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Abstract: This study aims to support designers in developing transformative solutions in the en-
gineering discipline using the Design-by-Analogy ideation method. Design-by-Analogy involves
drawing inspiration from the source domain and applying it to the target domain. Based on the
conceptual distance between the two domains, analogies are classified as biological—(natural),
cross—(distant-engineering), and within—(near-engineering) domain analogies. Real-world sce-
narios involve designers selecting analogies after seeking them across multiple domains. These
selected analogies significantly influence the produced designs. However, the selection criteria of
the analogy domain are unexplored in design research. We address this gap by investigating: (a) the
influence of analogy domains on their selection frequency; and (b) the relationship between the
frequency of selecting analogies from specific domains and the novelty of designs. The experiment
involved twenty-six teams of novice product designers, who solved design problems aided by one
analogical source from each domain. The results showed that biological analogies were frequently
selected. While biological-domain analogies significantly increased the novelty of designs com-
pared to the within-domain ones; no significant difference was found between the biological- and
cross-domain analogies, suggesting that middle-domain analogies can be as effective as far-domain
ones. The findings can support technological innovation by aiding the development of analogy
search databases.

Keywords: bio-inspired design; transformative solutions; design creativity; conceptual design;
Design-by-Analogy

1. Introduction

This study aims to assist organizations in producing highly novel designs—a central
aspect of transformative solutions. Supporting novelty in designs is essential as it positively
influences the organizations’ market share [1,2]. In design literature, ‘novelty’ refers to a
product’s originality or newness concerning the existing products in the market [3-6]. The
invention of the first X-ray machine, the first pinhole camera, and the first wheel are some
examples of highly innovative products [6].

When aiming to produce novel designs, designers use methods to break away from
traditional ideas. A commonly used design method is Design-by-Analogy (DbA) [7-10]. In
this method, the designers take inspiration from a familiar domain (referred to as the source
domain) to solve the problem in an unfamiliar domain (referred to as the target domain) [11].
In the product design context, the target domain is typically engineering. A classic example
of problem-solving using DbA is the adaptation of astronauts’ vortex cooling systems for
cooling molds and glass bottles [12]. Several researchers have focused on studying the
influence of the conceptual distance between the source and the target domains on the
novelty of designs [13-19]. However, the selection criteria of the analogy domain are largely
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unexplored in design research. This study addresses this gap by investigating: (a) the
influence of analogy domains on their selection frequency; and (b) the relationship between
the frequency of selecting analogies from specific domains and the novelty of the design
solutions. The results of this work can provide theoretical guidance for the development of
tools for analogy search. Based on the findings, these tools can be modified to prioritize
the search results from those analogy domains that are more likely to be selected and
are expected to produce more novel designs. This, in turn, will support technological
innovation.

The remaining parts of this section present the literature on the DbA method and
outline the research questions, objectives, and hypotheses addressed in this work.

Several classification schemes have been proposed for analogy domains (see Table 1).
Firstly, analogies were classified as far-domain and near-domain based on the conceptual
distance between the source and the target domains [8,9,15,18,20]. Researchers modified
this bipartite classification into a tripartite classification by proposing middle-domain
analogies relative to far-domain and near-domain analogies [13,14,17]. Table 2 shows
examples of far-, middle-, and near-domain analogies [13]. Secondly, based on engineering
and biology disciplines, analogy domains were classified into engineering-domain and
biological-domain analogies, respectively [21,22]. This bipartite classification was converted
to the tripartite system of analogies: near-engineering (in-domain), far-engineering, and
biological domain [16]. Table 1 shows the influence of this classification on the novelty
of designs.

Table 1. Classification schemes of analogy domains proposed in literature.

Domain Classification References Description Influence on Novelty
Schemes
Near- or Within-domain [8,9,15,18,19] Near-domain analogies: The source and target ~ Far-domain analogies
and domains are conceptually very close. produced more novel designs
Far- or Between-domain Middle-domain analogies: When the source and  than near-domain analogies.
the t td i ither too f t
Near-, [13,14,17] ¢ lareet comatns ate helther 1oo fat Nor too The largest positive influence
. close but somewhere in the middle. .
Middle-, . . on the novelty of design
Far-domain analogies: When the source and the
and . . outcomes was when the
. . target domains are conceptually different. .
Distant-domain conceptual distance was
neither too high nor too low,
i.e., somewhere in the middle.
Engineering-domain [21,23] Engineering-domain analogies represent Biological-domain analogies
and man-made technical systems. produced more novel
Biological-domain Biological-domain analogies represent designs than engineering-
natural systems domain analogies.
In-domain, [16] In-domain (near-engineering domain) Cross-domain and
Cross-domain, analogies: When the source domain of the biological-domain analogies
and analogy is similar to that in which the problem  produced significantly more

Biological-domain

(target) is to be solved.

Cross-domain (distant-engineering domain)
analogies: When the source domain of the
analogy is different from that in which the
problem (target) is to be solved.
Biological-domain analogies: When the source
domain of the analogy belongs to an organism
or its

interaction with the environment.

novel designs than in-domain
analogies.

No significant difference was
reported between biological-
and cross-domain analogies.
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Table 2. Examples of near-, middle-, and far-domain analogies for the design task—'Proposed Ideas
for Next-Generation Cleaning Robots’ [13].

Analogy Example

Near-domain analogy Text: Dust particles are adsorbed through electrostatic force and fall
into the collection plates after losing electricity.
Function: Clean dust.
Context: Domestic use (same context as the vacuum cleaner).

Middle-domain analogy  Text: The stress that bondless windscreen wipers support is
distributed. They fit with glass perfectly, reducing the damage and
eliminating the vibration caused by wind.

Function: Clean dust.
Context: Outdoor use/road infrastructure.

Far-domain analogy Text: Magnetic separation can extract magnetic material from a
mixture through a magnetic field applied in mining iron and garbage
classification contexts.

Function: Separate solids (different but relevant function).
Context: Industrial use.

Overall, the plethora of studies on the relationship between the two parameters—
‘analogy domains’ and ‘novelty of designs’—illustrates the importance of selecting analo-
gous systems from those domains that are perceived to support generating design ideas
with larger novelty.

In the process of ideation, designers encounter multiple analogies. While these analo-
gies can be recalled from memory [24], tools such as Asknature [25] support designers in
searching relevant biological analogies. A keyword search in Google is another widely
used method for analogy search [26]. Amongst the myriad analogies displayed as search
results by these tools, designers ‘select’ just a few. As the selected analogy influences the
design outcome, it is necessary to understand how the domain influences the designers’
selection of certain analogies over others. Therefore, this study focuses on how domain
influences the designers’ selection of certain analogies over others.

Previous studies [26-28] used a protocol analysis approach to categorize the reasons
behind the selection of an analogy. These are function, form, originality, symbolism,
aesthetics, design process, nature, structure [28] and experience, physical property, and
feeling [27]. In addition to this, Chai et al. [27] compared, between the experts and novice
designers, the influence of distant-, medium-, and near-domain analogies on analogy
selection. They found that experts chose near-domain analogies while novice designers
chose distant-domain analogies. Along similar lines, Lu et al. [26] compared designers” and
non-designers’ selections of analogies belonging to near-, middle-, and distant-domains
that were searched using Google Image Search. These authors found that designers selected
middle-domain analogies, whereas non-designers selected distant-domain analogies.

While the influence of near-, middle-, and far-domain selection has been studied, to our
knowledge, no work investigated the analogy selection from the biological domain. One
related work is that of Ruiz-Pastor et al. [29], who compared two types of stimuli—random
and biomimetic stimuli—regarding creativity and circularity of the produced concepts.
Our work differs from their work in the following ways:

a.  Ruiz-Pastor et al. [29] have considered two types of stimuli—random stimuli and
biomimetic stimuli. However, our work considers three types of analogy domains
(stimuli): biological, cross, and within—both cross and within belonging to the
engineering domain. They do not specify the discipline used for random stimuli;
on the contrary, we employ the engineering discipline for cross- and within-domain
analogical sources.
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b.  They [29] exposed the designers to nine random images and nine biomimicry cards
for random stimuli and for biomimetic stimuli, respectively. The random images
and biomimicry cards were given to the designers in two separate sessions, and
the designers were free to select any random image or any biomimicry card. While
this experiment allowed the designers to select inspiration sources from each type
of stimuli, it did not allow them to make selections across the different types of
stimuli considered—something that we intended to do in our work (see Section 2.1
for details).

c. While [29] compared the influence of the two stimuli on novelty, they have not
studied the influence of the selection frequency of stimuli on novelty—which is one
main goal of our work.

Bearing that there has been an exponential growth in the use of biological-domain
analogies [30-34], it is essential to understand why designers prefer to select biological-
domain analogies over analogies from the other two domains. We address this gap by
choosing the classification scheme proposed by Keshwani et al. [16], i.e., biological-domain,
cross-domain, and in-domain analogies (hereafter referred to as within-domain in this
work) to study its influence on analogy selection.

Hence, the first research objective is to understand the influence of biological-, cross-,
and within-domain analogies on their selection frequency during the design process. Based
on the results of Lu et al. [26], who reported that designers select middle-domain analogies,
we hypothesize the following (H1):

e The frequency of selecting cross-domain analogies will be higher than that of the
biological- and within-domain analogies;

e  Following the path of least resistance [20], within-domain analogies will have a higher
selection frequency than biological-domain analogies.

Thus, hypothesis H1 is mathematically expressed as fcross > fwithin > fbio-

As the conceptual distance between the source and the target domain influences the
novelty of designs [13-19], the second research objective is to understand the relationship
between the frequency of selection of analogy domains and the novelty of the design
solutions. The frequency of selection of analogy domains also represents fluency of ideas
produced using the selected analogy.

Previous studies reported that far-domain analogies produced more novel designs
than near-domain analogies [8,15]. As biological-domain analogies are the farthest from
the target domain, followed by cross- and then within-domain, we formulate the second
hypothesis (H2): the strength of the correlation (r) between the overall novelty of ideas
(n) produced in a design session and the frequency of domain “d” selection (f4) will vary
in the following order: rpio > Teross > Iwithin:

To our knowledge, no study has compared the influence of analogy domains on the
correlation coefficient between novelty and the selection frequency, which, in our work, is
considered the fluency of ideas.

Table 3 summarizes the research questions, objectives, and hypotheses, where:

f4 is the “frequency f of selection of analogies from domain d’;

n is the ‘overall novelty of ideas produced by a design team in the design session’;

rq is the strength of the correlation (r) between the ‘novelty of ideas produced” (n) and
‘frequency of selection of domain d’ (f4).

The remaining sections of this paper are organized as follows: Section 2 provides
detailed information and an analysis of the experiment conducted. Section 3 presents
the method adopted to analyze design ideas. Section 4 presents the results, followed
by Section 5 discussing them. Lastly, Section 6 focuses on the conclusions drawn from
this work.
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Table 3. Research questions, objectives, and hypotheses.

Research Question Research Objective Research Hypothesis
RQ1: What is the influence of O1: To understand the influence  H1: feross > fwithin > fbio
biological-, cross-, and of biological-, cross-, and

within-domain analogies on their =~ within-domain analogies on

selection frequency (fy) during their selection frequency (fy)

the design process? during the design process.

RQ2: What is the relationship 02: To understand the H2: 1rpi0 > Teross > Twithin
between the frequency of relationship between the

selecting analogies from specific frequency of selecting analogies

domains (f4) and the novelty of from specific domains (fy) and

the design solutions (n)? the novelty of the design

solutions (n).

2. Materials and Methods

This section describes the empirical approach adopted to test the hypotheses.
Sections 2.1-2.4 present the procedure details, subjects, experimental setup, and mate-
rials, respectively.

2.1. Procedure

An experiment was designed involving 26 teams, each composed of two members.
Each team was allocated one design problem and three analogies—one from each domain—
biological, cross, and within. Subjects were asked to generate as many design concepts
as possible for the given design problem, with each idea being inspired by any of the
three analogies. No restriction was placed on the sequence of analogies used for idea
generation. This experimental design aimed to emulate a more realistic scenario where
designers encounter analogies belonging to different domains and select some based on
specific criteria. The subjects were instructed to present their design ideas as annotated
sketches, and each session lasted 40 min. The objective of the experiment was not revealed
to the subjects to prevent biases in analogy selection. Moreover, using the Internet and
mobile phones was prohibited during the experiment.

2.2. Subjects

Fifty-two students from the second year of the Master’s program in Design and the first
and second years of the doctoral Design program at the University Design Department were
selected for the experiment. All the subjects had Bachelor’s in Mechanical or Production
Engineering. Out of these, 45 were males, and 7 were females, with an average age of 24.
Students were from central and southern geographical regions of India, such as Karnataka,
Maharashtra, Andra Pradesh, Tamil Nadu, and Kerela. However, all of them were Indians
with a similar urban background. This variability in design education, gender, and origin
was due to the availability of the participants with the required educational background at
the time of the experiment.

Twenty-six teams were formed, each consisting of two subjects. This setup allowed
the subjects to externalize their thoughts verbally while designing. Each team was assigned
aname from A to Z. As the subjects had a background in design, they were familiar with
the DbA method.

2.3. Experimental Setup

The experiment was conducted in Bengaluru, in the University Design Department.
We chose a multi-media classroom with a seating capacity of one hundred. The seating
arrangement was adjusted to facilitate face-to-face discussions between the subjects within
each team. Teams were located sufficiently far apart so that other teams could not over-
hear the discussions. To eliminate the influence of unintended external stimuli on the
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design outcomes, the room lacked any image or graphic display on the walls. The re-
searchers provided instructions to the participants before the commencement of the design
sessions. To keep consistency, all instructions were printed and provided to each team
(see Appendix A). Prior consent was obtained from the subjects to allow the data generated
from the experiment to be used for research purposes.

2.4. Materials

The design problem was presented as follows: Modern houses have underground
sumps where residents can store water for future use. Over time, however, contaminants,
such as insects, dust particles, and mosquitoes, find their way into the sump, rendering
stored water unfit. Cleaning these sumps is challenging. Some dirty water inevitably
remains inside and cannot be removed efficiently. Due to the depth of the sumps, manual
removal of water and debris becomes impractical. Hence, reliance on sump cleaning
agencies or individuals is necessary.

Generate solutions for cleaning the sump using the analogies provided. Residents
should not depend on external agencies to remove the dirty water in the sump.

We present a detailed description of the problem to benefit the international readership.
A sump, commonly found in India, refers to an underground or partly submerged tank.
Traditionally constructed with bricks or reinforced concrete, sumps are integral components
of rainwater harvesting systems or used for storing groundwater, which is pumped into
overhead tanks [35]. Cleaning sumps is challenging as the water cannot be completely
drained out, and their ground-level placement exposes them to dirt and insect infiltration.

We chose this problem for several reasons: (a) ensuring clean water and good health
are two sustainable development goals [36]; (b) the participants, who were Indians, had a
detailed understanding of the problem due to its prevalence in India; and (c) the problem
falls within the domain of product design—the area of specialization of the participants.

Analogies: Participants were given analogies from the three domains to stimulate idea
generation. See Figure 1 for the biological-domain analogy drawn from the Pitcher Plant;
Figure 2 for the cross-domain analogy, inspired by the Backhoe Loader; and Figure 3 for
the within-domain analogy, drawn from the Vacuum Cleaner. The criteria for selecting
these analogies were based on the following author’s judgment: (a) whether the function
of the analogy aligned with the desired action of the selected problem, and (b) whether the
selected analogy could be transferred in the stipulated time.

As depicted in Figures 1-3, each analogy was represented using text accompanied by
two images. A similar approach to the representation of analogies was used by [37].

The textual description of the biological domain analogy was obtained from Askna-
ture.org [38] and the descriptions of cross-domain and within-domain analogies were
taken from HowStuffWorks.com? [39]. We chose the descriptions of analogies from these
sources because AskNature is a scientifically validated tool for ideation using biological
inspiration [25], and HowStuffWorks.com [39] is a well-known encyclopedia providing
descriptions of technical systems, which was previously used to create a database of tools
supporting the DbA method [40]. We ensured that the descriptions of selected analogies
were sufficiently comprehensive to allow designers to understand the workings of the
analogous system. This mitigated bias in our results arising from variations in the level of
detail at which an analogy was described. The number of words for each of the biological-,
cross-, and within-domain analogies was roughly similar—162, 202, and 212 words, respec-
tively. While it was impossible to maintain an identical word count due to differences in
the complexity of each analogous system, we tried to achieve a comparable level of detail
in the descriptions.
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Two images accompanied each textual description of the analogies. However, for the
biological analogy, the images represented the form of the system. In contrast, one image
showed the system’s form for the other analogies, and the other depicted a block diagram.
We opted not to include block diagrams for the biological-domain analogies because, based
on our judgment, the block diagrams of pitcher plants might be challenging to interpret
by the engineering-oriented designers. The participants were also given blank A4 sheets,
pens, and pencils to sketch their design ideas.

Pitcher plants are carnivorous plants whose prey-trapping mechanism features a deep cavity filled with liquid
known as a pitfall trap. Foraging, flying or crawling insects such as flies are attracted to the cavity formed by
the cupped leaf, often by visual lures such as thiocyanate pigments, and nectar bribes. The rim of the pitcher
(optometrist) is slippery, when moistened by condensation or nectar, causing insects to fall into the trap. Small
bodies of liquid contained within the pitcher traps are called phytotelmata. They drown the insect, and the
body of it is gradually dissolved. This may occur by bacterial action or by enzymes secreted by the plant itself.
Finally, the prey items are converted into a solution of amino acids, peptides, phosphates, ammonium and
urea, from which the plant obtains its mineral nutrition (particularly nitrogen and phosphorus). The overleaf
above the cup shaped pitcher acts like a lid that prevents rainwater from entering into the pitcher and diluting

the enzymes.

Figure 1. Biological-domain analogy—How does a pitcher plant catch insects and decompose
them? [38].

Backhoe loader consists of 3 units a) tractor b) loader ¢) backhoe. Tractor is designed to move in rugged
terrains. Loader is attached in the front. It is used to pick up and carry large amounts of loose material. It is
also used push dirt. Backhoe is attached to the back and has three segments: boon, stick and bucket which are
connected by 3 joints. The tractor component is for moving the other two components from place to place.
Controls are provided in the cabin to move the loader and the backhoe as per the requirements. The loader
and backhoe components are a natural combination for all sorts of jobs. Backhoe digs the earth using the
sharp claws on its bucket. Bucket holds the earth and heaps it aside near to the ditch. This dirt needs to be
carried away from the site for further construction. Loader does this job of moving away the unearthed
material. It works on the principle of hydraulic multiplication. When force is exerted on the piston with smaller
area, pressure generated is P = F1 / Al; This pressure is transmitted to other piston with larger area of X
section. So, the force generated is F2 = P * A2. Since, A2> A1, So, F 2 >F1.

Hydraulic Multiplication

inches

© B u o w o e

Figure 2. Cross-domain analogy—How does a backhoe loader dig the earth? [39].
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When you plug a vacuum cleaner in and turn it on, this is what happens:
1. Electric current operates the motor. The motor is attached to the fan, which has angled blades (like an airplane propeller).
2. Asthe fan blades turn, they force air forward, toward the exhaust port.

3. When air particles are driven forward, the density of particles (and therefore the air pressure) increases in front of the fan and
decreases behind the fan.

Pressure level in the area behind the fan drops below the pressure level outside the vacuum cleaner (the ambient air pressure). This
creates suction, a partial vacuum, inside the vacuum cleaner. The ambient air pushes itself into the vacuum cleaner through the
intake port because the air pressure inside the vacuum cleaner is lower than the pressure outside. As long as the fan is running and
the passageway through the vacuum cleaner remains open, there is a constant stream of air moving through the intake port and out
the exhaust port. But how does a flowing stream of air collect the dirt and debris from your carpet? The key principle is friction.
Moving air particles rub against any loose dust or debris as they move, and if the debris is light enough and the suction is strong
enough, friction carries the material through the inside of the vacuum cleaner. Porous dust bag lets the air to pass through the
exhaust port and filters out the dirt particles.

Exhaust (
Port

\
D @y

Figure 3. Within-domain analogy—How does a vacuum cleaner clean things? [39].

~
Inside Your Vacuum
Cleaner

o200t s )

Dust
Bag

Rotating
Brush

3. Analysis of Design Ideas

This section presents the units of analysis of design ideas and examples of ideas
produced in the experiment.

Overall, the teams generated a total of 148 concepts in our experiment. Of these,
13 concepts were generated using more than one analogy. This contradicted the instructions
given to the subjects. Consequently, we excluded these concepts from our analysis. The
remaining 136 concepts were analyzed based on the following units of analysis:

a.  Frequency of Selection of analogy domain: This unit allowed us to test Hypothesis
H1. It represented idea fluency from a particular domain. Subjects were instructed to
mark the concepts chronologically and provide the name of the analogy that inspired
that idea (see instruction 3 in Appendix A). We used these markings to calculate the
frequency of analogy domain selection.

b.  Novelty of Ideas Produced: This unit addressed Hypothesis H2 and employs the
method proposed by Sarkar and Chakrabarti [4] to evaluate the novelty of con-
cepts. The novelty evaluation method uses the SAPPhIRE model of causality [41,42],
an acronym encompassing the constructs of State—Action—-Part-Phenomena-Input-
Organ-Effect. This model is described as follows [43]:

Parts consist of entity and surroundings. An entity is a subset of the universe under
consideration and is characterized by its boundary; surroundings include all the subsets
of the universe except for the entity. Components and interfaces that comprise an entity
and its surroundings (i.e., parts) have various properties and conditions (organs). When the
entity and the surroundings are not in equilibrium, physical quantities are transferred in
the form of material, energy, or signal (input) across the entity boundary. These inputs, in
combination with organs, activate principles (physical effects). Physical effects are responsi-
ble for interactions (physical phenomena) between the entity and its surroundings. The
interaction changes various properties of the entity and the surroundings (state-change). The
changes in properties can be interpreted at a higher level of abstraction (action). Figure 4
illustrates the logical dependency among the constructs in the SAPPhIRE model, and the
digits 1-7 in parenthesis denote the hierarchy in the SAPPhIRE abstraction levels.
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[ (current state of) parts (1) ] A —

create

H[ inputs(5) ] [ organs (2) ]

physical-effects (3)

s

5 create .
3 2 o
g . 2
<3 [ physical-phenomena (4) ] o
[}

£

- create

y
change of state (6) I
interpretedas

actions(7) J—

Figure 4. The SAPPhIRE model of causality [40,41].

Figure 5 shows the steps for evaluating the novelty of ideas [4]. Moss-Metric [44]
and Sarkar and Chakrabarti’s method [45] were recommended for assessing the novelty
of design ideas due to their strong agreement with expert evaluations [46]. The novelty
assessment method [4] used in this study builds upon the method proposed by Sarkar and
Chakrabarti [45]. Further, our work builds upon the work of Keshwani et al. [16], who used
Sarkar and Chakrabarti’s method [4] for novelty evaluation. Consequently, we used the
method of Sarkar and Chakrabarti [4] for our novelty evaluation.

Take a rew product

Find and compare the
function of this product
with the function
of the other products.

No

Does this

; function exist in
any other
product? High-Nevelty product Medium-Novelty product Low-Novelty product
Very high novelty
product
Product may be novel
In terms of

{state-change or inputs) Only in terms of

Find and compare the and (physical-effects .
structure of thig product (physical-effects or physical-phenomena) g?éé:‘st;";:g}
with the structure or physical-phenomena) and
of the other products. and {organs or parts)
(organs or parts)

Is the
structure
same?

Praduct is not novel

Find and compare the
SAPPhIRE constructs
of this product with
those of the
other preducts.

How is
the product
different?

Product is novel

Figure 5. Steps to identify the novelty of products [4].
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To conduct this assessment, the authors created a comprehensive database of existing
ideas through Internet research (see Appendix B). After that, SAPPhIRE models were
constructed and developed for both—the ideas produced in the design sessions and pre-
existing ones. These models were then compared using the method described in Figure 5.

Each idea was then categorized into No Novelty, Low Novelty, Medium Novelty,
High Novelty, and Very High Novelty (See Figure 5). The novelty categories were further
converted into novelty scores using Table 4, adopted from the novelty evaluation metric
proposed by Srinivasan and Chakrabarti [42].

Table 4. Novelty Category of an idea is converted into its Novelty Score using the metric proposed
by [42].

Novelty Category  Construct at Which the Two SAPPhIRE Models Differ Novelty Score

No Novelty No difference between the two SAPPhIRE models 0
Low Novelty Part 1
Organ 2
Medium Novelty Physical-Effect 3
Phenomena 4
High Novelty Input 5
State-Change 6
Very High Novelty ~ Action 7

The first author of this paper carried out the novelty assessment. She assessed a
similar novelty for nine other empirical studies [16,46]. In four of these empirical studies,
an inter-encoder reliability test for novelty assessment was carried out using encoders with
about five years of experience in the SAPPhIRE model and in evaluating novelty [47]. This
resulted in a 90% rate of agreement (see Appendix B of [47]). This exceeds the generally
accepted threshold of 70% for inter-encoder reliability [48]. Since the author previously
conducted an inter-encoder reliability study using the same method as this study, no
separate test was performed for this research.

Figure 6a—c illustrate the ideas generated using biological-, cross-, and within-domain
analogies. In Figure 6a, the designers propose keeping the inlet of the sump slightly above
the ground to avoid the entry of unclean water from the sides. The sump inlet is covered
with an airtight lid with a cap. The lid has a mesh attached to trap the insects or dirt
that can enter through the inlet. If the trap fails to catch the insects or dirt, the users can
induce chemicals in the water through the cap. These chemicals can convert the insects
into harmless proteins. In Figure 6b, the designers propose having a portable piston-like
attachment connected to the bottom of the sump through a one-way valve. When the piston
is moved upward, dirty water and settled insects at the bottom of the sump will be sucked
through the one-way valve and removed from the other end. The designers rely on gravity
to settle the dirty water at the bottom of the sump. In Figure 6c, the designers propose
adding an extra attachment to the existing vacuum cleaner. This attachment can be lowered
into the sump and has a wide opening with holes that can suck the dirty water collected at
the bottom of the sump.
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(b)

Figure 6. (a) An example idea generated using biological-domain analogy; (b) an example idea
generated using cross-domain analogy; and (c) an example idea generated using within-domain
analogy.

4. Results

This section presents the experiment results for testing Hypothesis H1 (see Section 4.1)
and Hypothesis H2 (see Section 4.2). As the samples were paired and the observations were
not found to be normally distributed, we used non-parametric statistical tests—Wilcoxon
Signed-Rank test [49] for testing H1, and Spearman’s Rank Correlation test [49] and Fisher
Z-Transformation [49] for testing H2.

4.1. Testing Hypothesis H1: feross > fuwithin > foio

Overall, out of 136 ideas, the proportion of selection of biological-, cross-, and within-
domain analogies were 45.5%, 29.4%, and 25%, respectively. Figure 7 shows the distribution
of the Number of Ideas produced by each team (A-Z) using biological-, cross-, and within-
domain analogies; 13 out of 26 teams (50%) produced at least 50% of total ideas using
biological-domain analogies. Figure 8 shows the scatter plot for the total number of teams
against the number of ideas they produced using each analogy domain. The maximum
number of ideas generated using cross- and within-domain analogies was 3, while the
maximum number of ideas produced using the analogies from the biological domain was 7.
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Frequency of Selection of Analogy Domains across Teams A-Z
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Figure 7. Distribution of the Number of Ideas produced by each team using biological-, cross-, and
within-domain analogy.
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Figure 8. Number of Ideas produced by the teams according to analogy domain.

Overall, these results indicate that the designers select biological analogies the most
over cross-domain and within-domain analogies.

To test Hypothesis H1, we performed a pairwise comparison across the domains using
the Wilcoxon Signed-Rank Test [49] calculated at the « = 0.05 level of significance for the
two-tailed test. See Table 5 for results. The frequency of selection of biological-domain
analogies was significantly higher than that of cross-domain analogies (p < 0.05) and within-
domain analogies (p < 0.05). On the contrary, no significant difference was found between
the frequency of selection of cross- and within-domain analogies. Thus, our results do not
support Hypothesis H1.

Table 5. Results of the pairwise comparison for frequency of selection across biological-, cross-, and
within-domain analogies (f,i, = 62, feross = 40, fwithin = 34)-

Pairwise Comparison between Domains P Remarks
Biological-Domain vs. Cross-Domain 0.011 p <0.05, fpio > feross
Cross-Domain vs. Within-Domain 0.392 p > 0.05, feross ~ fwithin

Within-Domain Vs. Biological-Domain 0.009 p <0.05, fyithin < fbio
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4.2. Testing Hypothesis H2: tpio > Teross > Faithin

Figure 9 shows the novelty variation of ideas produced using each analogy domain
across teams A-Z. Overall, 10 (38%) teams produced more than 50% of novelty using a
biological-domain analogy, four teams (15.3%) produced more than 50% of novelty using a
cross-domain analogy, and one team (3.8%) produced more than 50% of novelty using a
within-domain analogy. The overall percentage distribution of novelty, across teams A-Z,
for all the ideas created by biological-, cross-, and within-domain analogies was found to
be 47%, 32.4%, and 20.6%, respectively.

Novelty of Ideas Produced by Design Teams
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Figure 9. Distribution of the Novelty of Ideas produced by teams A-Z according to analogy domain.

To test Hypothesis H2, for each analogy domain, the Spearman Rank Correlation was
calculated between the two parameters—Frequency of Selection of Analogy Domain (f4)
by a team and the Overall Novelty of Ideas (n) produced by the team. The results indicated
that, except for the within-domain analogies, for all other cases, there is a significant and
strong positive correlation [50] (Cohen [50] proposed the following limits for Strength of
Correlation: Weak correlation: |r| < 0.30, Moderate correlation: 0.30 < Irl < 0.50, and
Strong correlation: Ir| > 0.50) between the two parameters f4 and n (see Table 6).

Table 6. Correlation between Frequency of Analogy Domain Selection and Novelty of Design Ideas.

Analogy Domaind  Spearman’s Rank Correlation Remarks
Coefficient between f4 and n

Biological-Domain I'pio = 0.73, p < 0.001 Significant and strong positive
relationship between fj,;, and n.

Cross-Domain Teross = 0.62, p < 0.001 Significant and strong positive
relationship between fcross and n.

Within-Domain I'within = 0.0516, p = 0.802 Non-significant and weak positive
relationship between f,yjihin and n.

Although 114 > I'eross, upon applying the Fischer Z-Transformation [49], no significant
difference was found between these correlation coefficients. Thus, we did not find strong
evidence in favor of Hypothesis H2.

Table 7 presents the Wilcoxon Signed-Rank Test results for pairwise comparisons
between the three analogy domains. The analyses revealed weak evidence indicating a
significant difference in the novelty of ideas between the two pairs: biological- vs. cross-
domain and cross- vs. within-domain analogy. However, a significant difference was
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observed between the novelty of ideas generated using biological- and within-domain
analogies (p < 0.05).

Table 7. Results of Pairwise Comparison of Novelty of Ideas produced using biological-, cross-, and
within-domain analogies (np;o = 178, Neross = 123, Nyithin = 78).

Pairwise Comparison between Domains in Significance Level p Remarks
Terms of Novelty of Designs

Biological-Domain vs. Cross-Domain 0.088 Npio ~ Neross
Cross-Domain vs. Within-Domain 0.084 Ncross ~ Nuithin
Within-Domain Vs. Biological-Domain 0.012 Nyithin < Nbio

5. Discussion
The following are the main results of this work:

a.  The Frequency of Selection of biological-domain analogies was significantly higher
than that of cross-domain and within-domain analogies.

b.  The Frequency of Selection for cross- and within-domain analogies was not found to
be significantly different.

C. For biological- and cross-domain analogies, the correlation coefficient between Fre-
quency of Selection and Novelty of Ideas was strongly positive and statistically
significant.

d.  For within-domain analogies, a non-significant weak positive correlation was ob-
served between the Frequency of Selection and Novelty of Design Ideas.

e. While numerically, we observed the trend 1p;, > I'cross > Iin. However, no significant
differences were found among the three correlation coefficients.

f. The Novelty of Ideas produced using biological analogies was found to be signifi-
cantly higher than that of within-domain analogies.

g. The Novelty of Ideas produced using cross- and within-domain analogies, as well as
between biological- and cross-domain analogies, were not found to be significantly
different.

We present the interpretation of these results in the context of research questions
RQ1 and RQ2. Regarding the first research question, about the relationship between
analogy domains and their Frequency of Selection (f4) during the design process, we found
the following:

Firstly, our findings (a and b above) indicated that, when dealing with the design prob-
lem, participants generally selected biological analogies over cross- and within-domain
analogies. These results do not support Hypothesis Hl—that cross-domain analogies
would produce the most novel designs. Furthermore, our results contradict Ward'’s propo-
sition of the path of least resistance [20] and differ from previous studies [26,27]. While
these two studies [26,27] suggest that designers do not prefer far-domain analogies, in our
research, designers—who had 2-3 three years of experience—somewhat similar to that
of [27], chose biological domain analogies—the farthest-domain analogy—over cross- and
within-domain analogies. A possible reason for this difference may be that, in our work, the
farthest-domain analogies belonged to the Biology discipline, whereas, in these studies, the
farthest-domain analogies were in the Engineering discipline. The participants might have
been attracted to use analogies from the Biology discipline (biological-domain analogies)
rather than the analogies from the Engineering discipline (cross- and within-domain analo-
gies). We propose the following reason for this result: According to Berlyne’s [51] classic
study on curiosity, individuals exhibit more curiosity when they encounter stimuli that are
unfamiliar or complex, as these characteristics generate a state of uncertainty that motivates
exploration and information-seeking. Similarly, a study on the neural mechanisms under-
lying curiosity suggested that complex or uncertain stimuli activate the brain’s reward
mechanism, increasing motivation and engagement in learning and problem-solving [52].
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In our study, the participants were engineers. To them, the biological analogy might have
been the most different and complex analogy from the other two. This might have produced
greater curiosity, motivation, and engagement towards using biological-domain analogies.

Secondly, as the frequency of selection of the analogy domain also represents idea
fluency, our results show that biological-domain analogies positively influence the fluency
of ideas. This is a novel contribution since, to our knowledge, no study has compared the
influence of biological- and engineering-domain analogies in terms of the fluency of ideas.

Regarding RQ2, dealing with the relationship between the Frequency of selecting
analogies from specific domains (f5) and the Novelty of the Designs (n), we found
the following:

Firstly, findings (c—e) showed a robust correlation between the frequency of selection
and the novelty of designs for biological- and cross-domain analogies, indicating a strong
link between idea fluency and the generated novelty. This suggests that biological- and
cross-domain analogies are more promising in inspiring innovative designs than within-
domain ones. Although our analysis showed a numerical hierarchy (rpio > Icross > Twithin),
we did not observe a statistically significant difference among the three correlation coeffi-
cients. Thus, Hypothesis H2 lacks strong support. This might be partly due to our study’s
limited number of observations about the availability of participants with the desired
educational background.

Secondly, findings (f-g) support the results (c—e), indicating that the greater the con-
ceptual distance between source and target domains, as observed in biological-domain
analogies, the higher the novelty of the design outcomes, compared to the situation where
these two domains are conceptually closer, as in the case of within-domain analogies.
However, our study did not show significant differences between the cross- and biological-
domain analogies regarding the novelty of ideas generated. These findings are consistent
with those of Keshwani et al. [16], who also classified analogies as belonging to biological,
cross, and in (or within) domains despite using different problems and types of analogies.
Additionally, our results suggest that the farthest-domain analogies (biological-domain)
may not necessarily yield the most novel designs, implying that middle-domain analogies
could be as effective as far-domain analogies in supporting novel idea generation. These
align with prior studies [13,14,17]. Ruiz-Pastor et al. [29] reported no significant difference
in the novelty of ideas produced using biomimetic and random stimuli. However, in our
view, our results cannot be compared to their results because, while there is a clear distinc-
tion between cross-and within-domain analogies in our work, on the contrary, the random
images in their work [29] seem to be a combination of cross- and within-domain analogies.
For example, for the problem ‘design of innovative outdoor element for refuge,” the image
of a building (Image 3) could belong to a within-domain analogy and the image of an elec-
tronic device (Image 9) could belong to a cross-domain analogy. Future work could classify
the random images into two domains—within- and cross-domain, and study the individual
influence of each domain on the novelty of concepts of the produced design outcomes.

While biological-domain analogies did not contribute significantly to generating the
most novel designs, designers with an engineering background showed a more significant
ability to establish analogical correspondences with cross-domain sources than biological-
domain ones. Therefore, the results suggest that, although designers preferred biological
analogies—as evidenced by their increased selection frequency—their lack of knowledge
in the biology discipline may have affected their ability to effectively transfer analogical
principles from this source to the design problem.

It can be argued that the design problem influenced our results. However, Keshwani
etal. [16], who proposed the classification scheme used in our study, conducted experiments
with three design problems and obtained results consistent with our work. Hence, our
results do not seem to be influenced by the design problem.

This work contributes significantly to the design field regarding the use of analogies;
however, a potential limitation is the short time allocated for carrying out the design
task. Further studies could extend this work to investigate the impact of time on the
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selection of analogy domains and the novelty of the designs. Current results might vary
if the designers who participated in our study had more experience using biological
analogies. It is speculated that, with a higher level of expertise, the frequency of selection
of biological domain analogies may decrease because it will no longer represent a challenge
to them. On the other hand, the novelty of the produced biological-domain-based concepts
may probably increase due to their developed cognitive capability to transfer and apply
biological principles to engineering problems.

Moreover, future research could test the findings of this study using alternative novelty
assessment methods, such as [5,44]. Exploring the relationship between the analogy domain
and the time designers spend using each analogy domain could offer important insights.
Likewise, investigating the role and attributes of analogy representation modalities, such
as images and videos, in selecting analogy domains could provide additional opportunities
for exploration in future studies. Similarly, investigating the attributes of designers, such
as their experience and level of understanding in selecting and using analogies, is an
interesting future work.

This work has applications for tools for the retrieval of analogies (for example,
see [25,41]). For the development of these tools, recent research efforts are directed towards
increasing the number of analogies retrieved by the designers (for example, see [40,53,54]).
As the number of retrieved analogies will increase in these tools, they must present them in
decreasing order of their potential to inspire novel ideas. Results ¢, d, and e at the beginning
of Section 5 suggest that the biological- and cross-domain analogies have more potential for
producing novel ideas than the within-domain ones. Therefore, these tools must present
the retrieved analogies to the designers in the following order: (1) biological analogies;
(2) cross-domain analogies, and (3) within-domain analogies at the end.

6. Conclusions

In this study, we used an empirical approach to explore the selection criterion of
analogy domains and the relationship between the frequency of selection of analogy do-
mains and the novelty of ideas. Our findings indicated a strong preference for designers
to select biological analogies over those from far- and near-engineering domains. Addi-
tionally, we observed a significant positive influence of both biological- and cross-domain
(far-engineering domain) analogies on the novelty of designs. However, we were unable
to find which domain produces more novel designs. Despite designers’ preference for
biological analogies over analogies from the other domains, we speculate that they found
applying them to generate novel designs challenging. The main contributions of this study
are as follows:

1.  Previous studies have compared the influence of individual analogy domain(s) on
novelty designs [8,15,18-20]. In contrast, our study compared this influence using
analogies from various domains—a scenario closer to real-world analogy use.

2. The selection of biological analogies indicates designers” preference for bio-inspired
design over the Design-by-Analogy (DbA) method. This suggests that designers
perceive a more significant potential for biological analogies than analogies from
other domains.

3. To our knowledge, previous studies have not reported the influence of analogy do-
mains on the fluency of design ideas. This study addressed this gap and found that
idea fluency is highest for biological-domain analogies.

4.  Previous studies have classified analogy domains into a tripartite scheme—far-,
middle-, and near-domains [13,14,17]—all within the Engineering discipline. How-
ever, we included analogies from biological and engineering disciplines in our classi-
fication of analogy domains. This broadened the scope and compared Biologically
Inspired Design and Design-by-Analogy methods regarding their influence on anal-
ogy domain selection and novelty.

5. While there have been studies on the influence of the DbA method on novelty, to
our knowledge, none of the previous studies have compared correlation coefficients
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between fluency and novelty of ideas for biological-, cross-, and within-domain
analogies—a comparison we conducted in this work.

6.  Our work considers analogies from both the biological and engineering domains.
Therefore, our findings can be relevant for developing tools such as Idea Inspire [55]
that have databases of analogies from the biological and engineering domains—the
two domains considered in this work. Such tools can present the retrieved analogies
to the designers in the following order: (1) biological analogies; (2) cross-domain
analogies, and (3) within-domain analogies at the end.
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Appendix A. Instruction Sheet for the Experiment

1.  Generate as many conceptual solutions for the problem as possible using the analogies
provided in the sheet.

2. Present every idea in the form of a sketch. Label it wherever necessary.

3. Mark each solution with the caption “Solution No. X/Analogy y” where X is the serial
no. of the solution in the sequence of its generation during the session, and analogy Y
is the analogy that inspired Solution X.

4.  The time allotted for this exercise is 40 min.

5. Please use both sides of the paper while generating ideas

6.  Atthe end of each idea, please mention how the idea generated is related to the analogy.

Appendix B. Existing Solutions for Addressing the Problem Collected Using
the Internet

The database of existing solutions was created using a Google keyword search. Key-
words were generated using (a) problem description and (b) concepts under evaluation.
While the keyword generated using the problem description allowed the finding of generic
solutions related to the problem, the keyword generated using the concepts under evalua-
tion ensures that at least solutions most similar to the concepts produced by the designers
are populated. Collecting the most similar solutions for a particular concept is important
for the evaluation of novelty because it is only by comparing an idea with such solutions
that its newness (novelty) can be correctly determined. Therefore, we argue that even
though the database cannot be claimed to be complete, it was appropriately populated, so
concepts produced in this research could be fairly evaluated.

The following is the database of eleven existing solutions for the problem considered
in this work: high-pressure water-jet cleaning, suction pumps, sump walls painted with
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hydrophobic paint, the dissolution of alum to sediment waste, chemicals to kill harmful
bacteria and insects, beneficial bacteria that eat away waste suspended in water, filters,
cleaning water through osmosis, insect repellants, sticky surfaces to attract insects and dirt
to prevent them from going the in water, and flash lamps for killing insects.
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