The challenges in computer supported conceptual engineering

design

Abstract: Computer Aided Engineering Design (CAED) supports the engineering design process
during the detail design, but it is not commonly used in the conceptual design stage. This article
explores through literature why this is and how the engineering design research community is
responding through the development of new conceptual CAED systems and HCI (Human Computer
Interface) prototypes. First the requirements and challenges for future conceptual CAED and HCI
solutions to better support conceptual design are explored and categorised. Then the prototypes
developed in both areas, since 2000, are discussed. Characteristics already considered and those
required for future development of CAED systems and HCIs are proposed and discussed, one of the
key ones being experience. The prototypes reviewed offer innovative solutions, but only address
some of the requirements of conceptual design, and thus presumably would not provide a solution
which would fit the wider needs of the engineering design industry. More importantly, while the
majority of prototypes show promising results they are of low maturity and require further
development.

1. Introduction

Current Computer Aided Engineering Design (CAED) tools are continually improving and those widely
used for engineering design and manufacture in industry now successfully support and interlink
detailed design, analysis, simulation and manufacturing (Gao et al., 2000, Fuge et al., 2012).
Conceptual design is not typically performed in industry using CAED systems, and it is often claimed
that this is due to a lack of support for conceptual design built into commercially used CAED systems
(Verstijnen et al., 1998). Horvath (2000) finds that academic research on conceptual CAED has not
been adopted by the industry which is still happier to pay a designer to perform the conceptual design
the way they see fit, than to invest in adoption of a more systemic solution. This paper reports a
literature review exploring the reasons behind why current CAED systems are not used for conceptual
design, what are the developments for conceptual CAED concerning human computer interface and
software, and what the requirements and challenges for future conceptual CAED system development
might be.

During the conceptual design stage, the design is changing frequently and evolving (Zhong et al.,
2011), and the focus on detail is not as necessary as the need to generate and manipulate ideas
quickly (Fuge et al., 2012). Designers create initial solutions, then modify or combine them and create
concept variants to match the design requirements, placed on the product by either customers or the
context of the product being designed (Zheng et al., 2001, Mdller et al., 2003). Modelling using 3D
commercial CAED systems requires concrete, precise and quantitative fdesign information as an
input, that is often not available at the conceptual design staged(Zhong et al., 2011). At that stage
specifications and constraints are often not fully established (Igwe et al., 2008). Designer6 #attention
is focused on the overall appearance of the model, and the exact dimensions, positions, tolerances,
etc. are dealt with at later design stageso(Sharma et al., 2011). Design concepts are inherently
uncertain and incomplete (Varga et al., 2007), and it is this ambiguity that can contribute to the
development of design, often called design emergence (Evans, 2005). This is why keeping design
ideas vague, incomplete and sometimes even irrational, until they are sufficiently developed, is
important during conceptual design (Mdller et al., 2003, Company et al., 2009). CAED systems
currently in use do not support intensive manipulation of graphical data to the degree required to
enable this (Alcaide-Marzal et al., 2013, Shesh and Chen, 2004).

Although a CAED system can be used for most design stages, the designer needs to adapt to the
CAED system (Huang, 2007). Complex interfaces used to interact with CAED systems are not
suitable for early conceptual design (Fuge et al., 2012), as they lack seamless transition between
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activities and intuitive modes of interaction (Stark et al., 2010). The majority of commercially available
CAED systems have a menu based WIMP (Window Icons Menus Pointer) interface (Sharma et al.,
2011, Zhong et al., 2011). A WIMP interface requires extensive, often professional, training, due to
the number of tools and procedures that need to be learned. A WIMP interface is referred to as
traditional human computer interface in this paper. In terms of time, 3D CAED modelling has a steep
learning curve and new users find the process of using the mouse and keyboard in a 2D plane to
design in the 3D space tedious, lengthy and unintuitive (Dave et al., 2013, Gao et al., 2000, Zhong et
al., 2011). Free-form spline modelling is used to design complex irregular shapes in CAED, and
changes to splines require manipulation of splines via a large number of control vertices, which in
spite of continuous development of CAED systems consumes large amounts of time and effort (IX et
al., 2001). New mechanisms of interaction are required to make CAED systems easier to use
(Rodriguez Esquivel et al., 2014). They need to be intuitive and incorporate natural human actions
(Verma and Rai, 2013, Shankar and Rai, 2014, Ye et al., 2006). Alternative human computer interface
(HCI) solutions, such as gesture based interface, VR (Virtual Reality) supported interfaces, and haptic
interfaces are now being considered to obtain faster communication between the user and CAED
systems (Esfahani and Sundararajan, 2012).

Technical aspects, architecture of the CAED systems and functionality of interfaces are important, but
so are the characteristics of the users who interact with them, experience being a key characteristic. It
has been established that experience was required in order for a user to successfully employ
currently commercially used CAED systems (Dadi et al., 2014). More recent CAED systems are
developed in academia with the aim of being quickly mastered regardless of experience levels of the
users, however the majority of these are still in experimental stages (Lawson, 2005, Mayda and
Borkld, 2014). During CAED interface development user experience is considered largely in the
interface evaluation stage, potentially leading to user sourced requirements for conceptual design not
being captured.

This review will focus on state-of-the-art research undertaken to improve underlying architecture,
procedures and workflows of CAED systems developed by academic researchers to support
conceptual design and better integrate it with detailed design, analysis, simulation and manufacturing;
and specific interfaces developed to improve interaction between the human and computer. By
reviewing the literature exploring these two topics, we aim to identify the latest developments in
computational support for the conceptual design stage in engineering design, and identify envisaged
challenges.

Characteristics of conceptual design, and benefits and drawbacks of use of CAED for conceptual
design, identified in the literature, are given in Sections 3 and 4. Requirements for CAED and
interface development identified in the literature are presented in Section 5. The review of the recent
developments in conceptual CAED software prototypes and HCI interfaces are given in Sections 6
and 7, respectively. Then a discussion is provided in Section 8 and conclusion in Section 9.

2. Inclusion criteria

Only papers published post 2000 were included in this review, similarly to what (Ferguson et al.,
2014) did in their review, as the latest developments in technology and computing are a large
contributor to the emerging CAED development for the conceptual design stage. While papers
published before 2000 are just as likely to explore the topics this review is focusing on, the technology
available to the authors would simply not be comparable, as the underlying computational technology
has become both more powerful and less costly, and thus more attainable in the last 16 years.

Conceptual engineering design is the focus of the review, therefore major engineering databases
were searched: Biotechnology and BioEngineering Abstracts (ProQuest), Compendex, Engineering
Research Database (ProQuest), Science Direct, SCOPUS, Technology Research Database
(ProQuest), and Web of Science.



The papers included in the review have either presented new CAED system prototypes or new HCI
interface prototypes, and they are marked with an asterisk in the list of references. To support the
discussion behind the need for new conceptual CAED systems relevant papers discussing the related
issues but not providing their own prototypes have also been reviewed. Papers discussing experience
of users, and the effect it has on the use of CAED were also included.

Not all the papers identified focused on engineering design alone. Many primarily discuss
architecture, automotive design and general design, but they were included, as in the early stages of
design all three sectors encounter similar issues. Additionally to the best of the a u t h knowdedge,
there are no widely commercially accepted solutions for conceptual design in any of the sectors, and
successful prototypes could likely be used across them. Papers considering both form and function of
the product being designed were included, as both are equally important for conceptual design in
engineering. The majority of papers report on user interfaces for CAED systems, but those including
gaming interfaces while implying the possibility of CAED application were included also. While the
focus of the paper is CAED, systems similar to CAED were included too, in order to consider similar
concepts. A graph illustrating the areas of research considered is presented in Figure 1.
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Figure 1 Focus of research

It should be noted that the work presented in this article is not a systematic review and that due to
inclusion criteria detailed above it does not claim to comprehensively and exhaustively cover all of the
aspects of CAED systems for conceptual design in engineering. It does however aim to provide an
overview of the key state-of-the art articles discussing implemented conceptual CAED systems
recently developed in academia and the interfaces used to interact with them.

75 papers were reviewed overall; 36 exploring new HCI solutions for conceptual CAED, 16 presenting
new conceptual CAED system prototypes, 7 were found to directly focus on the effect of user
experience on CAED, while the remaining 16 did not report on the practical application but did discuss
the conceptual CAED requirements and the specificities of the conceptual design stage in terms of
CAED.

3. Types of conceptual design

While discussing conceptual design authors often emphasise that it is important that it supports
designersdé creativity. I n , ¢rdatevity s defirteckas & cognitive procgss neer i ng
or a problem solving process leading to the output/solutions/product that is both novel/unconventional

and useful (Robertson and Radcliffe, 2009), while satisfying certain requirements (Kryssanov et al.,



2001). Hanna and Barber (2001) add that the products created would be appraised by experts for
their technical, social or aesthetic value. Creative problem solving makes unexpected connections
between seemingly unrelated concepts (Robertson and Radcliffe, 2009, Lawson, 2005), and it is often
said that this is due to the combination of two or more conceptual spaces (Bonnardel and Zenasni,
2010), drawing ideas across domains (Kryssanov et al., 2001). During engineering problem solving it
has been proposed that two knowledge representations interact i memories and images based on
sensory impacts and experiences (known as perception based knowledge representations), and
abstractions and generalisations of these experiences (known as meaning-based knowledge
representations) (Robertson et al., 2007). They are considered to be a key aspect of creativity and so
the creative process is often believed to be constructed of instances of abstraction and assignment of
tangible form (Robertson et al., 2007).

Conceptual design and design ideation both occur early in the design process, and ideation can either
precede the conceptual design or overlap with it. Design ideation has a specification of a desired
function as an input, and a design concept specifies an achievement of the function as an output.
Conceptual design has specification or functional requirements as an input, and produces one or a
range of designs specifying a structure that meets the specification or the functional requirements as
an output (Goel et al., 2012).

The conceptual design process can be observed from a variety of different standpoints. There is a
generative phase in creative conceptual design where a mental representation is constructed, and an
exploratory phase where its properties are interpreted (Shahin, 2008). Designs can be adaptive
designs (minor modifications to existing design 1 well suited for computers), development designs
(existing design provides a starting point, but the design outcome differs from it significantly), or new
designs (all stages are performed without an existing design used as an input) (Haik and Shahin,
2010). Design can be routine (where the basic structure and the plans for the selection of parametric
values are known), innovative (only the basic structure is known) or creative (the structure itself is
unknown) (Goel et al., 2012). Considering the creative design strategies Li et al. (2007) split them into
problem-oriented creative design (improve a product), function-oriented creative design (build a
product to perform a specific function), product-oriented creative design (secondary function needs
improvement) and form-oriented creative design (changing the shape and format). The conceptual
CAED systems and HCI interfaces found in the literature and reviewed do not make a clear distinction
between the types of conceptual design as they aim to provide support for the entire conceptual
design process and all approaches to designs the users could take. It should be noted that this review
will not make this distinction either, although it could be argued that depending on the key
requirements a certain solution focuses on, in the future some solutions may be more suited to
specific conceptual design variants. Conceptual engineering design could encompass all of the
design varieties mentioned above.

Conceptual design is often performed as a group activity, and requires collaboration between different
designers, integral for the creative process (Bermudez and Jones, 2016). Designers can build on
each ot her 6s k n oamd ruttidjseiplirrary designdveusd particularly call upon this (Goel
et al., 2012, Markopoulos et al., 2016) . Shared understanding, or ability to collectively develop a
design in the context of a project with social interaction supporting the team cognition, is an important
goal in early design stage collaboration (Gomes et al., 2016). Designers can also be geographically
distributed and physically designing in different places, and tools are being developed attempting to
support that (Goel et al., 2012, Bermudez and Jones, 2016). Colocation has been found to help
engage participants in design during building the shared understanding (Gomes et al., 2016), and
digital tools can improvise this even when designers are geographically distributed.

4. Benefits and drawbacks of the current CAED systems
CAED is not used in conceptual design as much as it is used in detailed design, analysis, simulation
and manufacture. Ways of expanding CAED to include the early stages of design have been



considered. As already mentioned in the introduction, while CAED systems have developed greatly
since their introduction, the WIMP interface is still the most commonly used interface, and it does not
fully support conceptual design activities (Dickinson et al., 2005). Outside of CAED, sketching is the
most common tool in conceptual design (Kokotovich and Purcell, 2000). When 3D forms need to be
created, designers sometimes prefer clay and foam modelling, as it helps them to resolve ergonomic
features that are difficult to notice in digital form (Sener et al., 2002). Some designers find it essential
to have a physical 3D model as soon as possible, allowing them to control and manipulate the form
but avoid premature focus on detailed design, and instead include uncertainty and ambiguity that are
missing from CAED (Evans, 2005). If the conceptual design is performed independently of the CAED,
sketching using pencil and paper or sketching software, the conceptual design outputs need to be
reproduced in CAED to be further developed and eventually manufactured (Ye et al., 2006). The
reproduction or conversion of sketches into CAED models is a time consuming and error-prone
process (Dickinson etal., 2005), and the @Al ack of 3D geometric

process automated (Shesh and Chen, 2004). Creative activities associated with developing and
communicating alternative solutions without much detail do not have the sequential structure CAED
systems support (Igwe et al., 2008). In this section we summarise the findings from the literature
exploring the benefits and drawbacks of CAED used for conceptual design, both CAED systems
specifically designed for conceptual designs and instances where CAED intended for use in detailed
design is used for conceptual design when appropriate.

4.1. Benefits of CAED systems

While the nature of CAED systems has changed over time, the reasoning behind their use has not i
they still tend to provide faster and more accurate solutions, and accurately capture detailed design
information (Hartman, 2009). This is one of the key motivators to extend the CAED or a version of
CAED to the conceptual design stage, and if fully achieved would be one of the key benefits they
provide. Conceptual CAED is not commonly used in conceptual design stage in the industry, but
academic research has explored it (Horvath, 2000), and identified areas where conceptual CAED
could bring significant benefits. Use of CAED in conceptual design introduces enhanced visualisation
and communication, better group creativity and allows more time to be spent on ideas rather than
detail, which are all positive influences (Robertson et al., 2007, Robertson and Radcliffe, 2009). 3D
sketchi ng wa sovd percaptibn df visuoAspatiapfeatures, particularly in terms of
unexpectedly discovering spatial features and
behaviours (Rahimian and Ibrahim, 2011). As conceptual design is often performed by teams of
designers, ability of immersive tools to provide colocation and collaborative work in virtual
environments which are easily recorded and stored holds potential significant advantage. Immersive
virtual reality systems can help bring together conceptualisation and realisation, allowing designers to
flexper i enc e dHotvatheandd/eosm, 20h53. Designers working in a team using VR in 3D
sketching sessions have been found to maintain the same productivity, but perform more actions then
using manual design procedures. They have also unexpectedly discovered spatial features and
relationships, and motivated the designers to share more ideas (Rahimian and Ibrahim, 2011).

4.2. Drawbacks of CAED systems

Conceptual CAED developments hold potential for implementation, which supports the conceptual
design process, and unifies it with the rest of the design stages. However, at the current stage of
implementation and adoption there are many drawbacks for use of CAED in conceptual design.
Speed and accuracy of capture which are the key reason behind the use of CAED in detailed
engineering design are questionable for the conceptual design stage, as WIMP lacks a variety of high
level shape operators for designing and modifying model shapes which are required for conceptual
design (Zheng et al., 2001, Gao et al., 2000). Customers may take part in evaluation of product
design concepts in some domains, and it is difficult for customers to communicate their change
intention for a product through commercially available CAED systems (Zhen-yu and Jian-rong, 2005).

i nf or me
i mprecision associated with them makes them difficult

r el

ati

C



In some cases, design ideas can be influenced, and at times limited, by the capabilities of the
software. The ideas are either not fully developed as they appear final earlier than they actually are,
or the designs are not fully explored due to software limitations (Robertson and Radcliffe, 2009).
Additionally, using a CAED system requires an interface for a designer to be able to input their ideas.
Using a mouse and keyboard requires extra effort in planning the steps required to build the model,
rather than form generation, and causes extra cognitive load and a mismatch between design thinking
and command manipulation (Huang, 2007). The technology behind representation of the 3D models
in CAED systems makes modification of fine details of surfaces a difficult and time-consuming
process (Gao and Gibson, 2006). CAED is also found to be used prematurely, which leads to effects
such as circumscribed thinking, premature fixation and bounded ideation (Veisz et al., 2012).
Circumscribed thinking is when the design is limited by what it is possible to do with the tool, or even
more limiting when the designers do what is easiest with the tools they have. Circumscribed thinking
could also b e fi p oisitipteventsedésigners proficient in CAED from introducing unnecessary
complexity and wasting resources (Robertson et al., 2007, Robertson and Radcliffe, 2009,
Musta'amal et al., 2008). Premature fixation happens when the CAED models become too detailed
too early in the design process which discourages designers from making further changes (Robertson
et al., 2007, Robertson and Radcliffe, 2009). Bounded ideation is a consequence of designers
focusing on CAED tools and how to use them rather than ideation, leading to less creative outputs
(Robertson et al., 2007, Robertson and Radcliffe, 2009).

One of the largest drawbacks of using a commercial CAED systems is the steep learning curve
majority of systems have. Additionally, often the knowledge required is not intuitive and not
necessarily closely linked to the design process one would use if paper sketch or clay modelling was
used. According to Hartman (2009) CAED knowledge is declarative, procedural or strategic.

Decl arative knowl e dGhester, ZD&7) is kmbwdedgg ef commandsdn CAED,
particular to a specific CAED system (Hartman, 2009, Diwakaran and Johnson, 2012). Procedural
knowl edge, Ak riChestere200Qy) is knmviedge of tools and processes (Hartman, 2009),
or the knowledge of possible alternate methods to create a CAED model (Diwakaran and Johnson,
2012). It is not linked to any specific CAED system and this type of knowledge helps the experts
perform better (Diwakaran and Johnson, 2012). Strategic knowledge or strategic expertise,

imet acogni t i {Ghestern200v), iectidee kihowledge of geometry creation, manipulation,
and editing techniques coupled with information about the design considerations that surround the
model creation process, software processes, and past experiences (Hartman, 2009). According to
Bhavnani et al. (1993) CAED expertise is differentiated by strategic and not command knowledge,
and Bhavnani and John (1997) state that efficient use of design software is not guaranteed by good
design or experience, but that it requires task decomposition strategies. Experts are able to solve
problems more quickly and accurately than novices, due to their ability to put a problem in the specific
context of a particular domain and strategic use of tools (Hartman, 2009), and although they might
take longer to create an original model it has a higher feature reuse as they consider the changes it
might require in the future (Diwakaran and Johnson, 2012).

Benefits and the drawbacks of CAED use are more or less prominent depending on the experience of
the user. Experienced designers are less affected by circumscribed thinking, as they focus more on
the requirements (Robertson et al., 2007, Robertson and Radcliffe, 2009), but they are more likely to
show mild levels of bounded ideation (Robertson et al., 2007, Robertson and Radcliffe, 2009).
Lawson (2005) claims that experienced designers use solution-focused rather than problem-focused
strategies. Veisz et al. (2012) found that user experience affects their perception of CAED and that
novice and experienced groups have very different perceptions about CAED capabilities. Musta'amal
et al. (2008) found that CAED users can be classified as CAED recorders or CAED designers, the
former perceiving the software as a tool for presentation of the final design ideas without involving
them in idea creation, and the latter actively including the software during the design and using it for
final idea representation. Different CAED users are at different points on the spectrum between these
two extremes.



5. Requirements for conceptual CAED

The requirements identified in the literature and summarised in this section cover the initial conceptual
design activities and aim to allow creative and rapidly developed designs to be captured more
efficiently. This should be supported by both suitable interface and CAED software structure that
enables capture of the key design information, while allowing design review and evaluation. The
requirements collated here were extracted from the papers reporting on developed CAED prototypes
and developing HCls to control the conceptual CAED software, and it is noticeable that the key
requirements identified by different authors focus on different aspects of the conceptual design
process. Whether authors have attempted development of conceptual CAED systems or HCI for
conceptual CAED, first they identified what needs to be improved, and how CAED systems could be
changed or redesigned to offer better support for conceptual design. These requirements, sorted
sequentially to match the stages of conceptual design process, are presented in this section. They
can be clustered into three groups shown in Figure 2.

Digitisation of
design / translation
of design

Design review

Initial
& evaluation

Ideation Process

Figure 2 Requirement groupings

5.1. Initial ideation process requirements

The first cluster of requirements explores the kind of environments that should be created to support
conceptual design and how ambiguity characterising it could be maintained. To support initial ideation
process it is necessary to:

1 Introduce minimal disruption to designers work process (Krish, 2011), as the creation of novel
ideas requires smooth flow of thoughts (Dickinson et al., 2005).

1 Have representation means that are in harmony with the speed of ideation and natural
thinking (Dickinson et al., 2005, Horvath, 2000) - the design needs to be visualised as it is
being carried out (Vidal and Mulet, 2006).

I Have tools that are not an obstacle to creativity but that could stimulate creativity (Vidal and
Mulet, 2006, Krish, 2011).

1 Have features that remind the user sketching is tentative not definitive (Company et al.,
2009), and which tolerate ambiguity and incompleteness (Oh et al., 2006).

1 Have features that keep the advantages of sketching and avoid weaknesses (Company et al.,
2009), combine support for creativity (the wide range of information sketches can contain,
from spatial to tentative temporary lines, motion lines, symbols etc.) with the advantages of
digital system environments (visualisation) (Muller et al., 2003).

Majority of these requirements are not tool specific and indicate existing misalignment between the
capabilities of currently available tools and the pace and nature of the conceptual design process.
New developments should refrain from interrupting the design process, as that often inhibits it, and
would need to be able to provide sufficiently fast response from tools, no latency, and intuitive user
interfaces. The challenge to achieve ambiguous and tentative designs, which can then be transposed
to detail design without design rework, is tied to data management issues and is a major challenge
that is partially decomposed through the next set of requirements given in this section. Finally, there is
the desire to maintain the beneficial aspects of traditional conceptual design techniques such as
sketching, but adapted to the advancing technology.

5.2. Digitising of design/translation of design requirements

The second cluster of requirements focuses on the kind of support designers require while using the
software and externalising their ideas by inputting them into a CAED software giving them a digital
form. These requirements explore the nature of CAED software and ways to successfully adapt it to



conceptual design. To digitise design or transformation of design ideas into digital conceptual
Afsketcheso it: is necessary to

1 Provide assistance with repetitive tasks (e.g. symmetry, drawing all edges in extrusion like
objects) (Company et al., 2009).

1 Have CAED software with as non-intrusive an interface as possible (Oh et al., 2006), and
allow the designer to focus on the design rather than the system interface, procedures or
interaction constraints (Fiorentino et al., 2010, Ye et al., 2006).

1 Maintain the characteristics of object interaction that would exist during the development of
new modelling systems, while using the advantages of computer simulation (Dave et al.,
2013).

1 Allow human input when needed/wanted, and assist the human designer but not interfere with
their thinking processes (Shahin, 2008, Krish, 2011).

1 Provide knowledge management support to design thinking (Vidal and Mulet, 2006, Lawson,
2005), provide cognitive artefacts for designers without experience (Dorta et al., 2008), advice
on what, how and when to reuse from previous experience (Kryssanov et al., 2001), and
observe computer as learner, informer, critic, collaborator and initiator agent (Lawson, 2005).
The alternative approach is having a system capable of creative and innovative
thinking/processing (Shahin, 2008).

1 Represent a range of levels of abstraction (Oh et al., 2006, Israel et al., 2009).Vague
concepts need to be represented as well as detailed ones (Krish, 2011).

1 Allow collaborative work (Vidal and Mulet, 2006).

The second cluster of requirements focuses on different types of computer support being developed.
The right implementation of knowledge support or computer generated designs based on them which
could serve as inspiration would be one possible route. Ability to represent different levels of
abstraction as a part of the same project is similar to the requirement to maintain ambiguity presented
in the first cluster, but here given in terms of CAED tools requirements. Finally, CAED tools bring a
number of benefits stemming from the ability of computers to speed up processes which can be
mathematically defined such as symmetry or multiplication, and the ability to allow collaborative work,
co-located or distributed, as team work is one of the characteristics of the conceptual design.

5.3. Design review and evaluation requirements
As evaluation is an integral part of conceptual design it is essential for conceptual CAED systems,
and HCI used to control them, to support design review and evaluation by:

1 Integrating conceptual CAED with the subsequent phases of the design process (CAED,
CAE, CAM etc.) (Company et al., 2009) by providing consistency between concept, design,
and manufacturing (Brunetti and Golob, 2000). Conceptual design outputs need to be able to
be used as the input for further CAED based activities (Horvath, 2000) and enable an efficient
transition to detailed design (Krish, 2011).

1 Having the ability to hold several versions in parallel, representing them efficiently, and
combining their elements (Lawson, 2005, Krish, 2011).

1 Having the ability to revisit a particular designd history i ways of storing the creative concepts
at different levels of development and allowing review (Israel et al., 2009).

1 Providing different views for different types of representation (Company et al., 2009).

1 Considering design intent in design exploration as it provides crucial information about the
design rationale (Verma and Rai, 2013, Shankar and Rai, 2014).

1 Providing support specifically for evaluation (Oh et al., 2006).

Majority of review and evaluation based requirements can be summarised as a higher level
requirement to integrate all stages of the design process, and ensure data and knowledge integration
for the complete design, including all of the development stages, to be easily accessible. This would
also require appropriate representation is available for all types of data.



6. Conceptual CAED system prototypes

In the papers reviewed 16 prototypes were developed. Some of them are based on the use of new
displays (stereoscopic glasses or VR-helmets, monitor-based 3D display that directly tracks a single
user's eyes and dynamically tweaks the image to achieve 3D effects, spherical 3D display that
renders coloured volumetric elements that can be viewed from any angle) or new interaction
technologies (3D mice, electronic pens, tablets with and tablets without digital screens) (Dickinson et
al., 2005). Others focus on meeting the requirements derived from the design process and design
models. For example almost all techniques embed a certain level of abstraction, which then inevitably
means that during embodiment or detailing further information or effort is required from the designer.
While computers are good at automating processes, conceptual design usually has too many varied
parameters, and too little information embedded to be automatised successfully (Horvath, 2000),
therefore different approaches have been explored to overcome this issue by allowing the users a
different kind of information input.

It should be noted that there was a limited amount of information available, in the articles reviewed,
providing comparison of effectiveness of the systems developed and traditional CAED systems, or
effectiveness of systems developed and analogue conceptual design approaches. Similar is the case
for the HCI described in Section 7. Additionally, due to the vastly different approaches to conceptual
design support between different categories, and HCIs developed for different systems, it was
impossible to compare them quantitatively, and we have instead categorised them based on their
focus and capabilities.

Observing the conceptual CAED software prototypes we have found, based on the key approach to
conceptual design they take, they generally fall under one of five categories:

1 CAED relying on data capture

1 Knowledge based CAED or CAED providing knowledge support

1 Functional CAED

1 CAED approaches emulating or improving traditional sketching

1 Feature based CAED

As shown in Figure 3, all but one of the reviewed CAED prototypes focused on a single one of these
categories in their approach to providing a new conceptual CAED system. The five inner circles in
Figure 3 mark the category the CAED software developed belongs to, and they are colour coded for
easier differentiation. They are ordered from less specific to more specific, with regards to key design
activity performed using the software. The outer circle displays more information on each individual
solution, in terms of specific techniques used or specific actions supported by the new conceptual
CAED system.
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Figure 3 CAED system prototype overview

One CAED system was based on data capture. Sivanathan et al. (2015) developed and tested a

framework whi ch ai med to capture desi 0

gnerso6 knowl edge
process, paying particular attention to the high levels of abstraction required in conceptual design.

The majority of knowledge based CAED systems that support conceptual design have focused on
allowing the user to control the dynamics of interaction with the system (Shahin, 2008, Goel et al.,
2012, Li et al., 2007, Bonnardel and Zenasni, 2010). Two solutions allowed the system to generate a
design, and then allowed the users to modify it (Krish, 2011, Mayda and Boérkl, 2014). They had
knowledge bases or database management systems collating previous solutions or in some cases

suggesting biologically inspired designs. Biologically inspired designs have been popular in

architecture, and some researchers believe they would be suitable for mechanical engineering. Some
solutions kept track of usersdactivities and suggested changes or ideas to augment the design
(Shahin, 2008, Li et al., 2007). Some include an FBS (Function-Behaviour-Structure) approach (Goel
et al., 2012, Li et al., 2007) and some use TRIZ (Li et al., 2007, Mayda and Borkli, 2014) to support
ideation, and attempt to guide a designer through a systematic process. Shahin (2008) believes
organising the information in a systematic way means that designers can focus on creative activities.

Most have been developed as a proof of concept, rather than software for commercial use.
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One CAED system prototype was based on function. Bruno et al. (2003) focused on the functional
representation of the problem in conceptual design, taking the functional dataset through different
levels of abstractions. As sketching is seen as a quintessential conceptual design activity, a number
of CAED systems have attempted to adapt it to the digital environment. Even where sketching may
not be necessary for the generation of designs, externalising an idea can serve a communicative role
(Bilda, 2005). Some prototypes used the tablet as a digital sketchbook and digitalised 2D sketching,
additionally providing knowledge support during sketching (Hoeben and Stappers, 2005). Others
provided the option of drawing 2D sketches on 3D surfaces and thus mapping the sketches onto the
3D models (Tovey and Owen, 2000). A step further was provided by prototypes allowing 2D sketching
using software that automatically recognised the shapes and converted them into 3D models
(Company et al., 2009, Jowers et al., 2008). 3D sketching in 3D space was also explored (Mller et
al., 2003, Dorta et al., 2008, Israel et al., 2009). All of these approaches have been found to show
potential, but all also require further development as none of the systems were at the point where they
could be used commercially. Most sketch based CAED systems reviewed were developed for
automotive applications, as they require designs comprised of geometrically irregular shapes.

Feature based solutions endeavour to retain the current CAED systems and expand them with new
capabilities. They preserve the key characteristics of the interface and include new functions required
to support the conceptual design. Two feature based prototypes were identified. One employed
sketch recognition and transformed sketches into solids, with the visualisation dependant on the level
of abstraction needed (Oh et al., 2006). The other focussed on data and attempted to retain all the
information about the design throughout different levels of abstraction supported by different feature
representations (Brunetti and Golob, 2000).

7. Human computer interface for conceptual CAED systems

New conceptual CAED systems still require interaction tools, and a variety of different types of
interfaces are being developed to control CAED software, input, modification, manipulation and
visualisation of data. Five categories of specific actions performed in different systems discussed in
the reviewed papers were derived through observation, and include (ordered from less specific to
more specific, with regards to key design activity performed using the interfaces):

1 Manipulation | Rotation, translation, zooming; changing the viewpoint without actually
changing the model.

1 Moadification - Changing the model e.g. subtraction, addition, change of shape.

9 Digital Sculpting/Surface Modification i Modification of shape but applied through surface
modification, often emulating traditional sculpting.

1 3D Sketching i Sketching in the 3D environment. Either full 3D sketching or 2D sketching that
is then used as a basis to extrude into a 3D shape, or a mix of both.

1 Feature Modelling i Adding and subtracting features similar to traditional CAED systems.

Technology developments have enabled attempts to control CAED systems using interfaces not
typically associated with them. In this section we review them grouped by the type of interface. Most
of the interfaces developed are human centric, with a trend towards the exclusion of wearable devices
(Lee et al., 2013). Use of touchscreens for CAED input is explored in Section 7.1. Haptic interfaces
are explored as a stand-alone interface presented in Section 7.2, but are also included in some of the
multimodal interfaces presented in Section 7.5. As pen and paper are still a dominant mode of
sketching, and sketching is commonly used in conceptual design, researchers also explore how pen
input can be used for CAED application discussed in Section 7.3. The newest and the least mature
approach is the use of brain computer interfaces, allowing users to control CAED using their brain
activity - these are presented in section 7.4. An increasingly popular approach is the use of
multimodal interfaces. These combine a variety of different interfaces in the same solution, and can
include gesture based interface, motion capture, gaze capture, haptic interface, virtual reality, tablet,
mouse, pen, speech and virtual reality. Three specific interface sub-groupings were encountered

11



repeatedly in different sources, and these are reported on in Section 7.5. A number of interfaces that
did not fall into any of the groups listed above, but are relevant to CAED interface development, are
reviewed in Section 7.6.

An overview of the HCI solutions, technology they employ and actions those technologies enable is
given in Figure 4. This figure can be referred to when reading Sections 7.1 through 7.6, to provide
context for the technologies discussed. The five inner circles in Figure 3 mark the category the CAED
software developed belongs to/activities it supports, and they are colour coded for easier review. They
are ordered from less specific to more specific. The black circle and lines group them according to the
type of interface they employ, and the interfaces are not ordered in any specific way, except to keep
the same types of interface grouped together. The outer circles display more information on each
individual solution, in terms of specific technologies used.
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Figure 4 Overview of HCls, technologies enabling them and the activities they support
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7.1. Touchscreen

Touch based interfaces are those in which designers use their fingers on the touch screen of a device
to input design information. The technology is now omnipresent and easily attainable, and the
guestion has arisen of whether CAED software could be used on them.

Kang et al. (2015) introduced a system where models were generated on a fsmartodevice, then
transferred, in an editable form, to a PC system for detailed modelling. Once finished the model could
not be edited on a smart device. The models were also not fully dimensioned and could not support
addition or modification of constraints. Gestures used to input the data can be direct or symbolic, with
direct gestures are currently preferred in the research community (Radhakrishnan et al., 2013).

While touch based input appears to be intuitive, it has certain drawbacks. It is not as precise as a
mouse, finger occlusion of the screen occurs (Radhakrishnan et al., 2013), and complex or precise
tasks are hard to perform on a small screen (Kang et al., 2015). The mouse outperforms the touch
interface in both completion time and error levels (Radhakrishnan et al., 2013). 3D CAED systems
also require high-end computational resources, which smart devices still do not provide (Kang et al.,
2015). Additionally it has been reported that the optimal number of gestures and functions, and the
impact of direct and symbolic gestures for touchscreens should be further researched (Radhakrishnan
et al., 2013, Kang et al., 2015).

7.2. Haptic Interface

Haptics, devices that rely on applying tactile sensation and control in order to interact with computer
applications, have been in development over the last two decades (Sener et al., 2002). They support
natural communication between a human and a computer requiring the provision of minimal numerical
detail about the design (Igwe et al., 2008). They are seen to have high potential to enable both
individual and collaborative conceptual design (Bermudez and Jones, 2016). Historically designers
have used clay to make 3D physical models in order to explore different concepts (Igwe et al., 2008).
Haptics allow them to simulate clay modelling tools, and sometimes this processiscalledfivi r t u al cl ay
(Sener et al., 2002). They are used as input devices, but also for virtual assembly and other types of
interaction with the models (Kyung et al., 2006). They improve working efficiency of CAD/CAM
systems (Zhu, 2008), and could potentially shorten the product development cycle due to being more
user friendly, and more intuitive and easier to use, even if the users are not professional designers (IX
et al., 2001). Haptics allow force feedback and more accurate tactile stimulation of surface properties
of a virtual object (Kyung et al., 2006). Haptics aid the design process by conveying a virtual reality to
humans more realistically, allowing faster design and free form design more appropriate for irregular
shapes, and aiding the assembly process through allowing the user to feel the contact force (Kyung et
al., 2006, Liu et al., 2005, Zhu, 2008). They also enable deformation of CAED surface models in real
time by pushing, pulling and dragging surfaces, making the design of complex surface models easier
and faster than with traditional 2D interfaces (Liu et al., 2005).

Zhu (2008) developed a methodology for haptic interaction with CAED models in commercially
available CAED software. Evans (2005) compared the foam based sketch modelling and virtual
techniques supported by a haptic interface. Using haptics has proven to show high levels of creativity
in the final product, not often noticed while using other modelling techniques (Evans, 2005). While
haptics generally employ a 6DOF (6 degrees of freedom) joystick, different tools have also been
used. A shape on the screen (a sphere) had been modified by changing the shape of the haptic
polyhedron in reality, performing finer and more complex designs than with conventional haptics
(Ogawa et al., 2006). Gao and Gibson (2006) introduced a tool-model haptic interaction, which while
still using a 6DOF joystick, allowed a tool of a specific shape to be used to model a design solution,
leaving indentations in the model in the shape of the tool. Both the tool and the shape having been
designed had material properties, and elastic and plastic deformation were simulated. I1X et al. (2001)
enriched the haptic interfaces, so that in addition to force feedback they displayed modification in a
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physically plausible manner, and planned to include temperature in the future (hotter regions would
deform more easily, colder would be stiff).

While haptics lend themselves to irregular shape creation and modification with successful results, if
feature operation is required with regular shapes (e.g. creating a square or drawing a circle) they
would not be the best choice, as creation of these shapes using free hand haptic devices is difficult.
Therefore haptics tend to be an add on to already existing interfaces (Liu et al., 2005). Fine surface
definition had proven similarly difficult when using haptics (Evans, 2005). The mainstream industrial
applicability of the haptic solutions has been questioned (Evans, 2005).

7.3. Pen input

Three papers were identified where the initial data input used a digital pen combined with a graphical
tablet. They were used to sketch in 2D or 3D, sketch on 3D models, or sketch in 2D where the
software recognised shapes and extruded them into 3D solids.

Alcaide-Marzal et al. (2013) attempted digital sculpting using polygonal meshes, but the initial strokes
were performed using a pen and a graphics tablet. The material was then added or removed based
on a sketch and 3D shapes are constructed this way. Kim and Kim (2006) devised a modelling
environment where pen markings were segmented to enhance the recognition and then primitive
shapes were inferred. Manipulation could be immediate, employing 3D modelling operations (e.g.
extrusions, transformations), or drawing operations (e.g. line and curve primitives). Shesh and Chen
(2004) presented Smartpaper i a sketching environment supporting both 2D and sketching directly on
a 3D model, with the emphasis on direct sketching but also supporting gestured sketching. The
environment supported casual sketching i unsteady, discontinuous, overlapping strokes,
implemented on a tablet PC. It could sketch a 3D object, but it could also extrude sketches (feature
modelling), cut features using sketch profiles, join two objects and recognize gestures for drawing and
cutting.

All three interfaces were in the early stages of application (for example the system developed by
Shesh and Chen (2004) only supports drawn edges that are straight lines), but showed promise at the
time and researchers were hoping to explore ways to produce more effective work flows for the pen
input based interfaces in the future. Times required to learn how to use these interfaces and time
spent performing tasks using them were comparable or sometimes even shorter than those in the
conventional commercially available CAED systems (Kim and Kim, 2006).

7.4. Brain-Computer Interfaces

Brain-Computer Interfaces (BCI) are the latest development in human computer interfaces, and they
use EMG (Electromyography) and/or EEG (Electroencephalography) signals for design information
input, either by feature modelling or imagining shapes. Two studies exploring each will be detailed in
this section. The interface is based on brain wave detection only or complimented with facial
expressions detection, the latter being more efficient. As EMG and EEG activity can be recorded from
the surface of the scalp/skin, respectively, the advancement of this approach can be attributed to its
non-invasive nature (Verma and Rai, 2013).

Shankar and Rai (2014) reported a study in two papers that uses Google SketchUp software as a
platform to test the interface. It used the Emotiv headset which detects EMG and EEG signals and
layed out a preliminary foundation for the use of BCI capability for 3D CAED modelling (Shankar and
Rai, 2014). CAED models were constructed based on three operations: geometric shape creation,
model editing by resizing or geometric operations such as booleans, sweeps and extrusions, and
model rotation and translation. Modelling began with a 2D sketch using line or arc tool (position of the
cursor governed by head movements), and then the 2D sketch was extruded (extrusion associated
withthought s A pusho and i p ud 3Dpart. dther fynetians had reliedtoh eectfical n
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