unpleasant, they can be modified.

Two modalities can be used for modifying the product behavior and the interac-
tion effects:

1. Change the parameter values of the FMU. As an example, let us consider the
development of the iVP of a knob. The FMU includes the dynamic friction
model that describes the knob behavior when it is turned. The FMU is trans-
lated into an interaction model, consisting of torque values, which determine the
behavior of the knob and which are rendered as haptic feedback by means of a
haptic device. The user can ask to modify the reaction to turn. This can be done
by modifying the dynamic friction model describing the knob behavior. Once
modified, the FMU has to be re-mapped into an updated interaction model.

2. Change the parameter values of the user interaction model. One of the bene-
fits of operating at the level of the interaction model is that the modification
of the effects can affect only one component, and the new configuration can
be evaluated by considering the overall behavior of the product. Referring to
the previous example, the knob dynamic friction model is mapped into a haptic
parametric model, consisting of torque values. Besides, it can be added a sound
parametric model, consisting of a set of clicks sounds, which is defined only at
the interaction level. The effect conveyed to the user is both the force returned
and the sound clicks played when the user rotates the knob. The user can ask
for making the reaction force of the knob stronger, but without changing the
quality and kind of the sound clicks. The modification of the haptic behavior
can be done easily and directly by changing the torque values in the interaction
model, without affecting the sound model and its output. This is feasible since
the interaction models for haptic and sound are independent. The FMU has to
be changed according to the changes made in the model at the interaction level.

At the end of the test sessions, the FMU includes all the functional parameters to
use for designing the product, which the users tested, assessed and validated. The
information included in the FMU in terms of functional model and parameter values
can be used straightforward by an engineer as specifications for the definition of the
CAD model of the product and its subsystems and components.

14.6 Case Study

The design methods based on the use of iVP presented in the previous sections
have been applied and tested for the design and evaluation of the experience of use
of some consumer products. Two examples have been selected:
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1. FMU of a dishwasher
2. Multisensory interaction model of a refrigerator door

14.6.1 FMU of a Dishwasher

The first case study consists of the simulation of the force returned on the user’s
hand while opening and closing the door of a dishwasher. The aim of the simula-
tion is to analyze the interaction with the door and identify some new specifica-
tions for the re-design of the haptic feedback provided by the interaction with the
door of new dishwashers, in accordance with the study results. The case study has
been proposed by a company operating in the field of household appliances.

The analysis of the opening effect shows that the haptic feedback is a combina-
tion of the initial leaf spring (this is the click effect perceived at the beginning of the
opening) and of the inertia of the door. Furthermore, static frictions and compres-
sion spring effects complete the overall effect. Traditionally, the door opening/clos-
ing force effect is not designed with particular attention to the experiential effects
on the users (experience attributes), but it is designed so as to prevent any free
movement of the door during its use (functional attributes). For example, when the
user opens the door and subsequently releases it, the door does not slam and is grad-
ually braked up. This suggests that the design has focused on the functionality and
performance of the product, rather than on the final effect experienced by the users.

On the basis of the door behavioral analysis, it has been defined a model of the
door and a simulation of the opening effect. The simulation has been performed using
the LMS-AMESim suite [39], which is one-dimensional simulation software tool for
multidomain systems. Figure 14.5 illustrates the sketch of the door mechanical system
developed using LMS-AMESim where the main parts contributing to the force are
highlighted. In particular, it can be seen the contribution of the friction, of the springs
and of the leaf spring. Furthermore, the sketch includes a function describing the
human force exerted on the door. The one represented is a simulation of the human
behavior while opening and closing the door, which is based on the results described
in the work by Jain et al. [40], as well as on the results of a set of acquisitions per-
formed on the door of the dishwasher, as described in [41]. Basically, the behavior
is represented as a ramp function. Different ramps can be simulated easily through a
batch-run simulation, so as to verify the behavior of the door at different accelerations.
This is very important in order to understand the efficiency of the door in different
opening and closing conditions.

Figure 14.6 graphically shows the results of the behavior of the door obtained
by changing the friction constant values.

If we aim at enabling the user to test the behavior of the door through a haptic
interface, as, for example, the MOOG HapticMaster [38], we must take into account
some important issues. The user’s input that has been treated as a ramp with varying
peaks in the simulation described so far is actually varying continuously during the
opening action. The door system reacts consequently to the user’s input. In order to
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return to the user a realistic feedback in dynamic conditions, we should capture the
force exerted by the user’s hand continuously and compute the angular position of
the door in real time. This is unfeasible at the frequency required by the device to
grant a fluid haptic interaction, which is typically of or is higher than 1 kHz.

A way to overcome this limitation consists of simplifying the model that can
be tested by the user until real time is obtained. This can be done for example by
summing up all the friction contributions so that eventually only one overall fric-
tion will be simulated. The same approach can be adopted for springs, dampers,
etc. This simplified model is then translated into parametric equations that are ren-
dered through the haptic device. The user can test the force profiles and tune the
haptic behavior of the door by asking some modifications that will be translated
into parameters of the equations. Finally, the results can be used as input to the
LMS-AMESim simulation model, by means of optimization tools.
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Fig. 14.6 Effects of changing the friction constant values for the door opening

14.6.2 Multisensory Interaction Model of a Refrigerator Door

This second case study consists of designing the experience of a user interacting
with the door of a new refrigerator. For what concerns the functional model, the
effect of opening the door has been derived from the analysis of the CAD models
and from some measurements performed on a real refrigerator door. Specifically, it
has been analyzed the door, its shape, users’ handling and the door physical behav-
ior. Subsequently, it has been simulated the physical handling of the door. The
overall effect has been divided into the following steps:

— initial effect due to the mechanism for keeping the door close;

— subsequent effect due to inertia and friction of the components;

collisions occurring at the end of the stroke;

— sound made by the moving parts, also depending on the velocity of movement.

The parametric haptic functional model is as such that the effect transmitted to the
users is a force returned when they try and open the door. This force is modifiable
on user requests until an optimum is obtained. The model of the forces is imple-
mented through a piecewise function, where each subfunction is parametric and
can be changed in real time without affecting the other interval subfunctions. The
user can ask higher or lower reaction force for each interval; this will be obtained
by modifying the parameters. When the test is over, these changes are stored and
subsequently mapped into design specifications.

Regarding the haptic device, the initial hypothesis was to use the end effector
of a commercially available haptic device for the physical handling simulation.
Unfortunately, no haptic device allows us to realistically simulate the shape of
any handle. Therefore, it was decided to use an ad hoc physical component for at
best representing the interaction experience. This physical component representing
the door handling part has been developed using rapid prototyping manufacturing
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Fig. 14.7 Testing user
experience with a refrigerator
door

methods. Then, it has been then mounted on the MOOG HapticMaster system
[39], which has been used for rendering the forces (Fig. 14.7).

14.7 Conclusion

In products where the user interaction is one of the main features determining their
value, the design of user experience gains importance in view of a successful prod-
uct. In fact, people often buy products on the basis of the first impression they
have about their features gathered during the short use and interaction with them
occurring at the selling points. Designing the experience with a new product is
not an easy task, especially when the product is radically new and proposes very
new interaction modalities. Measuring at what extent a product satisfies the users’
needs—spoken or unspoken—is still an open issue.

Therefore, testing the designed experience soon in the product development
process becomes crucial for developing a successful product. Actually, testing
activities require modalities for presenting the design proposals and variants to the
users in a proper and clear way. Prototyping is certainly an effective way for dem-
onstrating a product and its interaction modalities. But if the prototype is phys-
ical, it is costly and hardly modifiable. Conversely, the first examples of design
experience tests based on interactive virtual prototypes have shown the potentiality
and applicability of this very new approach. The effectiveness depends on several
factors, including the fidelity of the prototype and of the interaction, the perfor-
mances, the capability of rendering multimodal and multisensory effects.

In conclusion, on the basis of the initial studies, the use of iVP for designing
and testing user experience of consumer products is a course that must be pursued
and investigated further. The subject is very interdisciplinary, requiring expertise in
many domains as engineering, design, marketing, human factors and neuroscience.
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