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The objective of this study was to investigate whether the use of computer-generated aids facilitates a greater variety of
concept embodiments compared to the classical approach. A total of 60 participants were enrolled in the Design
Methodology course. They were divided into a control group using the classical approach and an experimental group in
which computer-generated aids were employed. The embodiments produced by the participants from both groups were
assessed for variety, independently by two experts having both academic and industrial experience in the field of product
development. The experts were not informed about the groups or any of the study details. Analysis of the results of this
experiment indicates that computer-generated aids play a supportive role in concept embodiment.
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1. Introduction

Design is considered one of key activities of engi-
neering [1] and engineering institutions should edu-
cate engineers to be capable of developing
appropriate solutions for the needs of users [2].
Designing is also found to be one of the most
important competencies engineering students
should achieve during their studies [3]. The impor-
tance currently placed on these and other compe-
tencies to be attained by engineering students is the
result of the so-called “paradigm shift”, whereby
ABET’s (the U.S. accrediting agency for engineer-
ing programs) focus on inputs, such as topics taught
until the year 2000, has been completely replaced by
focus on outputs, i.e. competencies achieved by
students [4, 5]. Such changes have dictated a trans-
formation of engineering curricula and also for-
mally acknowledged the significance of designing.

The core aspect of designing is the generation of
alternative solutions [6] and one of key conditions
for successful concept design is the generation of the
maximum possible number of alternative solutions
[7-9], as there is a positive correlation between the
number of generated alternative product concepts
and their quality [10-12]. In addition, a concept that
is different from the concepts of existing products
determines the level of innovative input. Further-
more, innovative solutions provide a competitive
advantage for companies [13].
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There are many methods for generating alterna-
tive solutions. Zavbi and Rihtarsi¢ [14] discussed the
most well-known and documented approaches. A
weakness of many of these approaches is the synth-
esis of function structure, which is essentially a mere
trial and error process. In addition, a composed
function structure is rigid and generated in advance
(Authors [15] indirectly question the suitability of
such function structures by proposing a basic model
for functional reasoning in design). Therefore, it
does not allow the generation of a multitude of
solutions that would function differently from
what is enabled by the function structure. The
rigidity of function structure means an incapability
of the function structure to include alternative
building blocks (i.e. means), which will provide
different input/output transformations as required
by the functions of the rigid function structure. The
problem of rigidity is further explained in [16].

Both professional engineers and engineering stu-
dents very often have to deal with such shortcom-
ings. Therefore, a method and a computer tool were
developed that enable the generation of a large
number of alternative concepts (e.g. of products,
product parts and components) and do not require
prior synthesis of function structure to describe the
functioning of a future product in component-
neutral terms. In this way, it is possible to avoid
the trial and error process as well as any problems
related to rigid function structure.

* Accepted 10 November 2015.
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The purpose of this paper is to briefly present the The key property of physical laws is the existence of

method and the computer tool based on it, as well as a complementary relationship between a specific
to start testing the tool’s support role. The paper is physical law and the related basic scheme. This
structured as follows: Section 2 briefly introduces relationship indeed ensures the applicability of
the developed prescriptive process model and com- physical laws in generating solutions [14].

puter tool. Section 3 structures and describes the A basic scheme is an abstract structure which is
essentials of the experiment. The results and discus- complementary to a physical law. Such an abstract
sion are given in Section 4. Section 5 concludes the structure has certain geometry, geometric position
paper. and relevant environment (represented by material

and fundamental constants). It shows a structure

1.1 Prescriptive process model and computer tool capable of performing the transformation of quan-

It has already been mentioned that it is necessary to tities according to a physical law to which it is
generate as many alternative solutions as possible. complementary. Each physical law has only one
Regardless of the limited technological and non- basic scheme. The main consequences are that
technological knowledge, solutions always have to basic schemata provide chances for various embo-
correspond to natural laws (i.e. physics, chemistry, diments [18], which lead to potentially inventive
biology) [9]. Therefore, we have designed a model of solutions.

a process for connecting physical laws (i.e. chaining Chaining is regarded as a search for and synthesis
of physical laws via quantities common to a physical of physical laws and complementary basic schemata
law and its successor in the chain) that would into abstract structures which are capable of per-
essentially ensure the correspondence of generated forming the required function. The results of chain-
solutions to natural laws (in our case physical laws). ing are chains; they represent a design concept and
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Fig. 1. Example of a set of generated alternative chains of physical laws: force (output variable) can be generated by many input variables
[17].
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Fig. 2. An example of a generated chain of physical laws and basic schemata (A: result of mechanized mode) which represents a design
concept for windshield sticker removal (B: result of manual mode using simple modeller) [18].

describe the transformation of an input quantity to
an output quantity (i.e. an abstract description of
the mode of action). The chaining algorithm and its
characteristics are described in detail in [14].

From the process model, a computer tool was
designed that generates appropriate alternative
chains of physical laws and complementary basic
schemata, i.e. alternative design concepts based on a
given characteristic input quantity (extracted from a
future product’s function) (Fig. 2). The database of
physical laws and chaining of physical laws (and
complementary basic schemata) bridge the gap
between insufficient knowledge of physical laws/
effects and possibilities offered by less known and
as yet unapplied physical laws/effects (as well as
their combinations). This tool offers mathematical,
textual and graphical presentations which are avail-
able during a manual activity (subdivision of activ-
ities: see below).

The prescriptive process model basically com-
prises two activities, namely (i) chaining of physical
laws and complementary basic schemata and (ii)
embodiment design based on the chains of basic
schemata. The first activity was formalized and is
mechanized (i.e. mechanized mode provided by the

computational tool; Fig. 2), the second one requires
the human intervention (i.e. manual mode; Fig. 2,
part B). Computational tools can be more effec-
tively exploited when combined with the designer’s
creativity (as described in [19-24]. This subdivision
of design activities (i.e. mechanized and manual
activities) is in line with Blessing [25], who stated
that the designer’s role is not only to provide input,
but also constitutes an important reasoning compo-
nent of the design process [26].

2. Experiment

Our hypothesis was formed with respect to the
results obtained in non-formal tests of the method
and the computer tool. It was noticed that e.g. an
individual chain of physical laws and complemen-
tary basic schemata (i.e. product concepts) can be
embodied in various ways by professional engineers
[19].

With the experiment, the following hypothesis
was thus tested:

Use of computer-generated aids facilitates greater
variety of concept embodiment than the classical
approach
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The approach to conduct the experiment basically
follows the ‘Direct Method’ (more specifically, the
‘Intrinsic Merit Stage’) as proposed by Shah et al.
[28]: formation of two groups (i.e. control and
experimental group), selection of the design task,
generation of the results and the type of data
collected.

Similar studies were done e.g. by Kurtoglu et al.
[22], who explored how a computer tool facilitates
design and influences the designer’s creativity.

The similarity between the two studies lies in their
purpose, which was to perform a preliminary eva-
luation of the usefulness of computer-generated
aids. Both studies were done using a control group
and an experimental group, in which the partici-
pants were asked to individually solve various
design tasks. The main difference between the two
studies involves the complexity of design tasks and
the fundamentals of producing computer-generated
aids. While the authors of this paper use the chain-
ing of physical laws and complementary basic
schemata [14], Kurtoglu et al. [22] prefer graph
grammar; the differences in their approaches are
described in [14].

Regarding the complexity of experimental design
task, Kurtoglu et al. have found insufficient correla-
tions between individual judges. This is probably
due to the fact that each judge focuses on a different
part of the solution to a complex design task.

This study indicates a positive and statistically
significant effect of the use of computer-generated
aids on the variety of solutions (see section 3). The
study by Kurtoglu et al. [22] also indicates a positive
effect, but not a statistically significant one; Kurto-
glu et al. are encouraged by the positive effect and
believe that the enlarged database of solutions will
have a stronger influence on the variety of solutions

[22]. The basic properties of the two studies are
shown in Table 1.

2.1 Evaluation metrics

There are two fundamental measures to evaluate the
usefulness of a conceptual design method: (i) effec-
tiveness of expanding the design space and (ii)
thoroughness of exploring the design space [28,
29]. They proposed quantity, quality, novelty and
variety as specific measures. It is argued that a
method/tool is worth using if it helps a design
engineer with any of the above-mentioned measures
[29]. Due to our previous informal observations, we
have chosen variety as a measure of explored design
space. The generation of similar ideas indicates a
low level of variety and consequently a lower prob-
ability of finding better ideas in the solution space.

2.2 Participants

The method for chaining of physical laws and
complementary basic schemata as well as the com-
puter tool was developed to support conceptual
design by both students and professional product
developers. Testing of the hypothesis began with
students, as in this group the logistics are much
simpler. Conceptual product design is one of the
main topics of the Design Methodology course, so
students enrolled in this course were invited to
participate in the experiment. The Design Metho-
dology course is organized for third year students in
the B.Sc. programme. From among 83 students, a
total of 60 responded to our invitation. They all had
the same courses during the first two years, pre-
dominantly involving basic and engineering
sciences (e.g. mathematics, physics, chemistry, sta-
tics, strength of materials, rigid body dynamics,
fluid dynamics, thermodynamics, and materials

Table 1. Basic properties of two studies of the effect of computer-generated aids on concept generation

Purpose To evaluate the effect of computer- generated ~ To evaluate the effect of computer- generated
aids on concept generation aids on concept generation

Participants Students (divided into a control group and an  Students and professional engineers (divided
experimental group) into a control group and an experimental group)

No. of participants 60 16

Design task Simple Complex

Time allocated for solution 30 45

generation [minutes]

Type of computer-generated aids

Selected chains of physical laws and

Selected design configuration graphs [14]

complementary basic schemata [14]

Evaluation metric [29] Variety

Variety, novelty, completeness (additional
metric [22])

Evaluators
product development)

2 professionals (PhDs active in R&D and

2 PhD students and 1 faculty member

Analysis

Basic (according to [33, 36, 37])

Numerous statistical analyses [22]
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science). The only course in which they had been
exposed to some specific design tasks was Machine
Elements.

2.3 Design problem

The task presented to the students involved the
design of any technical systems (i.e. products) that
are capable of generating electrical energy. Only the
basic function was of interest to us and there were no
additional requirements concerning the parameters
of the produced energy (e.g. power, voltage, current
and frequency).

The specific text was adjusted to the individual
(control or experimental) group. The text for the
control group was as follows:

e Develop concepts of technical systems that are
capable of generating electrical energy. The
output physical quantity can be electrical voltage,
current or charge, while the input physical quan-
tity isarbitrary. The concepts should be presented
with a sketch and text. Use function structure and

morphological matrix.

The text for the experimental group is stated below
(the equations describing the physical laws in the
chains were also supplied within the text; in this
paper, they are omitted for brevity):

electro_osmosis

[ ‘]:E' |—»
[ E

Fig. 3. A chain of physical laws (1 physical law) and complemen-
tary basic schemata (1 basic scheme).
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Based on the chains of physical laws and basic
schemata (Figs. 3-6 [30]), embodiments of tech-
nical systems for generating electrical energy have
to be developed.

2.4 Procedure

The students responding to our invitation to parti-
cipate in the experiment were divided into the
control group named CLASSIC (37 students) and
the experimental group named COMP (23 stu-
dents). Due to logistic problems at the time of
experimentation, the COMP group was smaller
than the CLASSIC group, although a more
balanced size was planned during the preparation
phase.

In the experiment, two approaches were com-
pared: a classical one (i.e. comprising the use of
function structures and morphological matrix to
generate concept designs) and a hybrid one (based
on the manual embodiment of selected computer-
generated chains of physical laws and complemen-
tary basic schemata (i.e. computer-generated aids).
The classical approach was used by the CLASSIC
group; function structures according to Pahl et al.
[31] were taught within the regular Design Metho-
dology course. The hybrid method was performed
by the COMP group. A short 90-minute introduc-
tory course on chaining of physical laws and com-
plementary basic schemata and a demonstration of
the computer tool (i.e. generation of three concept
designs, namely capacitor microphone, laser deflec-
tion probe and magnetostrictive pump, demon-
strated by one of the authors) was organized for
the COMP group because this approach is not a part
of the standard program.
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(EE—» |-
@ E T

Fig. 4. A chain of physical laws (2 physical laws) and complementary basic schemata (2 basic schemata).
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Fig. 5. A chain of physical laws (3 physical laws) and complementary basic schemata (3 basic schemata).
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Fig. 6. A chain of physical laws (4 physical laws) and complementary basic schemata (4 basic schemata).
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Fig. 7. Embodiments (a, b) classified as different (members of a “different” class). Embodiment a: pressure
(needed to generate voltage via electro-osmosis) is generated by a piston. Embodiment b: pressure (needed to
generate voltage via electro-osmosis) is generated by hydrostatic pressure in a vertical pipe (distinction from

Embodiment a).

Due to the deterministic nature of the computer
tool and given input data (the output variable,
length of the chains and the selected governing
physical principle in the chains); the results (i.e.
the selected computer-generated chains of physical
laws and complementary basic schemata) were
independent of the tool’s user.

The time allocated for the design task was 30
minutes, and the two groups worked on their tasks
simultaneously. The decision to set the time limit to
30 minutes was based on the opinions of experi-
enced product developers and R&D managers, who
were consulted in this regard. An additional argu-
ment in favour of the selected time limit is Howard
et al. [32] finding that after the 30 minute mark, the
rate of idea generation during brainstorming
decreases slowly and steadily, with a sharp decline

in quality after 20 min. Similar was found by
Kurtoglu et al. [22] in their experiments involving
more complex design tasks, as many participants
ran out of ideas after 45 minutes.

The COMP group had an additional constraint in
that the allocated time was structured so that 7
minutes were assigned for each chain of the design
task, that is for chains with one, two, three or four
physical laws and complementary basic schemata in
the chain, respectively. The procedure and the
following evaluation procedure were used also for
the task of developing product concepts for empty-
ing a tube [27].

2.5 Evaluation procedure

Embodiments produced by the participants from
both groups were assessed independently by two
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v

Fig. 8. Embodiment classified as similar (member of the “similar”
class). Embodiment: pressure (needed to generate voltage via
electro-osmosis) is generated by hydrostatic pressure in a vertical
pipe (similarity to Embodiment b in Fig. 7).

experts with academic and industrial experience in
the field of product development, blind to the
conditions and hypothesis. They first classified
embodiments into the following two classes: class
(1) solutions, and class (ii) non-solutions. Fulfilment
of the basic function, i.e. generation of electrical
energy, was the criterion used for this classification.
Following classification, the authors included those
embodiments that were assessed as solutions by
both experts into the “solutions” class, while all
other solutions were classified as “non-solutions’.

The experts then classified all embodiments from
the “solutions” class into two further classes, i.e. (i)
“different”, and (ii) “similar”. In this way they
assessed variety, which in our case was the measure
of differences in the embodiment of technical
systems for generating electrical energy. Such differ-
ences in embodiment were sufficient for embodi-
ments to be classified as “different” (e.g. those
shown in Fig. 7). If a particular embodiment dif-
fered only in some details from another embodi-
ment that was already classified as “different” (e.g.
the one shown in Fig. 8 differed only in details from
the embodiment (b) shown in Fig. 7), it was classi-
fied as “‘similar’”. At the end of classification, the
“different” class only contained those embodiments
which were assessed as such by both experts, while
all other solutions were classified as “similar”.

The above approach regarding the inter-rater
agreement is based on the approach for judging
experimental results (i.e. inventions) used by Finke
[33].

3. Results and discussion

The solutions for the design tasks of both groups
were collected, classified and analyzed.

Those participants from the COMP group who
used computer-generated aids as their starting point
produced a greater number of embodiments (i.e.
solutions), which also included more varied solu-
tions (i.e. different; 74% of embodiments were
classified as different) than were generated by the
participants from the CLASSIC group (44% of
embodiments were classified as different) (Table
2). Examples of solutions are presented in Figs. 7
and 8.

For analyzing the differences between the results
of the two groups, the chi-square test was chosen
based on the work of De Vaus [34] and Petz [35] and
in particular on the analyses of experimental results
obtained by Finke and colleagues within the scope
of studies on pre-inventive object forms [33, 36, 37].

The critical value of x* at 1 degree of freedom and
significance at 5% is 3.84. The calculated value of x?
for our case is 4.4, which is higher than the critical
value. The difference in the frequencies of both
experimental groups is therefore statistically signifi-
cant. The hypothesis that the use of computer-
generated aids facilitates product embodiment has
therefore been confirmed.

Chains of physical laws and complementary basic
schemata (i.e. computer-generated aids) represent
concept designs at a high level of abstraction, while
the results of analysis show their supportive role.
The research done by Hubka and Eder [38] and
Onarheim [39] indicates that a higher level of
abstraction offers a wider range of possibilities for
novel solutions (i.e. embodiment variations). The
great variety is also in accordance with Rusak’s [40]
statement that the variety of structural solutions
(i.e. embodiments) is at least as large as the variety of
abstract concepts.

For interpreting the analytical results of this
experiment, the findings of studies on creativity
done by Finke et al. [37] have been especially
useful. These findings suggest that some types of
constraints (e.g. use of specified basic building
blocks to generate concept designs) enhance the
probability of generating unique concepts. The
results of our experiment indicate that the chains

Table 2. Synthesized embodiments for the design problem

No. of
solutions from

No. of No. of the “different”
Group participants solutions class
CLASSIC 37 78 34
COMP 23 96 71
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of physical laws and complementary basic schemata
provide such constraints (using design constraints
in the generative manner [41]) and have a facilitating
role in generating a greater variety of embodiments.
More precisely put, the elementary function carriers
(building blocks of basic schemata) have the role of
such specified building blocks.

Kowaltowski et al. [42] also reported a similar
positive effect of constraints (in this case in the form
of the thermal comfort theory) on the creativity of
the developed solutions. In their case, a group of
students who were told to take the thermal comfort
theory into account in building development gener-
ated more diverse designs than the group of students
who did not have any such constraints.

It is true that the exact mechanisms of how
student designers from the COMP group actually
use computer-generated aids to generate embodi-
ments are not known. Gongalves et al. [43], for
example, reported that the question of how
designers transform the available aids to produce
innovative creative solutions has still been unan-
swered. Andreasen and Howard [44] also emphasize
alack of research into the process of transformation
to embodiment and include this topic among future
challenges. Furthermore, they believe that current
design methodology neglects the proper nature of
embodiment design and that embodiment is not
properly supported by CAD systems.

In drawing general conclusions from these
results, one has to be cautious and take into account
the fact that in our case solving of the experimental
task was individual and not team-based, as well as
the fact that the task was solved by engineering
design students and not by professional design
engineers. In the future, this experiment would
therefore need to be done with different populations
in different settings.

It cannot be said that the time chosen for the
experiment was exactly optimal. Time and creativity
exhibit an inverted U-shape relation, meaning that
too short or too long time intervals have harmful
effects on creativity [45, 46]. In general, the effect of
time on concept generation needs additional
research [47]. It could be argued that according to
the cognitive theory of memory search, well-known
and common solutions could be retrieved in a
relatively short time, while search for uncommon
solutions would require more time [46, 47].

For the time being, it is speculated that computer-
generated aids offering uncommon physical princi-
ples have a higher impact on a greater variety of
generated concept embodiments than time; this
speculation is based on a preliminary experiment
described in [48].

Apart from the suitability assessment of the
prescriptive model/computer tool, the results of

the analysis also provide additional insight into
the relationship between creativity and constraints.
A thorough knowledge about this complex relation-
ship is also of great importance for understanding
creativity in engineering design. Engineering design
is recognized as a constraint-intensive domain,
where creativity plays a crucial role [49]. Further-
more, understanding this complex relationship is
also essential for engineering design education [50].

4. Conclusion

In our efforts to provide various type of support for
the design process, it was decided to undertake this
task selectively. The use of physical laws and com-
plementary basic schemata was mechanized, while
embodiment was left to humans for the time being.
This is in line with the findings of many researchers
(see Section 1) who have reported that computa-
tional tools can be more effectively exploited when
combined with the designer’s creativity.

The presented experiment was conducted to
study the effect of computer-generated aids on the
variety of generated solutions to a given design
problem. For this purpose, 60 students of design
methodology were included either in a group which
used computer-generated design aids for generating
solutions to a given design task or in another one in
which such design aids were not used. For assess-
ment, variety was used as the evaluation metric. The
analysis of obtained solutions supports our hypoth-
esis that the use of computer-generated aids facil-
itates a greater variety of concept embodiments
compared to the classical approach (i.e. the use of
function structure and morphological matrix). This
is because the variety of embodiments produced by
the students who used such aids proved to be greater
than the one achieved by students who did not use
the aids, and the difference was statistically signifi-
cant.

In the interpretation of the results, one should
also be aware of the experimental conditions. The
participants were students and not professional
engineers and they were solving the design task
individually, not as a team. The time given to
solve the task was 30 minutes, and the design task
was simple. Future research should address the
influence of participant competencies and the com-
plexity of the design task, along with the synergies of
teamwork, the relationship between the design task
complexity and the available time on the quality of
solutions (i.e. variety as well as other metrics which
were not tested in this particular experiment).

Due to the indicated support role of the devel-
oped computer tool and positive response from the
students (i.e. participants of the experiment), it will
be introduced on a trial basis in the education of
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future engineers as one of the conceptual design

m

ethods within the scope of the Design Methodol-

ogy course that is part of the B.Sc. study pro-
gramme.
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