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Abstract

:

This study aims to support designers in developing transformative solutions in the engineering 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 scenarios 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 compared 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.
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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 [3,4,5,6]. 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) [7,8,9,10]. 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 [13,14,15,16,17,18,19]. However, the selection criteria of the analogy domain are largely 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.



Overall, the plethora of studies on the relationship between the two parameters—‘analogy domains’ and ‘novelty of designs’—illustrates the importance of selecting analogous 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 analogies 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 [26,27,28] 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:




	
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.



	
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).



	
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 [30,31,32,33,34], 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):




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



	
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 [13,14,15,16,17,18,19], 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 (fd) will vary in the following order: rbio > rcross > rwithin.



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:



fd 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’;



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



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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	Research Question
	Research Objective
	Research Hypothesis





	RQ1: What is the influence of biological-, cross-, and within-domain analogies on their selection frequency (fd) during the design process?
	O1: To understand the influence of biological-, cross-, and within-domain analogies on their selection frequency (fd) during the design process.
	H1: fcross > fwithin > fbio



	RQ2: What is the relationship between the frequency of selecting analogies from specific domains (fd) and the novelty of the design solutions (n)?
	O2: To understand the relationship between the frequency of selecting analogies from specific domains (fd) and the novelty of the design solutions (n).
	H2: rbio > rcross > rwithin









2. Materials and Methods


This section describes the empirical approach adopted to test the hypotheses. Section 2.1, Section 2.2, Section 2.3 and Section 2.4 present the procedure details, subjects, experimental setup, and materials, 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 a name 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 overhear the discussions. To eliminate the influence of unintended external stimuli on the design outcomes, the room lacked any image or graphic display on the walls. The researchers 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 Figure 1, Figure 2 and Figure 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 Asknature.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, respectively. 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.



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.
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Figure 1. Biological-domain analogy—How does a pitcher plant catch insects and decompose them? [38]. 
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Figure 2. Cross-domain analogy—How does a backhoe loader dig the earth? [39]. 
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Figure 3. Within-domain analogy—How does a vacuum cleaner clean things? [39]. 
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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:




	
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.



	
Novelty of Ideas Produced: This unit addressed Hypothesis H2 and employs the method proposed by Sarkar and Chakrabarti [4] to evaluate the novelty of concepts. 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 responsible 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.



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.



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].



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.




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: fcross > fwithin > fbio


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.



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 α = 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.




4.2. Testing Hypothesis H2: rbio > rcross > rwithin


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.



To test Hypothesis H2, for each analogy domain, the Spearman Rank Correlation was calculated between the two parameters—Frequency of Selection of Analogy Domain (fd) 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 ≤ |r| < 0.50, and Strong correlation: |r| ≥ 0.50) between the two parameters fd and n (see Table 6).



Although rbio > rcross, 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 observed between the novelty of ideas generated using biological- and within-domain analogies (p < 0.05).





5. Discussion


The following are the main results of this work:




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



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



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



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



	
While numerically, we observed the trend rbio > rcross > rin. However, no significant differences were found among the three correlation coefficients.



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



	
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 (fd) during the design process, we found the following:



Firstly, our findings (a and b above) indicated that, when dealing with the design problem, participants generally selected biological analogies over cross- and within-domain analogies. These results do not support Hypothesis H1—that cross-domain analogies would produce the most novel designs. Furthermore, our results contradict Ward’s proposition 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 analogies). 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 underlying curiosity suggested that complex or uncertain stimuli activate the brain’s reward mechanism, increasing motivation and engagement in learning and problem-solving [52]. 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 (fd) 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 (rbio > rcross > rwithin), we did not observe a statistically significant difference among the three correlation coefficients. 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 conceptual 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 distinction 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 electronic 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 et al. [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 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 c, 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 domains 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. Additionally, 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:




	
Previous studies have compared the influence of individual analogy domain(s) on novelty designs [8,15,18,19,20]. In contrast, our study compared this influence using analogies from various domains—a scenario closer to real-world analogy use.



	
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.



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



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



	
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 between fluency and novelty of ideas for biological-, cross-, and within-domain analogies—a comparison we conducted in this work.



	
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


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



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



	
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.



	
The time allotted for this exercise is 40 min.



	
Please use both sides of the paper while generating ideas



	
At the 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. Keywords 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 evaluation 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 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.





References


	



Ottosson, S. Boosting Creativity in Technical Development; Workshop in Engineering Design and Creativity: Pilsen, Czech Republic, 1995; pp. 35–39. [Google Scholar]

	



Molina, A.; Al-Ashaab, A.H.; Ellis, T.I.; Young, R.I.; Bell, R. A review of computer-aided Simultaneous Engineering systems. Res. Eng. Des. 1995, 7, 38–63. [Google Scholar] [CrossRef]

	



Crilly, N. Fixation and creativity in concept development: The attitudes and practices of expert designers. Des. Stud. 2015, 38, 54–91. [Google Scholar] [CrossRef]

	



Sarkar, P.; Chakrabarti, A. Assessing Design Creativity. Des. Stud. 2011, 32, 348–383. [Google Scholar] [CrossRef]

	



Shah, J.J.; Vargas-Hernandez, N.; Smith, S.M. Metrics for measuring ideation effectiveness. Des. Stud. 2003, 24, 111–134. [Google Scholar] [CrossRef]

	



Sternberg, R.J.; Lubart, T.I. The concept of creativity: Prospects and paradigms. Handb. Creat. 1999, 1, 3–15. [Google Scholar]

	



Moreno, D.P.; Blessing, L.T.; Yang, M.C.; Hernández, A.A.; Wood, K.L. Overcoming design fixation: Design by analogy studies and nonintuitive findings. AI EDAM 2016, 30, 185–199. [Google Scholar] [CrossRef]

	



Casakin, H. Visual analogy as a cognitive strategy in the design process. Expert versus novice performance. J. Des. Res. 2004, 4, 197–217. [Google Scholar] [CrossRef]

	



Dahl, D.W.; Moreau, P. The Influence and Value of Analogical Thinking During New Product Ideation. J. Mark. Res. 2002, 39, 47–60. [Google Scholar] [CrossRef]

	



Gentner, D. Structure-mapping: A theoretical framework for analogy. Cogn. Sci. 1983, 7, 155–170. [Google Scholar]

	



Gentner, D.; Holyoak, K.J.; Kokinov, B.N. (Eds.) The Analogical Mind: Perspectives from Cognitive Science; MIT Press: Cambridge, MA, USA, 2001. [Google Scholar]

	



Hernández-Luna, A.; Cárdenas-Franco, L. Optimal design of glass molds using CAD/CAE and response surface methodology techniques. Comput. Graph. 1988, 12, 391–399. [Google Scholar] [CrossRef]

	



Jia, L.; Becattini, N.; Cascini, G.; Tan, R. Testing ideation performance on a large set of designers: Effects of analogical distance. Int. J. Des. Creat. Innov. 2020, 8, 31–45. [Google Scholar] [CrossRef]

	



Chan, J.; Dow, S.P.; Schunn, C.D. Do the best design ideas (really) come from conceptually distant sources of inspiration? Eng. A Better Future Interplay Eng. Soc. Sci. Innov. 2018, 12, 111–139. [Google Scholar]

	



Srinivasan, V.; Song, B.; Luo, J.; Subburaj, K.; Elara, M.R.; Blessing, L.; Wood, K. Does analogical distance affect performance of ideation? J. Mech. Des. 2018, 140, 071101. [Google Scholar] [CrossRef]

	



Keshwani, S.; Chakrabarti, A. Influence of analogical domains and comprehensiveness in explanation of analogy on the novelty of designs. Res. Eng. Des. 2017, 28, 381–410. [Google Scholar] [CrossRef]

	



Gonçalves, M.; Cardoso, C.; Badke-Schaub, P. Inspiration peak: Exploring the semantic distance between design problem and textual inspirational stimuli. Int. J. Des. Creat. Innov. 2013, 1, 215–232. [Google Scholar] [CrossRef]

	



Casakin, H.P.; Goldschmidt, G. Reasoning by visual analogy in design problem-solving: The role of guidance. Environ. Plan. B Plan. Des. 2000, 27, 105–119. [Google Scholar] [CrossRef]

	



Casakin, H.; Goldschmidt, G. Expertise and the use of visual analogy: Implications for design education. Des. Stud. 1999, 20, 153–175. [Google Scholar] [CrossRef]

	



Ward, T.B. Analogical distance and purpose in creative thought: Mental leaps versus mental hops. In Advances in Analogy Research: Integration of Theory and Data from the Cognitive, Computational, and Neural Sciences; New Bulgarian University: Sofia, Bulgaria, 1998; pp. 221–230. [Google Scholar]

	



Kennedy, E.B.; Miller, D.J.; Niewiarowski, P.H. Industrial and biological analogies used creatively by business professionals. Creat. Res. J. 2018, 30, 54–66. [Google Scholar] [CrossRef]

	



Nagel, J.K.; Stone, R.B.; McAdams, D.A. An engineering-to-biology thesaurus for engineering design. In Proceedings of the International Design Engineering Technical Conferences and Computers and Information in Engineering Conference, Montreal, QC, Canada, 15–18 August 2010; Volume 44137, pp. 117–128. [Google Scholar]

	



Wilson, J.O.; Rosen, D.; Nelson, B.A.; Yen, J. The effects of biological examples in idea generation. Des. Stud. 2010, 31, 169–186. [Google Scholar] [CrossRef]

	



Christensen, B.T.; Schunn, C.D. The relationship of analogical distance to analogical function and preinventive structure: The case of engineering design. Mem. Cogn. 2007, 35, 29–38. [Google Scholar] [CrossRef]

	



Deldin, J.M.; Schuknecht, M. The AskNature database: Enabling solutions in biomimetic design. In Biologically Inspired Design; Springer: London, UK, 2014; pp. 17–27. [Google Scholar] [CrossRef]

	



Lu, H.; Sun, G.; Xu, J.; Su, P.; Tang, X.; Zhang, Y. Differences in analogical source selections between designers and non-designers during the collaborative analogical design process. Proc. Des. Soc. 2023, 3, 1485–1494. [Google Scholar] [CrossRef]

	



Chai, C.; Cen, F.; Ruan, W.; Yang, C.; Li, H. Behavioral analysis of analogical reasoning in design: Differences among designers with different expertise levels. Des. Stud. 2015, 36, 3–30. [Google Scholar] [CrossRef]

	



Ozkan, O.; Dogan, F. Cognitive strategies of analogical reasoning in design: Differences between expert and novice designers. Des. Stud. 2013, 34, 161–192. [Google Scholar] [CrossRef]

	



Ruiz-Pastor, L.; Chulvi, V.; Royo, M.; Sampaio, J.N. Bio-inspired design as a solution to generate creative and circular product concepts. Int. J. Des. Creat. Innov. 2023, 11, 42–61. [Google Scholar] [CrossRef]

	



Jatsch, A.S.; Jacobs, S.; Wommer, K.; Wanieck, K. Biomimetics for Sustainable Developments—A Literature Overview of Trends. Biomimetics 2023, 8, 304. [Google Scholar] [CrossRef] [PubMed]

	



Dixit, S.; Stefańska, A. Bio-logic, a review on the biomimetic application in architectural and structural design. Ain Shams Eng. J. 2023, 14, 101822. [Google Scholar] [CrossRef]

	



San Ha, N.; Lu, G. A review of recent research on bio-inspired structures and materials for energy absorption applications. Compos. Part B: Eng. 2020, 181, 107496. [Google Scholar]

	



Du Plessis, A.; Broeckhoven, C.; Yadroitsava, I.; Yadroitsev, I.; Hands, C.H.; Kunju, R.; Bhate, D. Beautiful and functional: A review of biomimetic design in additive manufacturing. Addit. Manuf. 2019, 27, 408–427. [Google Scholar] [CrossRef]

	



Lepora, N.F.; Verschure, P.; Prescott, T.J. The state of the art in biomimetics. Bioinspiration Biomim. 2013, 8, 013001. [Google Scholar] [CrossRef]

	



Avison Properties. Available online: https://avisunproperties.com/blog/sump-tank-why-and-why-not/ (accessed on 16 March 2024).

	



United Nations, Department of Economic and Social Affairs. Available online: https://sdgs.un.org/goals (accessed on 16 March 2024).

	



Casakin, H.; Koronis, G.; Silva, A. The role of the brief in supporting creative ideation in the design studio: Quantitative requirements and visual props. In Proceedings of the International Association of Societies of Design Research Conference, Manchester, UK, 2–5 September 2019. [Google Scholar]

	



Asknature. Available online: https://asknature.org/ (accessed on 14 October 2015).

	



Howstuffworks. Available online: https://www.howstuffworks.com/ (accessed on 14 October 2015).

	



Keshwani, S.; Chakrabarti, A. Towards automatic classification of description of analogies into SAPPhIRE constructs. In Research into Design for Communities, Volume 2: Proceedings of IcoRD 2017; Springer: Singapore, 2017; pp. 643–655. [Google Scholar]

	



Chakrabarti, A.; Sarkar, P.; Leelavathamma, B.; Nataraju, B.S. A behavioural model for representing biological and artificial systems for inspiring novel designs. In DS 35: Proceedings ICED 05, the 15th International Conference on Engineering Design, Melbourne, Australia, 15–18 August 2005; The Design Society: Singapore, 2005. [Google Scholar]

	



Srinivasan, V.; Chakrabarti, A. Investigating novelty–outcome relationships in engineering design. AI EDAM 2010, 24, 161–178. [Google Scholar] [CrossRef]

	



Ranjan, B.S.C.; Srinivasan, V.; Chakrabarti, A. An extended, integrated model of designing. In Proceedings of the TMCE, Karlsruhe, Germany, 7–11 May 2012; pp. 7–11. [Google Scholar]

	



Moss, J., Jr. Measuring Creative Abilities in Junior High School Industrial Arts; Monograph 2; University of Minnesota: Minneapolis, MN, USA, 1965. [Google Scholar]

	



Sarkar, P.; Chakrabarti, A. Studying engineering design creativity-developing a common definition and associated measures. In Proceedings of the NSF Workshop on Studying Design Creativity, Washington, DC, USA, 11–13 June 2008. [Google Scholar]

	



Chulvi, V.; Mulet, E.; Chakrabarti, A.; López-Mesa, B.; González-Cruz, C. Comparison of the degree of creativity in the design outcomes using different design methods. J. Eng. Des. 2012, 23, 241–269. [Google Scholar] [CrossRef]

	



Keshwani, S.; Lenau, T.A.; Ahmed-Kristensen, S.; Chakrabarti, A. Comparing novelty of designs from biological-inspiration with those from brainstorming. J. Eng. Des. 2017, 28, 654–680. [Google Scholar] [CrossRef]

	



Blessing, L.T.; Chakrabarti, A. DRM: A Design Research Methodology; Springer: London, UK, 2009; pp. 13–42. [Google Scholar]

	



Statistics Kingdom. Available online: https://www.statskingdom.com/ (accessed on 16 March 2024).

	



Cohen, J. Set correlation and contingency tables. Appl. Psychol. Meas. 1988, 12, 425–434. [Google Scholar] [CrossRef]

	



Berlyne, D.E. Conflict, Arousal, and Curiosity; McGraw-Hill Book Company: New York, NY, USA, 1960. [Google Scholar]

	



Kang, M.J.; Hsu, M.; Krajbich, I.M.; Loewenstein, G.; McClure, S.M.; Wang, J.T.Y.; Camerer, C.F. The wick in the candle of learning: Epistemic curiosity activates reward circuitry and enhances memory. Psychol. Sci. 2009, 20, 963–973. [Google Scholar] [CrossRef]

	



Rugaber, S.; Bhati, S.; Goswami, V.; Spiliopoulou, E.; Azad, S.; Koushik, S.; Kulkarni, R.; Kumble, M.; Sarathy, S.; Goel, A. Knowledge extraction and annotation for cross-domain textual case-based reasoning in biologically inspired design. In Case-Based Reasoning Research and Development: 24th International Conference, ICCBR 2016, Atlanta, GA, USA, 31 October–2 November 2016, Proceedings 24; Springer International Publishing: Berlin/Heidelberg, Germany, 2016; pp. 342–355. [Google Scholar]

	



Willocx, M.; Duflou, J.R. Free-text inspiration search for systematic bio-inspiration support of engineering design. AI EDAM 2023, 37, e21. [Google Scholar] [CrossRef]

	



Siddharth, L.; Chakrabarti, A. Evaluating the impact of Idea-Inspire 4.0 on analogical transfer of concepts. AI EDAM 2018, 32, 431–448. [Google Scholar] [CrossRef]








[image: Biomimetics 09 00344 g004] 





Figure 4. The SAPPhIRE model of causality [40,41]. 
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Figure 5. Steps to identify the novelty of products [4]. 
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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. 
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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. 
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Figure 9. Distribution of the Novelty of Ideas produced by teams A–Z according to analogy domain. 
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Table 1. Classification schemes of analogy domains proposed in literature.
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Domain Classification Schemes

	
References

	
Description

	
Influence on Novelty






	
Near- or Within-domain

and

Far- or Between-domain

	
[8,9,15,18,19]

	
Near-domain analogies: The source and target domains are conceptually very close.

Middle-domain analogies: When the source and the target domains are neither too far nor too close but somewhere in the middle.

Far-domain analogies: When the source and the target domains are conceptually different.

	
Far-domain analogies produced more novel designs than near-domain analogies.




	
Near-,

Middle-,

and

Distant-domain

	
[13,14,17]

	
The largest positive influence on the novelty of design outcomes was when the conceptual distance was neither too high nor too low, i.e., somewhere in the middle.




	
Engineering-domain

and

Biological-domain

	
[21,23]

	
Engineering-domain analogies represent man-made technical systems.

Biological-domain analogies represent natural systems

	
Biological-domain analogies produced more novel designs than engineering-domain analogies.






	
In-domain,

Cross-domain,

and

Biological-domain

	
[16]

	
In-domain (near-engineering domain) analogies: When the source domain of the analogy is similar to that in which the problem (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.

	
Cross-domain and biological-domain analogies produced significantly more novel designs than in-domain analogies.

No significant difference was reported between biological- and cross-domain analogies.











 





Table 2. Examples of near-, middle-, and far-domain analogies for the design task—‘Proposed Ideas for Next-Generation Cleaning Robots’ [13].
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	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.










 





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











 





Table 5. Results of the pairwise comparison for frequency of selection across biological-, cross-, and within-domain analogies (fbio = 62, fcross = 40, fwithin = 34).
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	Pairwise Comparison between Domains
	p
	Remarks





	Biological-Domain vs. Cross-Domain
	0.011
	p < 0.05, fbio > fcross



	Cross-Domain vs. Within-Domain
	0.392
	p > 0.05, fcross ~ fwithin



	Within-Domain Vs. Biological-Domain
	0.009
	p < 0.05, fwithin < fbio










 





Table 6. Correlation between Frequency of Analogy Domain Selection and Novelty of Design Ideas.
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	Analogy Domain d
	Spearman’s Rank Correlation Coefficient between fd and n
	Remarks





	Biological-Domain
	rbio = 0.73, p < 0.001
	Significant and strong positive relationship between fbio and n.



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



	Within-Domain
	rwithin = 0.0516, p = 0.802
	Non-significant and weak positive relationship between fwithin and n.










 





Table 7. Results of Pairwise Comparison of Novelty of Ideas produced using biological-, cross-, and within-domain analogies (nbio = 178, ncross = 123, nwithin = 78).
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	Pairwise Comparison between Domains in Terms of Novelty of Designs
	Significance Level p
	Remarks





	Biological-Domain vs. Cross-Domain
	0.088
	nbio ~ ncross



	Cross-Domain vs. Within-Domain
	0.084
	ncross ~ nwithin



	Within-Domain Vs. Biological-Domain
	0.012
	nwithin < nbio
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the cupped leaf, often by visual lures such as thiocyanate pigments, and nectar bribes. The rim of the pitcher
(optometrit) s lippery, when moistened by condensation or nectar, causing insects to fallnto the trap. Small
bodies of liguid contained within the pitcher traps are called phytotelmata. They drown the insect, and the
body of it s gradually dissolved. This may occur by bacterial action or by enzymes secreted by the plant iself,
Finaly, the prey items are converted into a solution of amino acids, peptides, phosphates, ammonium and
urea, from which the plant obtains its mineral nutition (particulrly itrogen and phosphorus). The overlea
above the cup shaped pitcher acts like a ld that prevents rainwater from entering into the pitcher and diluting
the enzymes
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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.
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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.
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Backhoe loader consists of 3 units ) tractor b} loader ) backhoe. Tractor s designed to move in rugged
terrains. Loader is atached in the front. It 