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SUMMARY  

Bio-Inspired Design is becoming an increasingly popular approach that uses 

nature as a source of inspiration in order to develop innovative designs.  Currently, tools 

and methods are being examined to determine how designers may generate innovative 

designs through leveraging biological systems. This thesis first presents a study that was 

performed in an engineering elective course and aims to explore the effects of five 

different existing methods for Bio-Inspired Design: Directed, Case Study, AskNature.org, 

BioTRIZ, and Bio-Keyword search. These methods were evaluated based on the quality, 

quantity, novelty, and variety of the ideas that students generated, the studentsô self-

efficacy, and the feedback from the students. Multiple short design problems were 

employed in order to test each method with the participants. To account for differences 

among problems, such as varying levels of difficulty and complexity, the Linear Equating 

method was applied to the metric results. This attempted to effectively render the 

problems equivalent. The results demonstrated each methodôs ability to produce 

numerous effective and creative concepts, with high quality and novelty, and large 

quantity of ideas. It is also shown, through the use of Self-Efficacy surveys, that the 

methods utilized to teach Bio-Inspired Design positively affected the studentsô design 

confidence, outcome expectancy and anxiety, while also preserving studentsô high 

motivation towards engineering design. The Linear Equating method assumes a linear 

relationship between participantsô performance on different problems and that there is no 

significant interaction between the design problem and method.  This study originally 

planned to counterbalance the problems in order to account for problem differences, but 

this ended up not being possible due to course availability. From qualitative observation 
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of the participantsô ideas, it was clear that there is significant interaction between the 

problems chosen and the design method.  Therefore, more research was completed to 

understand the influence of different characteristics of the design problems.     

 

A considerable portion of design theory research seeks to create, evaluate, 

improve or optimize design methods such as Bio-Inspired Methods.  Developing a set of 

standardized design problems that can be used for within-subjects designs and can 

effectively compare the impacts of various design methods is an on-going challenge. This 

thesis used the scaling factors from an initial, large scale attempt to create a set of 

equivalent design problems. Due to unaccounted characteristic differences in the design 

problems used, some noticeable irregularities were qualitatively observed, despite the 

proper application of the Linear Equating Formula. In turn, this fueled the initiative to 

explore the characteristics of the design problems. These differences in characteristics 

may influence design outcomes that a linear relationship may not account for: experience 

and exposure to the design problems vary between participants, and certain problems 

may be easier to solve depending on the method that is being used.   

 

This thesis proposes a small set of design problem characteristics that may 

influence the consistency between design problems, and presents two experiments 

targeted at uncovering these influences. In a first between-subject experiment, differences 

in quantity, quality, novelty and variety evaluation metrics were examined between two 

different design problems: an alarm clock and a device that shucks corn. This exploratory 

experiment identified the metrics the two problems were comparable or different, in order 
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to provide a basis for the proposed characteristics influence. An alarm clock is more 

familiar to students thus instigating a higher quality and greater number of concepts. The 

metric results confirmed this hypothesized difference in quality and number of concepts. 

To further support this hypothesis and explore the influence of familiarity, a follow up 

within-subject experiment was conducted to reduce variance due to participants and 

attempted to determine linear correlation consistency in metric results between the two 

problems. A different, but more commonly employed set of problems in design research 

were used: designing a device to shell peanuts and designing a measuring cup for the 

blind. This within-subject experiment displayed that a linear correlation between the two 

problems for the quantity and variety metrics was present, but absent for the quality and 

novelty metrics. In other words, the Linear Equating method is effective to scale these 

two problems under the same conditions for the quantity and variety metric, and not for 

quality and novelty.  In addition, through the use of surveys, two of the hypothesized 

characteristics were correlated and compared: familiarity of the participants to existing 

solutions, and the number of analogies they were able to draw from nature.  The survey 

results displayed a positive correlation for the number of concepts participants were 

familiar with for the two different problems. In other words, participants have a similar 

level of familiarity for both problems. However, a greater number of Bio-Inspired 

analogies are observed for the peanut shelling problem. These preliminary results support 

the possible existence of interaction between the design method and the design problem, 

especially when testing Bio-Inspired Design methods. For example, in this study, Blind 

Measuring Cup resulted in a greater variety of concepts. But when coupled with a Bio-

Inspired Method like the Directed method (using the extent of oneôs knowledge), oneôs 
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ability to draw a greater number of analogies in nature may favor the Peanut problem. In 

that case, the Linear Equating method may be ineffective. Thus, demonstrating the 

necessity to further explore and improve design problem characteristics and linear 

equivalence to better evaluate and test methods of design.  
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CHAPTER 1: INTRODUCTION  

1.1 Context and Motivation 

Studying creativity in the hopes of improving innovation has been sought for 

decades, since it is essential to ensure competitiveness among industries and to solve 

engineering problems. Thus, the need to foster and enhance creativity and innovation has 

been highly solicited and continues to escalate. With prior work that confirms the ability 

to foster and enhance creativity and innovation in individuals, many researchers are 

encouraged and driven to seek ways of exploring that possibility [1-3].  Through 

exploring different approaches that aim to feed creativity and innovation, Analogy, which 

includes Bio-Inspired Design, has been found to be  highly effective to achieve that goal 

[4-14]. 

1.2 Research Scope 

Bio-Inspired Design, also called biomimetic design, biologically inspired design, 

or biomimicry, is a growing field that leverages biological organisms and systems to 

inspire the design of engineering systems [14]. Means of applying biological analogies to 

engineering concepts have previously been employed such as the Directed method, as 

termed by Glier et al. (2012), which simply directs one to use nature as source of 

inspiration, and Case Study which exposes one to successful cases of Bio-Inspired design 

to inspire ideas [14-21]. Subsequently, various tools of Bio-Inspired Design have been 

developed to assist designers with limited biological knowledge. Three of these tools are 

AskNature, BioTRIZ and Bio-Keyword Search [22-26]. A senior level elective design 

course at Texas A&M University was created to teach student designers how to use each 
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of these methods and tools to solve engineering problems. These methods were selected 

as they were five primary schools of thought available at the time that the class was 

created. In order to evaluate these methods, students were instructed to individually solve 

design problems and develop concepts for a group project, using these methods. Within 

the context of this course and the design problems given, this thesis investigates the 

similarities and differences between each method towards generating creative, numerous, 

and innovative concepts. It further explores studentôs feedback on each method and how 

learning these methods affected their engineering design self-efficacy.  

 

This study was motivated by multiple inquiries: Previous research shows that 

drawing analogies has great impact on innovation during the design process, so one of 

this studyôs motives is to determine the effectiveness of these formalized Bio-Inspired 

methods [10, 12, 27, 28]. There are various Bio-Inspired Design methods that have been 

developed [29-34]. Unfortunately, there are few empirical studies that compare them. 

Pertaining to the final motive, this study seeks to determine the best ways to facilitate 

learning how to innovate using nature. Some courses have recently been developed to 

teach students Bio-Inspired Design, but there is ample room for improvement [35-38]. 

Determining the areas for refinement will contribute in the formulation of forthcoming 

Bio-Inspired courses.  

 

Previous studies compared the effects of using nature as inspiration in contrast to 

non-biologically inspired methods of inspirations and also compared pairs of Bio-

Inspired methods in order to determine advantages of one over another [9, 20, 39, 40]. No 
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study has simultaneously compared the five aforementioned methods in a course 

environment and tested the methods using similar design problems. While each of these 

five Bio-Inspired methods have been previously evaluated individually and shown 

effective, they have not been tested utilizing a within subjects design. Additionally, this 

study employs a design self-efficacy instrument to determine the effect of teaching and 

learning Bio-Inspired methods on studentsô design self-confidence. It is expected that the 

set of formalized Bio-Inspiration tools will outperform the Directed method since they 

provide better guidelines and databases, rather than relying only on the current biological 

knowledge of the students. 

 

The design problems utilized in this study were developed and selected to be 

familiar to the students, while preserving a sense of challenge to solve. Moreover, they 

were employed as relatively similar problems. When testing multiple methods with 

design problems, using the same participants, one needs more than one design problem or 

else the participants would be tempted to fixate on concepts that they generated the first 

time around. It is recognized that no two problems are equivalent [41]. However, while 

these problems are different, researchers need for them to output comparable results 

under the same conditions. Thus, a method called Linear Equating will be implemented 

in this thesis to explore means of re-scaling problem outputs, under the assumption that 

the different problems have a linear relationship.  

 

While analyzing the resulting design problem concepts that the students generated 

in the Bio-Inspired Design methods study, it was noticed that the design problems, 
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although intended to be similar and relatively interchangeable, may require further 

attention and improvement in creating the problems in order to ensure effective similarity 

and relative interchangeability. Directing the attention to the design problems is pertinent 

beyond the scope of the work presented in this thesis. Much research in creativity often 

involves providing predetermined design problems to subjects in an experiment and 

asking them to generate designs which may then be compared across a variety of factors 

[20, 39, 42-46]. Experiment designers craft these design problems to generate a range of 

designs across the measured variables while also limiting the introduction of potential 

confounds into the experimental setup. The design experiment settings, subjects and 

methods are highly variable, and thereby cause variability in the design problems that 

researchers create (or borrow) to address certain design needs. In order to evaluate the 

effects of multiple methods of design, subjecting the same participant to the same design 

problem multiple times will prove ineffective since the participant will already be 

familiar to the problem and may adhere to similar concepts that they generated during the 

first time around. Thus, utilizing different but equivalent design problems is highly 

desired in this genre of experiments. After analyzing these problems during the Bio-

Inspired methods evaluation experiment, it was noticed that some participantsô results 

were random and inconsistent (for some of the design problems).Some tended to produce 

on average more designs of lower quality, while others produced fewer designs with 

higher quality, regardless of the method used.  Thus, this prompted the investigation to 

search for means of developing equivalent problems that would reduce randomization per 

participant, to be effectively utilized in this experiment. To do so, the differences between 

the current design problems must be understood and characterized.   
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This thesis offers the first steps in identifying those differences and 

characteristics. To do so, a proposed list of twelve design problem characteristics that 

may influence design outcome is hypothesized. Then, two exploratory experiments will 

be presented in which each compares the quantity, quality, novelty and variety metrics 

between two pairs of design problems: an alarm clock compared to a corn shucking 

device and a measuring cup for the blind compared to a peanut shelling device. In the 

latter comparison, the linear relationship of the metric results and possible effects of two 

of the twelve design characteristics (design solution familiarity in two domains) are 

further explored.  

1.3 Thesis Organization 

 The following chapters of this thesis are structured as follows:  I will begin by 

providing a background in Chapter 2, which will pertain to the topics and experiments 

that will be presented in later chapters, by introducing the context and various prior 

studies motivating this thesis. In Chapter 3, there will be a description of tools that were 

used in the studies, including the set of design problems, evaluation metrics, and the 

Linear Equating method. In Chapter 4, a study that tests and evaluates the various Bio-

Inspired design methods will be presented as the Bio-Inspired Design (BID) Evaluation 

study. Chapter 5 will present a background and context for the second study which seeks 

to identify differences and relationships between problems: this study will be referred to 

as the Problem Equivalency study. The latter is comprised of two parts: Problem Effects, 

comparing the Alarm and Corn problems, Solution Familiarity, comparing Blind Cup vs 

Peanut.  Finally, Chapter 6 will provide a comprehensive conclusion for both the BID 

Evaluation and Problem Equivalency studies, and impart on future work.    
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CHAPTER 2: LITERATURE REVIEW  

This chapter provides a literature review that will help the readers of this thesis to 

have a better context and idea of what the thesis offers. It will demonstrate prior work 

that led to the motivation of the thesis, as well as works that are similar but serve to 

highlight and contrast the benefits and significant contributions of the thesis.   

2.1 Teaching Creativity and Innovation 

In the last decade, our ability to innovate and produce technology is increasing 

exponentially, resulting in increases in competition in engineering exploits [47]. While 

creativity research has been ongoing for many decades and proved effective, there is still 

a need to pursue further means of improving creative and innovative abilities in engineers 

and designers in order to maintain a competitive edge.  Defining ñCreativityò has been a 

never ending argument short of a finalized consensus [48, 49]. Most descriptions fit along 

the ability to intentionally produce novel, appropriate, non-traditional, and useful 

outcomes [48-52].  

 

The ability to teach engineers and designers to think more creatively, opens the 

possibility to enhance their ability to be creative [3]. It can be cultivated and further 

developed through curriculums, practice, conditioning and various stimuli [2, 53, 54]. 

Various studies have demonstrated that the possibility to foster and improve creativity 

exists, through activities such as creativity lectures and mentoring [1] and creativity 

training [53]. Thus, countless researchers seek the ability to improve and foster creativity 

in designers. To tackle this drive earlier on in oneôs career, we must start through the 
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education of engineers, to output a highly creative and superior workforce.  Starting at the 

source, school and education, we can prepare the future generations of engineers.   

 

Many universities seek to improve the education of their students to make them 

more creative, not only in the United States, but all over the world [55-57].  Among the 

various research pursuits to improve creativity in university students, some studies 

examined ways to better engage students during courses, such as higher interaction 

between teams and instructor feedback [58], hands on building and testing [59, 60], 

problem based learning [61], and design curriculums that focus on creative problem 

solving skills, communication and teamwork via class projects and exercises [58, 62-64]. 

While these programs have proven to be effective towards fostering creativity, they are 

constantly being improved, redesigned, and new ones emerge.  

2.2 Methods of Idea Generation 

Creativity is most useful during idea generation process. Thus, various methods 

have been proposed and developed to help designers generate ideas and concepts in these 

initial phases of product design. Some of these methods include Brainstorming, TRIZ, 

SCAMPER and Functional Analysis, which can be used by a single individual, and 6-3-5, 

C-Sketch and Gallery method, which are team based methods [24, 25, 65-71].  

Brainstorming was developed by Osborn to exploit oneôs imagination and 

improve the quantity of ideas or concepts generated during a group problem solving 

process [67]. He suggested suspending judgment and criticism to allow the extraction of a 

larger pool of ideas; the more ideas produced, the higher the chances of obtaining a 

successful one. This idea resulted in the following four rules: 



 

 8 

1. Criticism is ruled out. Adverse judgment of ideas must be withheld until later. 

2. "Free-wheeling" is welcomed. The wilder the idea, the better; it is easier to tame 

down than to think up. 

3. Quantity is wanted. The greater the number of ideas, the more the likelihood of 

winners. 

4. Combination and improvement are sought. In addition to contributing ideas of 

their own, participants should suggest how ideas of others can be turned into 

better ideas; or how two or more ideas can be joined into still another idea [67] 

 

Though follow-up studies by other researchers found that the quantity of ideas 

generated through the combination of individual brainstorming sessions have been 

greater than a group brainstorming session [72-74]. Thus, if oneôs goal is to generate as 

many ideas as possible, it would be preferable to initiate individual brainstorming to 

maximize output and increase the ñlikelihood of winnersò, and then discuss the ideas as a 

group to combine and improve the best ones. 

 

SCAMPER is another ideation method developed by Erberle which makes use of 

several ideas introduced by Osbornôs Brainstorming, such as suspending judgment, large 

quantities, combining, improving and building upon ideas, and introducing wilderness 

[67-69]. This method suggests a series of actions or questions that can be posed to create 

new or improve upon existing ideas. These actions or questions fall under a set of 

categories that form the acronym S.C.A.M.P.E.R: Substitute, Combine, Adapt, Modify, 

Put to other use, Eliminate and Rearrange/Reverse [68]. For example, under the substitute 
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category, one could ask ñWhat can I substitute component A with, that could maintain 

functionality but reduce weight?ò. While theoretically, the use of this method should 

improve creativity, it was shown by Mijares-Colmenares et al. that it displayed no 

significant improvement in figural creativity [75], as measured by Torranceôs Figural 

Form A test [76].  However, a recent study shows that while the use of SCAMPER may 

induce fixation, it significantly improves the novelty of ideas generated when compared 

to a control group that uses no method of assistance [77].  

 

The ñTheory of Inventive Problem Solvingò (TIPS or TRIZ) is built on the study 

of millions of patents to identify and classify repeatable patterns of innovation and thus 

create a theory, or at least algorithm, for innovation [24, 70, 71]. A contradiction matrix 

was developed that contains principles of innovation for 39 system parameters.  Once a 

specific conflict is recognized, a look-up table is used to identify the specific principles of 

innovation that can overcome the conflict. TRIZ has been extensively studied and found 

to be an effective method to generate novel, useful and creative solutions [78-80].  

 

The 6-3-5 method is a method developed by Rohrbach that uses similar  

principles as those of Osbornôs Brainstorming, such as suspending criticism and 

combining and improving others ideas, to assist in idea generation sessions of groups 

[81]. According to Rohrbach, the group would consist of 6 participants, where each one 

would be given a piece of paper to write down 3 ideas for 5 minutes, thus the name ñ6-3-

5ò. After each 5 minute interval, the each member of the group would rotate and pass 

along their piece of paper to the person next to them. During another 5 minutes, each 
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member will add onto the existing solution or create new ones. After those 5 minutes, the 

group rotates again and repeats the latter process until each paper returns to the original 

owner, for a grand total of 5 rotations. While this can be an effective method to generate 

a large quantity of ideas simultaneously and is preferred over the conventional 

brainstorming method, other researchers have developed extended or variations of the 6-

3-5 method [82-85]. One extensively used variation is the C-Sketch method. It is very 

similar to the 6-3-5 method, however, instead of writing down ideas, they are sketched 

[82]. Linsey and Becker show that the use of C-Sketch is less effective than the 6-3-5 

method when using sketches only [66, 86]. However, when using sketches along with 

annotations, it is more effective than using the 6-3-5 method, as the use of sketches can 

be more ambiguous, thus cause misinterpretations that lead to new ideas [82, 86, 87].  

While these methods of idea generation may be effective in some ways, they do not 

provide sources of inspiration beyond oneôs existing knowledge. 

 

2.3 Design by Analogy 

An analogy, in the context of design, is described as the identification of 

similarities between two domains [88]; these similarities could be features, functions, or 

structures, depending on the objective. Gentner suggests the analogy between a battery 

and a reservoir; The similarities are not necessarily regarding the shape nor the build 

materials, but by their overall function of holding potential energy that is to be released a 

power systems [88]. Analogies, or taking ideas from existing systems, are often found to 

be useful during the idea generation process [89]. These analogies or sources of 

inspiration, serve as a guideline that facilitates the ñknownò aspects of inventive and 
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innovative creativity, from Taylor et al. [90], and allows one to apply these in novel ways 

or to develop new ideas. Using analogy as a source of inspiration is proven to be effective 

at fostering creativity and innovation [91]. Several methods have been developed to 

facilitate the use of Design-by-Analogy,  including Synetics [92] and the WordTree 

method [93, 94],  

 

2.4 Bio-Inspired Design Methods 

Nature is a great resource of inspiration in engineering innovation [4-8, 14]. Drawing 

analogies from nature for design, frequently referred to as Bio-Inspired Design, has 

kindled many researchersô aspiration to explore such techniques. It is also referred to as 

Biomimetic Design, Biologically Inspired Design, or Biomimicry. In Bio-Inspired Design 

research, there are four core units, as suggested by Jamal Wilson: Biological and 

Engineering Research, Representation of Biological systems, Analogical Translation 

(Identification, transfer), Design Utilization [95]. At the dawn of Bio-Inspired design, 

there was limited formal framework other than simply directing designersô attention to 

nature. This thesis will refer to this Bio-Inspired design method as Directed. In other 

words, the designer is directed to reflect on or search biology for inspirations and 

analogies. This is consistent with prior work by Glier et al. [20]. Since most designers 

and engineers do not have a readily available database of natural inspirations, using the 

Directed method is limited by the extent of their biological knowledge. Some Bio-

Inspired design methods attempt to mitigate these issues. Researchers have initiated the 

development of formal Bio-Inspired Design methods and tools in order to guide and 

assist engineers and designers in drawing ideas from nature [32, 33, 36, 96, 97].   
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Fu et al. offers a very comprehensive audit of the then-current state-of-the-art  Bio-

Inspired Methods and tools that had been developed, summarizes the characteristics of 

each, and provides a correlation that serves to highlight their alignments with findings in 

Design-by-Analogy factors [98]. These methods and tools include Biomimetic Design 

Through Natural Language Analysis, DANE, Idea Inspire, Engineering-to-Biology 

Thesaurus and the Four-Box Method. Essentially, through extensive literature research, 

each method was evaluated and classified by the degree to which it addressed cognitive 

and implementation factors that have been found through prior Design-by-Analogy 

research. Some of these factors include fixation, incubation, expertise, modality of 

representation, accessibility, computational synthesis and problem-solution approach. 

Thus, they subsequently provide an overview of opportunities that exist for future 

research that may improve these methods and tools to better address these factors. For 

example, none of the methods were found to address the factor of incubation. Hence, 

highlighting the opportunities of exploring the effects of incubation on these Bio-Inspired 

design methods [98]. Accounting for and mitigating these limiting cognitive and 

implemental factors in the development or improvement of Bio-Inspired design methods 

and tools, their use will be more efficient and increase the chances of success [98].  

 

The Biomimetic Design Through Natural Language Analysis was developed as a 

systematic approach to retrieve a multitude of biology keywords that are more relevant to 

the target engineering application [99, 100]. These keywords facilitate the search for 

biological phenomena from journals and books that can inspire engineering design. Chiu 



 

 13 

& Shu used WordNet as their lexical database, and found that while the method was used 

successfully in some cases, they encountered differences between engineering and 

biology lexicons which led to the necessity of future improvements [99].  Nonetheless, 

the search with action words like ñremoveò, ñencapsulateò and ñreleaseò resulted in a 

high return of significant biological keywords. Cheong et al. adapted this tool and refined 

it so that it utilizes keywords found in the Functional Basis developed by Stone and 

Wood [25, 100]. They systematically related relevant biological keywords with those 

found in the Functional Basis. The use of the Functional Basis keywords led to improved 

resulting biological keywords that an engineer can then utilize to find more relevant 

biological phenomena. This enhancement upon Chiu and Shiuôs work displayed a useful 

application through a study with senior undergraduate in mechanical engineer students. 

They were to use the words ñPreventò and ñInhibitò in order to generate concepts for a 

device that is used for protection in sports or hobbies, and resulted in creative concepts 

[100]. Though this use of improved language analysis tool provided meaningful results, it 

showed the necessity of better guidance and strategies to better use the system.  

 

The Engineering-to-Biology Thesaurus is mostly used as a tool in conjunction 

with a form of functional modeling [9, 101, 102]. It utilizes the Functional Basis as 

developed by Stone and Wood [25], but instead of the mechanical synonyms found in the 

ñcorrespondentsò column, they are replaced by biological function words found in nature 

[101]. These biological words were determined through the combined accumulation of 

biological discoveries done by Oregon State University, University of Toronto and Indian 

Institute of Science. Using these biological terminologies, one can more easily search 
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biological databases and build functional models that lean towards biological 

inspirations. This method was tested with a group of mechanical engineering students by 

having them read various biological sentences that contained Engineering-to-Biology 

Thesaurus keywords, and rate how relevant and useful these sentences were to inspire 

solutions to a design problem [9]. The results pointed to the need of improving studentôs 

training at using biological inspirations, and better testing environments and methods.  

 

DANE and IDEA INSPIRE are two very similar computational tools, but have 

some differences [103, 104]. They are both comprised of models of biological and 

engineering systems that can be found through the search of their fundamental function 

[103]. They both also represent their biological systems in various visual forms and texts 

[103]. IDEA INSPIRE, on one hand, makes use of a functional method called SAPPhIRE 

(State-Action-Part-Phenomenon-Input-oRgan-Effect), and was tested using focus groups 

in a laboratory environment [104, 105].  DANE classifies its models in their library using 

a Stucture-Behavior-Function (SBF) modeling scheme, and was tested in a classroom 

setting, focused on teaching Bio-Inspired Design. Although the latter study displayed a 

lower usage and efficacy of DANE when compared the studies that tested IDEA-

INSPIRE, it was shown to be useful. The differences, as pointed out by Vattam et al. 

could be associated to the type of environment in which the two tools were tested; One 

was in a laboratory setting where professional designers were directed to use IDEA 

INSPIRE in a limited period of time, whereas DANE was tested in a classroom setting 

where the students had more time and freedom to use alternative methods [103].  
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From observation of past studies [106], Helms and Goel noticed that students had 

trouble formulating problems and detecting relevance of biological passages or text in 

order to draw useful analogies from nature [107]. Subsequently, they sought to address 

these issues through their introduction of the Four-Box Method [107]. It is a quick-to-use 

tool that guides users to better represent, formulate and evaluate design problems and 

possible biological passages. Most prior methods mostly focused on finding similarities 

between problem descriptions and analogies in nature, however, the Four-Box methods 

serves to also account for the differences. Acknowledging the differences sometimes 

helps to determine new parameters in problem solving [107]. The Four-Box method 

draws its name from the simple four components the user must complete. The four 

components are Operational Environment, Function, Specifications and Performance 

Criteria. For each component, the user must describe the corresponding criteria for the 

problem description, and repeat the process for a possible biological phenomenon. Using 

a T-Chart, the users would be able to compare the four categories of the problem and 

those of the analogical passage. The T-Chart will help highlight the similarities and 

differences between the two. To assess the usability and effectiveness of the Four-Box 

method, Helms and Goel conducted a study in a Bio-Inspired course and integrated the 

method into the course material.  Assignments were given to the students and were 

directed to use the method to better formulate design problems and determine their 

relationship with biological passages. The results of this study demonstrated the ease of 

use of the method and the accuracy in which the students employed it. Although, further 

research needs to be conducted in order to evaluate the effectiveness of using the Four-

Box method to generate creative and novel solutions [107].   
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The selected methods employed in the undergraduate Bio-Inspired Engineering 

Design elective course at Texas A&M University were the Directed, Case Study, 

AskNature, BioTRIZ and Bio-Keyword Search method. Most of the methods described 

previously were not available at the time this course was planned. The five methods used 

are briefly discussed below. 

 

2.4.1 Directed 

The Directed Method simply directs a designer to use nature as a source of 

inspiration since biology has been recommended by many, as a valuable inspirational 

resource [14-17]. It uses existing knowledge of biology to apply it to a design problem. 

No formal structural tool is used, so with this method, the range of biologically inspired 

solutions relies on, and is limited to the designerôs extent of biological knowledge. Glier 

et al. conducted a study to determine the effectiveness of using the Directed approach to 

solve design problems by prompting a group of novice designers to use the Directed 

method to generate ideas, while another was not prompted to use any formal methods 

[20, 21]. It was found that the Directed approach did not provide any significant 

advantages over using no specific method, in terms of quantity of ideas, quality, novelty 

and variety. This lack of difference was concluded to be a result of the designerôs limited 

biological knowledge, therefor they suggested the use of formal methods to conduct Bio-

Inspired Design [20, 21].    

 

 



 

 17 

2.4.2 Case study 

The Case Study Method of Bio-Inspired Design allows designers to search for 

inspiration through nature via existing Bio-Inspired designs. The course instructor would 

also expose the students to existing natural principles and show various phenomena that 

occur in nature (e.g. strong spider silk, gliding animals). The principle idea is that the 

designers will be exposed to different cases of Bio-Inspired Designs and will then 

develop an ability to recognize analogies used to transfer knowledge to engineering 

solutions. Thus, a collection of existing Bio-Inspired design solutions will be displayed 

and discussed in lectures. Many case studies can be found in various collection databases 

[14, 18, 19, 108]. University of Maryland and Montana State University have both 

developed courses that utilize this method [37, 96, 108]. The University of Maryland was 

able to test run the concept of Bio-Inspired design in a brand new course and exposed the 

students to multiple cases using their accumulated repository of case studies [96].  The 

initial evaluation outcomes, based on sole observation of the students and feedback 

surveys, were positive. They were able to grasp and utilize biological concepts in their 

resulting products, they demonstrated high engagement and attraction to Bio-Inspired 

Design, and over 90% of the studentsô feedback showed strong interest in the subject and 

the acquisition of new skill sets [96]. Montana State University also exposed their 

students in their Bio-Inspired Design course, to multiple case studies and reverse 

engineering [37]. Thus far, there is no documentation of the direct student feedback or 

evaluation on this course, to the authorôs best knowledge. However, Jenkins provides best 

practices based on the experiences, and offers insights to develop a Bio-Inspired Design 

course in a following text [108]. The demonstration of successful Bio-Inspired Design 
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cases may be helpful to a designer who is be able to apply the same analogical transfer 

found in that case, to their existing problem.  

 

2.4.3 AskNature 

Asknature.org is a curated database and website launched in 2008, that 

inventories natureôs discovered solutions or phenomenon [109]. For each phenomenon, 

AskNature provides descriptions, pictures, diagrams, history, application ideas, similar 

natural systems, or existing designs that have applied said phenomena. This allows users 

to search for phenomena by keyword, function name, strategy, existing solutions, and 

organisms. Within the context of this database, function is defined by Asknature.org as ña 

speficic challenge met by natureò, and strategy is defined as a means to address more 

than one challenge, thus serve multiple functions [22]. The information is free of charge 

for anyone, and there are currently over 1,800 natural phenomena available in the 

database, as  of April 2015 [22]. This database essentially provides access to relevant 

biological information as they are continuously being discovered, studied and extracted 

from peer-reviewed journals [23]. The creators allowed users to create profile and hoped 

for communication, sharing and social activity, however this objectives were not 

observed in satisfactory levels [23]. As it is still an experiment relying on user feedback, 

it is constantly being improved by its developers [23]. Though there have not been any 

empirical studies, as of today, exploring the effectiveness of using AskNature.org to 

promote creativity, it has been found to be a useful resource [109].  
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2.4.4 BioTRIZ 

The BioTRIZ Method is derived from the TRIZ method mentioned earlier [71]. 

BioTRIZ, is very similar to TRIZ, however, instead of using successful principles found 

from technological patents, the principles are derived from nature [24].  Similarly to 

TRIZ, BioTRIZ principals were developed through the study of around 500 biological 

principles which resulted in the documentation of 270 functions, leading to 2500 

contradictions with their associated biological resolutions [24]. The system parameters 

were updated to six fields of operation for BioTRIZ (Substance, Structure, Space, Time, 

Energy, and Information), making it easier to use than the 36 system parameters found in 

TRIZ [24].  The use of BioTRIZ has been shown to be useful through direct application 

[110, 111]. Craig et al., through the utilization of BioTRIZ, have successfully developed 

a Bio-Inspired solution to anengineering problem. They were able to design a roof 

structure that allowed for cooling of buildings with limited passage restriction to 

longwave infrared.  Such a solution would not have been attainable through the sole use 

of the original TRIZ method [111]. Glier et al. has also evaluated the use of BioTRIZ 

through a study with a group of 12 graduate-level mechanical engineering students [112]. 

The students were taught to use TRIZ, BioTRIZ, Functional Modeling and bio-keyword 

search, and were then given a simple design problem to solve using TRIZ, then with 

BioTRIZ. It was found that both methods were well applied and rated higher, through 

student survey feedback,than Functional Modeling and bio-keyword search. While the 

two methods generated different concepts, there were no apparent advantages of using 

one over the other [112].  There were also some minor difficulties when using BioTRIZ 

after having used TRIZ. The fields of operation of BioTRIZ are more abstract than those 
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of TRIZ, which led to ambiguous problem conflict definitions and some confusion [112].  

In general, the use of BioTRIZ was found to be simple and easy, however using the 

inventive principles to generate concepts was somewhat of a challenge for some.  

 

2.4.5 Bio-Keyword Search 

Functional Modeling enables a thorough understanding of the requirements and use 

of a product, while decreasing the tendency of designers to fixate on a particular physical 

solution for the problem [113]. Using Functional Modeling, designers deconstruct a 

problem so that an analogous function in nature can be more easily found. From there, 

one can use function terms to search for analogies in a bio-keyword-based database. 

Several of these curated databases have been created to facilitate the search for 

appropriate biological sources of inspiration, such as AskNature, DANE and IDEA 

INSPIRE [31, 105]. The method evaluated in this thesis, Bio-Keyword search, makes use 

of Functional Modeling in combination with black box models, Glierôs Engineering-to-

Biology Thesaurus, and the use biological journals and textbooks as databases [9, 101, 

102]. During the functional modeling phase, the user would create a black box model to 

identify the core functions of the system, then decompose the system into more detailed 

functions using terminologies from the functional basis [25], then translate these terms 

into biological words via the Engineering-to-Biology thesaurus, and use those ñbioò 

terms to search the journals and textbooks [9, 101, 102]. Several examples of functional 

models can be found here [26, 97, 114]. By developing such models using bio-keywords 

from the Engineering-to-Biology Thesaurus, it facilitates the individual functions in the 

models to be explored through analogies in nature, and also allows one to compare the 
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full functional models of mechanical problems to those found in nature. Subsequently, 

black box models can also be compared to facilitate direct inspiration matching. 

Furthermore, the functional modeling of biological systems allows engineers to better 

understand the phenomena occurring in the said system; mitigating the need for engineers 

to comprehend biological language. Such a repository of biological phenomena 

functional models has been developed [113]. Through the use of four case studies, results 

of a preliminary studies showcases the successful use of functional modeling coupled 

with repositories to effectively enhance problem formulation, and further transfer 

principles from biology to engineering systems, leading to the development of uniquely 

creative solutions [97, 113]. In all four cases, the biologically inspired solution function 

flows and components were compared to those of the engineered solutions on a, and were 

regarded to be relatively unique, novel, functional and effective [97, 113].  

 

2.5 Teaching Bio-Inspired Design Methods 

Various universities like Georgia Institute of Technology, Montana State University 

and University of Maryland have developed courses through which students are taught 

methods of Bio-Inspired design [37, 96, 115]. The studies at Montana State University 

and University of Maryland were discussed previously in the Case Study section. The 

instructors and designers of the courses are still investigating better methods and 

structures by trial and error, course evaluation experiments and student feedback. Whilst 

progressing, these universities have published descriptions of their course structures to 

inspire other universities, provided data for extensive research, and have conducted their 

own studies and evaluations of the courses [33, 36, 96, 116-118]. Georgia Institute of 
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Technology nurtures the Center for Biologically Inspired Design (CBID), and has 

introduced a multidisciplinary Bio-Inspired Design course. The curriculum and methods 

of teaching have been modified with every new semester since it was first introduced in 

2006, in order to explore various effects and the best practices. It typically involves a mix 

of undergraduate and graduate mechanical engineers, biologist, biomedical engineers, 

industrial engineers, architecture, material science and a mixture of other disciplines. It 

also involves readings, assignments and group projects. As other universities have done, 

this course catches the studentôs interest in Bio-Inspired design by familiarizing them 

with successful case studies. Then, they were taught how to assess and reframe 

engineering problems presented to them in terms of functional analysis, how to draw 

analogies from nature and allow them to solve small group exercises. It is predominantly 

focused on novel design techniques, interdisciplinary communication and collaboration, 

and exploration of topics beyond oneôs core domain [118].   

 

This course has been the subject of many studies conducted by Helms et al., 

including the implementation and testing of DANE (discussed earlier) [106, 107, 117-

120].Some those findings include the identification of key challenges when teaching 

students to perform Bio-Inspired design. Some of those challenges include searching, 

identifying, understanding and evaluating biological systems and good design problems, 

mapping, transferring and communicating analogies and complex systems, and 

interacting in interdisciplinary team environments [118]. Additionally, they were able to 

use the course to evaluate two high-level processes of performing Bio-Inspired Design: 

Solution-Driven and Problem-Driven. It was found that a Solution-Driven starting point 
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more readily drives the design process, as opposed to a Problem-Driven starting point, 

since it incites more structural focus [106, 120]. Furthermore, they suggest from 

observation that using interdisciplinary teams allows an expansion of oneôs horizons and 

domain since each student is pushed to examine problems from different point of views 

and communicate ideas to diverse disciplines. This promotes creativity and innovation 

[118].  

 

Texas A&M University developed a similar elective course to introduce 

undergraduate Mechanical Engineering students to Bio-Inspired design. Prior studies 

were conducted to develop the course and determine the methods that would be 

incorporated into the curriculum [115]. The teaching methods and curriculum will be 

discussed in Section 4.1.  

2.6 Evaluating and Comparing Methods Studies 

With the development of formalized methods and tools come the inevitable studies 

that test, evaluate, and compare the effectiveness of each method. Most of the studies 

briefly discussed in the previous section test the effectiveness of each singular method 

when compared to a ñno-methodò control group.  For some traditional, non-Bio-Inspired 

methods, such as TRIZ, SCAMPER, 6-3-5, C-Sketch, BrainSketching, and Gallery 

Method, there have been a few comparative studies to determine advantages of one 

method over the other, to the authorôs best knowledge.  

 

Chulvi et al. compares the TRIZ, SCAMPER, Osbornôs Brainstorming and no 

method by assigning four different groups of design PhD students a specific method, with 
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which they were to solve design problems [78]. The results were analyzed using a 

multidisciplinary panel of judges that rated each concept on novelty and utility. Results 

show that the use of TRIZ helps to generate more novel solutions than SCAMPER. 

Unexpectedly, brainstorming result in more novel solutions than both, however, those 

were rated as less useful than those generated by both TRIZ and SCAMPER [78]. 

However, the use of the three formal design methods showed advantages on both criteria 

when compared to no formal method.  

 

In another study by Linsey et al., equivalent methods to Brainstorming, 6-3-5, C-

Sketch, BrainSketch and the Gallery Method were compared by assigning various senior 

level mechanical engineers a design problem to solve with each method [66, 86]. The 

resulting concepts were analyzed using the formalized Quantity, Quality, Novelty and 

Variety evaluation metrics (discussed later), and displayed greater advantages in quantity 

and quality metrics when using methods that involve both sketching and text [66, 86].   

 

Similar styles of studies are also applied to evaluate the effectiveness of Bio-

Inspired Design methods. For example, as discussed earlier, testing the effectiveness of  

using  nature through the Directed approach, or the Engineering-To-Biology Thesaurus 

approach [9, 20]. These studies observed each method individually but were not 

compared to other Bio-Inspired design methods. Glier et al. evaluated the use of Bio-

Keyword Search (similar to the one in this thesis) and BioTRIZ, by teaching them to 

working professionals, through a weekend-long workshop [39, 112]. The comparison was 

made possible through the analysis of a three-part activity given during the weekend, a 
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long-term design project, and feedback surveys. It was found that the designers were able 

to learn and quickly apply each method, and they aided to generate concepts that were 

inspired by nature. Some difficulties using each method were discovered. As discussed 

earlier under the BioTRIZ section, the BioTRIZ inventive principles were easily found 

but difficult to apply. Furthermore, Glier et al.ôs version of Bio-Keyword search 

facilitated the search for biological analogies for those that were familiar with Functional 

Modeling. Thus, since most were unfamiliar, they were unable to generate useful models, 

whereasthose who better grasped the concepts of functional modeling were able to 

generate more useful models  [112].  
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CHAPTER 3: EXPERIMENTAL TOOLS  

In this thesis, various tools were used to test participantôs creative and innovative 

skills, and assess their self-efficacy to evaluate to degree to which the elective course 

impacted the participantôs perceived engineering design skills. This chapter will present 

those various tools, where they came from, how they are used and applied.  

 

3.1 Design Problems 

As many prior studies, engineering design problems are used to assess oneôs 

creativity and ability to generate concepts. To develop design problems, researchers often 

began by brainstorming potential problem ideas as a lab group when applicable design 

problems are not available in the literature. Currently, in the design literature there are a 

limited number of problems available.   In this study, several problems were selected and 

used to evaluate subjectsô outputs. These include Alarm, Corn, Coconut, Blind Cup, 

Peach, Towel Ironing, and Peanut Sheller [20, 39, 42-45, 121, 122].These problems are 

described in Table 1. Each problem presents an engineering query within their context 

and environment of operation, followed by a set of customer needs that concepts should 

satisfy.  
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Table 1: Design Problems Descriptions 

Corn 

Corn is currently the most widely grown crop in the Americas with the United States 

producing 40% of the worldôs harvest.  However, only the loose corn kernels are used when 

bought canned or frozen in grocery stores.  An ear of corn has a protective outer covering of 

leaves, known as the husk, and strands of corn silk threads run between the husk and the 

kernels.  The removal of husk and silk to clean the corn is known as shucking corn.  Design a 

device that quickly and cheaply shucks corn for mass production.   

Customer Needs: 

¶ Must remove husk and silk from corn cob with minimal damage to kernels. 

¶ A large quantity of corn must be shucked quickly. 

¶ Low cost. 

 

Alarm  

Alarm clocks are essential for college students, however often times they will wake up a 

roommate and those around them as well.  Design an alarm clock for individual use that will 

not disturb others.  The clock should be portable for use in a variety of situations such as on 

the bus, in the library, or in a classroom.   

Customer Needs: 

¶ Must wake up individual with no disturbance to others. 

¶ Must be portable and lightweight. 

¶ Electrical outlets are not available as a constant power source. 

¶ Low cost. 

 

Blind Cup 

Design a volume-measuring apparatus for use while cooking by a person who is blind.  It 

needs to be easy to operate and able to be used for both powders and liquids without 

splattering during operation.  The apparatus needs to measure graduated quantities from 1/4 

to 2 cups. 

Customer Needs: 

¶ Prevent waste of food products. 

¶ Easy to clean. 

¶ Low cost. 

 

Towel Ironing 

Design an automatic wrinkle removing device for use for towels in high-end hotels.  The 

purpose of the device is to remove wrinkles from freshly laundered towels and to fold the 

towels.  At this stage of the project, there is no restriction on the types and quantity of 

resources consumed or emitted. 

Customer Needs: 

¶ Remove wrinkles and fold towels quickly. 

¶ Consistently remove all of the wrinkles and fold towels to the same size. 
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Table 1: Design Problems Descriptions (Continued) 

Coconut 

In certain places like the Philippines, Indonesia, and India, coconut harvesting is a major 

practice.  The current process requires a skilled person to climb the tree and cut down the 

coconuts.  The average height of a coconut tree is 35-40 feet and though there are grooves 

along the tree that make it easier to climb, the tree surface becomes very slippery during the 

rainy seasons.  The process may take as long as 12 hours for large farms that average 150 

trees.  The goal of this problem is to design a low-cost product to improve the coconut 

harvesting process so that it is safer and can be done more quickly.  The target throughput is 

at least 500 pounds per hour. 

Customer Needs: 

¶ Must climb tree and remove coconut with little damage to fruit. 

¶ Electrical outlets are not available as a power source. 

¶ Low cost 

 

Peach 

Peaches have a pit in the center of the fruit that should not be eaten.  Ripe peaches are 

delicate, soft, and bruise easily.  For certain types of peaches, the flesh of the peach clings 

tightly to the pit.  Design an automated device that can cleanly remove the pits of all ripe 

peaches while keeping the fruit intact and without wasting much of the fruit.  The peaches 

cannot be genetically modified.  The target throughput is approximately 50 pounds per hour. 

Customer Needs: 

¶ Must remove entire peach pit with minimal damage to the peach. 

¶ A large quantity of peaches must be quickly pitted. 

¶ Low cost. 

 

Peanut 

In places like Haiti and certain West African countries, peanuts are a significant crop.  Most 

peanut farmers shell their peanuts by hand, an inefficient and labor-intensive process.  The 

goal of this project is to design and build a low-cost, easy to manufacture peanut shelling 

machine that will increase the productivity of the African peanut farmers.  The target 

throughput is approximately 50 kg (110 lbs) per hour. 

Customer Needs: 

¶ Must remove the shell with minimal damage to the peanuts. 

¶ Electrical outlets are not available as a power source. 

¶ A large quantity of peanuts must be quickly shelled. 

¶ Low cost. 

¶ Easy to manufacture 
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The Alarm problem was adapted from the design problem created  by Genco et al. to 

compare freshman undergraduate engineering studentsô innovative capability to those of 

seniors [42]. Their version asked the participants to design an alarm clock that could be 

disabled by a user with oven mitts, earmuffs, and blindfolds, whereas Glier et al. 

modified it to the description shown in Table 1 [20]. No reason was given for the 

changes. The modified Alarm problem was used in conjunction with the Corn problem by 

Glier et al. to study the effectiveness of the Directed methodôs use [20].  The Coconut 

problem was developed by Glier et al.ôs for  a Bio-Inspired workshop study [39]. It was 

adapted from Atilola et al.ôs  ñCoconut Huskingò, for their study to compare the effects 

of representations of examples [43]. The Blind Cup problem was taken directly from 

Janson and Smithôs study to test the ability of measuring design fixation [44]. Jansson 

and Smith asked participants to design a measuring cup for individuals with visual 

impairments. It was chosen because it would be less familiar to participants, thus 

avoiding fixation.  The Peanut (or Peanut Shelling) problem is the most used in various 

prior design studies that test creativity and innovative capabilities of designers [45, 121, 

122].  

 

The Peach and Towel Ironing problems were developed for the purpose of the course 

presented in this thesis. There was a need to find a problem that students would be 

familiar with but did not have obvious known solutions, thus creating an engineering 

challenge.  
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3.2 Idea Evaluation Metrics 

To measure the effectiveness of experimental conditions, four formal ideation 

metrics have been used in prior studies: quantity of ideas, quality of concepts, novelty 

and variety. These metrics were first proposed by Shah et al. [123], which were then 

adapted and supplemented by Linsey et al. [121, 122]. The procedures for assessing these 

metrics were recently further refined to increase reliability by Helms et al., which are 

documented and formalized in a comprehensive Training Packet [124].  When a 

participant generates conceptual sketches as possible solutions for a particular design 

problem, these metrics are used to quantitatively analyze, evaluate and compare these 

resulting concepts.  

 

To better explain these metrics, one must understand the context in which they are 

used. Participants are typically asked to sketch and annotate several concepts for a 

particular design problem. The concepts are then analyzed and coded by graduate 

students that have been trained using the coding Training Packet developed by Helms et 

al. [124]. For each metric, there are structured procedures to follow to ensure consistency 

in coding. The Training Packet ensures that all trainees will evaluate problems similarly, 

following the same guidelines. It offers a full description of each metric, along with 

multiple example concepts that a trainee may use for practice. The purpose and process 

of each metric are described as follows.  
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3.2.1 Quantity 

The Quantity of Ideas, or simply referred to as ñQuantityò, is an ideation metric that 

determines the number of non-redundant ideas found in a set of concepts provided by one 

participant. An single ñideaò is a part of the design that satisfies a function in the 

Functional Basis [125]. Each concept usually encompasses several ideas in order to 

complete a task or set of tasks. In order to calculate the number of these non-redundant 

ideas, each concept provided by a subject is initially analyzed individually and all the 

ideas present each concept is listed.  If any idea is used by one individual participant 

more than once within the same concept, or duplicated in another concept, then that idea 

is only counted once.  However, if there was a component that was used to accomplish 

different functions, the component was counted for each function. For example, in the 

example concept for the Peanut Shelling problem in Figure 1, the concept uses a human 

being to perform two separate functions: to position the peanuts and to supply energy. 

Thus, ñHumanò is counted twice as a non-redundant idea for that participantôs set of 

concepts. Furthermore, if this same participant were to generate 3 more concepts that also 

utilized a ñHumanò as an idea that satisfies the functions Supply and Position, then the 

pair of ñHuman-Positionò and ñHuman-Supplyò would only be counted once for all four 

concepts, since they would be redundant ideas for all four concepts. In the end, the total 

number of non-redundant ideas for a set of concepts is counted and recorded. To ensure 

reliability amongst coders that analyze these concepts, a Pearson Correlation is often used 

between two different raters that count the number of non-redundant ideas.  
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Figure 1: Example Concept to Peanut Problem Demonstrating the ñPositionò and ñSupplyò 

functions performed by a human [124].  

3.2.2 Quality  

Quality is a measure of the feasibility of a concept and how well it meets the 

problem specifications or customer needs [126]. This metric uses a three-point rating 

scale, which was developed by Linsey et al. [121, 122]. A quality score of zero is given 

to concepts that are not technically feasible or do not meet any of the customer needs. A 

score of one is given to concepts that are technically feasible and partially meet the 

customer needs. A score of two is given to concepts that are both technically feasible and 

also meet all the customer needs. To better represent this though process, the 3 levels of 

quality are represented in the flowchart in Figure 2.  
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Figure 2. Flow chart process for quality  rating. 

 

Two examples of quality ratings are shown in Figure 3. The first shows a concept 

involving genetically modified or bio-engineered worms that will only eat the shell but 

leave the peanut intact. While this concept may be considered to be very creative and out 

of the ordinary, it received a quality score of 0 due to its lack of technical feasibility. The 

second concept utilized human feet to crack the peanut shells, which is feasible and low 

cost, however it may cause damage to the peanuts, the output number would be lower 

than what is demanded, and there would be a lack of consistency in the pressure applied 

to each peanut. That concept would receive a score of 1.  
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Figure 3: Concepts that have quality score of 0 (left) and 1 (right)  

 

A concept with a score of 2 would be found to be technically feasible, fitting to the 

context of the problem, and fulfilling most of the customer needs. A concept receiving a 

score of 2 is shown in Figure 4 because it is simple, consistently removes the shells, uses 

a low cost source of power and has a high rate of shelling.    
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Figure 4: Concept that has a quality score of 2 

 

For each participant, the average quality score of their Concept set is averaged. 

This allows the comparison of each participantôs levels of output quality. Of course, 

different raters may determine different quality scores for the same concepts, thus to 

ensure reliability of this metric among raters, the use of Cohenôs Kappa is used for at 

least half the data being rated, as it is a measure of inter-rater agreement for qualitative 

data analysis [127].  
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3.2.3 Novelty and Variety 

The Novelty metric measures the frequency of occurrence of concepts given a 

solution space generated by the participants, while the Variety metric measures the size 

of that solution space [126]. In order to measure Novelty and Variety, a ñBinò list is 

developed for each design problem solution space. These bins consist of a list of concepts 

that have been used by different participants. For example, since the peanut shelling 

problem has been the most used, it has the most coherent and reliable binôs list. Some of 

these bins include cylindrical roller, blade, filter, press, centrifuge, vibration, etc. For 

each individual concept, one point is added to a bin, or if the concept is composed of 

multiple bin concepts, a point will be added to a multiple of bins. Thus far, after multiple 

studies and use of the peanut shelling problem, a coherent binôs list consisting of 45 bins 

has been established, accounting for a wide variety of concepts that have been generated 

by over thousands of participants [65, 128, 129]. A full bin list and description is 

provided in Appendix B for the peanut shelling problem. The Alarm and Corn problem, 

which have been used by a few studies [20, 21, 130], consists of 39 and 43 Bins thus far, 

respectively (Shown in Appendix C). A lesser used problem, Blind Cup, consists of 33 

bins thus far (Appendix C). For newer problems such as Coconut, and Towel Ironing, and 

Peach, well established bins have not yet been developed, but thus far consist of 45, 38, 

and 30 bins, respectively (also shown in Appendix C). Once a binôs list is established, the 

concepts at hand can now be entered into an excel sheet as shown in APPENDIX D.  For 

each particular concept, the individual ideas in that concept are cross listed with the 

corresponding bin. The number of occurrences of each bin across the pool of concepts 

leads to the calculation of the Novelty and Variety metric as follows.  
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For each bin and a given solution space, the novelty score is calculated by taking one 

minus the ratio of number of concepts in a bin to the number of total number of concepts.  

The mean novelty score for each participant is then found by averaging the novelty scores 

of their concepts. This would result in a score between 0 and 1. The closer the score is to 

1, the more novel it is. The variety metric employs the same bin counts that were utilized 

for Novelty. For each individual participant, the variety score is the ratio of total bins 

used by that participant to the total number of bins. Similar to the novelty metric, the 

score can vary between 0, for not developing any concepts, to 1, for generating concepts 

that fall within every bin. For reliability and consistency of novelty and variety results, a 

Pearson correlation is used between two ratersô results.  

3.2.4 Number of Concepts 

 This metric shows the number of single product solutions provided by each 

participant for a given problem. A single product solution is defined as all the ideas 

contained on a single page unless participants made a clear indication that the product 

solution is continued onto another page [121]. This metric is evaluated by counting the 

number of single product solutions generated by each participant, and obtaining a total 

number. To not be confused with ñQuantity of Ideasò, a participant can provide many 

concepts. For example, the student-generated solution set in Appendix B shows 4 

concepts generated by one student. Thus the number of concepts for that student is 4, and 

each of these 4 concepts contains multiple ñIdeasò as described by the Quantity of Ideas 

metric.  
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3.3 Linear Equating 

Design problems vary in difficulty to solve, participant familiarity, solution space 

size and many other factors. To account for between-problem evaluation metric 

differences, a method of linear equating was introduced in order to scale resulting metrics 

to make different problem metric results ñequivalentò. The reasoning behind this method 

can be explained by the following example: If Problem A is always twice as hard as 

Problem B under one specific condition, then for future evaluation and alternate testing 

conditions, we always want to take into account that hardness factor of 2. But to 

determine that ñ2ò factor, both problems need to be evaluated under the same situation to 

serve as a baseline.  

 

To determine the baselines in the context of this study, the multiple design problems 

were given to freshman engineering students under the same conditions. It is assumed 

that all freshmen have similar knowledgeability and with a large enough sample size, 

different groups can essentially be treated as equals. The peanut sheller problem was used 

as the reference. In other words, from the previous example, the peanut sheller problem 

represents Problem A, and the subsequent problem factors (B, C, D, etc...) are relative to 

Problem A. This Peanut problem was particularly chosen for this purpose as it was the 

most used, developed and well evaluated by Linsey et al. [121, 122]. It served as a solid 

baseline reference. Thus, within the same parameters and level of knowledge, the 

resulting evaluated metrics for the different problems can be correlated back to those of 

the Peanut Sheller. Ideally, after using these factors and the method of linear equating to 
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rescale Problems B (C, D, etcé), they can essentially be treated as equivalent to Problem 

A (or the Peanut Sheller problem in this case).  

 

To obtain these ratios or factors between each problemôs metrics and those of the 

Peanut Sheller, the resulting metrics obtained from the analysis of the concepts generated 

by the participants are recorded. These factors are then used to calculate the equivalent 

scores, assuming the relationship between groups were linear, thus using the Linear 

Equating equation from ETS [131]. With this scaling, there are three parameters to take 

into account. The data set of the reference problem, Problem A (in this case being Peanut 

Sheller), referred to as ὃ, the data set of the problem (B, C, D, etc.) which was collected 

under the same conditions as that of the Peanut Sheller, referred to as ὄ, and the data set 

of the new scores (under the new conditions being tested) that need to be scaled (Problem 

B, C, D, etc.), referred to as ὄ .  The new equivalent or scaled scores were calculated 

using Equation 1 

 

 ╢╬╪■▄▀ ║ ░    
╢╓═

╢╓║
║ ░ □▄╪▪═

╢╓═

╢╓║
□▄╪▪║  (1) 

 

Where ὄ  is the input of the equation, representing the metric score to be scaled,  

ὛὈὃ  and ὛὈὄ  are the standard deviations of the ὃ and ὄ data set respectively. 

άὩὥὲὃ  and άὩὥὲὄ  are the means of the ὃ and ὄ data sets, respectively. 

ὛὧὥὰὩὨ ὄ  is the new, scaled score which should be equivalent to that of ὃ, which in 

this case is the Peanut Sheller problem.  
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The Alarm, Corn, Blind Cup, Towel Ironing and Coconut problems were given to 

freshmen engineering students under the same conditions: 50 min to generate as many 

concepts as possible, without using any particular method of problem solving. This data 

was mainly collected for the purpose of a longitudinal study by Kim et al. but with the 

secondary purpose of these equivalency factors. For more detailed experimental setup, 

please refer to [132]. For this thesis, the available resulting average and standard 

deviation values for the quantity, quality were pulled and acquired from Kim et al.ôs 

study and are displayed in Table 1 to facilitate the use of Equation 1. Since the Peach 

Pitter problem used in this thesis is different from the Peach Transport problem in Kim et 

al.ôs study, the equivalency factors are yet to be available.  Additionally, the Novelty and 

Variety factors were not recorded due to differences in bins and rating training of these 

respective metrics from the time the freshman data was analyzed to this thesisô analysis.  

 

Table 2: Equivalency Factors 

Quality Quantity 

Mean SD Mean SD 

Peanut 1.29 0.28 15.3 4.92 

Alarm 1.62 0.29 12.4 4.99 

Corn 1.06 0.23 9.85 3.56 

Blind Cup 1.29 0.42 13.0 4.71 

Towel Ironing 1.32 0.36 9.63 4.73 

Coconut 0.93 0.29 17.0 6.31 

Peach Not Avail. Not Avail. Not Avail. Not Avail. 
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3.4 Self-Efficacy 

Bandura defined self-efficacy as oneôs beliefs in their own level of ability to 

successfully perform domain-specific tasks [133]. It was shown that as oneôs self-efficacy 

increases, one is more likely to wield greater effort towards an activity in the domain of 

that self-assessment [134]. Subject-specific self-efficacy can be improved through 

additional education, as well as increased experience[135]. Thus,  oneôs self-efficacy can 

be increased through the learning of material pertaining to oneôs goal and gaining the 

motivation to succeed [136]. Thus, a higher self-efficacy drives oneôs behavior towards 

higher achievements.  

 

The ability to measure an individualôs self-efficacy allows researchers to measure the 

effectiveness of experimental variables such as training programs, curriculums, 

experiential learning, etc. Carberry et al. developed a self-efficacy instrument to study 

peopleôs self-efficacy towards engineering design tasks [135]. These engineering tasks 

follow the eight steps of the engineering design process as proposed by the Massachusetts 

Department of Education: Identify the need or problem, research the need or problem, 

develop possible solution(s), select the best possible solution(s), construct a prototype, 

test and evaluate the solution(s), communicate the solution(s), and redesign [137]. 

 

This instrument examines four task-specific self-concepts, which are defined as 

ñany variables concerning the understanding an individual has of him or herself for a 

given taskò [135]. The four task-specific self-concepts in the survey are self-efficacy, 

motivation, expectancy of success, and anxiety towards the task. For each of the four 
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self-concepts, a set of nine questions, of which the last eight of the steps correspond to 

the eight steps of the engineering design process, is posed. The first question is a 

comprehensive question (soon to be explained).  The user must select a degree, on a scale 

of 0 to 100, to which they think they can perform the specific tasks. The example 

questions are presented in the structure presented in Figure 5. 

 

 

Figure 5: Carberry et al.ôs Generic Scale that represent the engineering design domain [135] 

 

The very first task, ñConduct Engineering Designò is referred to as oneôs 

Engineering Design (ED) score, which in theory encompasses oneôs self-concept of 

performing the entirety of the eight subsequent tasks of the engineering process.  The 

eight individual tasks are the steps that construct the overall design process, and their 

entirety is referred to as the Engineering Design Process (EDP). Ultimately, the survey 

asks a subject to complete the set of nine tasks shown in Figure 5 for the four self-

concepts: Their confidence, their motivation, expectancy of success, and their level of 

 

Rate your degree of (FILL IN TASK-SPECIFIC SELF-CONCEPT OF INTEREST) (i.e. belief in your 
current ability) to perform the following tasks by recording a number from 0 to 100. (0 = low; 
50 = moderate; 100 = high) 

 
 0 10 20 30 40 50 60 70 80 90 100 

Conduct engineering design            

Identify a design need            

Research a design need            

Develop design solutions            

Select the best possible design            

Construct a prototype            

Evaluate and test a design            

Communicate a design            

Redesign            
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anxiety. Thus, an individual with high self-efficacy would be confident in their abilities 

to complete the task, would have high motivation and expectancy of success, and have 

low levels of anxiety.  

 

This self-efficacy instrument, or modified versions, has been employed by various 

studies to measure subjectsô improvement or lack thereof, of their self-efficacy from 

experimental processes, courses, design methods, or training [138-141]. To clarify, this 

self-efficacy instrument reports oneôs self-reflected abilities to conduct traditional 

engineering design, not the ability to conduct Bio-Inspired Design. Though this thesis 

examines the use of Bio-Inspired Design, it employs this self-efficacy instrument to 

evaluate the effects of learning various Bio-Inspired Design methods on the studentôs 

self-reflected ability to conduct a traditional engineering design processes. It is hoped that 

learning these new methods provides new perspective and insights in the studentsô future 

application of the traditional engineering process.  
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CHAPTER 4 ï BID EVALUTION STUDY  

BIO-INSPIRED DESIGN METHODS 

This chapter will present the quantitative and qualitative evaluation of the five Bio-

Inspired Design methods using the tools from Chapter 3, with additional analysis of 

surveys and student feedback. 

4.1 Experimental Methods and Analysis 

A between-subject experiment was run with students from a senior level Bio-

Inspired design course at Texas A&M University, during two different semesters, one 

year apart. The participants consisted of 32 students in Semester 1, and 42 students in 

Semester 2. Since the participants are mechanical engineering students, biology is not a 

required part of their curriculum so their knowledge of biology is comparable to that of a 

practicing engineer who has not worked with biological systems. The experiment took 

place throughout the course of the semesters. The data collected for this experiment 

collected the assigned course homework or in-class assignments, and no additional 

compensation was provided for participation in the experiment. Students provided their 

consent for their work to be used for research. The syllabus and class structure can be 

found in Appendix F. 

4.1.1 Homework Assignments and Design Problems 

The five methods for Bio-Inspired design were taught throughout both semesters 

as individual modules by the same instructor in the following order: Directed Method, 

Case Study, AskNature, BioTRIZ, and Bio-Keyword Search. The lecture modules used to 

teach BioTRIZ and Bio-Keyword Search are shown in Appendix G1 and G2, 
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respectively. At the end of each module, there were a few class exercises and worked 

examples to help practice. Then, the students were given an assignment containing a 

design problem, for which they were to generate concepts using the method of that 

module. Since AskNature.org was also presented and tested as a tool to perform Bio-

Inspired Design, for the purpose of this elective course, the students were asked to 

exclude AskNature.org as a possible source of information when using the Case Study 

method. The prompts used to direct participants to use a specific method for each design 

problem, and the method can be seen in handouts in Appendix A.  

 

The design problems, described in Section 3.1, were chosen to involve tasks that 

the students would be familiar with, but with a small change that would make the task 

more challenging.  For example, many of the students have likely removed the husk and 

silk from corn, but may not have considered how to do so for mass production.  The 

problems also needed to have mechanical solutions since the participants were 

mechanical engineers.  

 

After learning one of the Bio-Inspired design method modules, each student was 

given a design problem as a prompt for generating concepts.  For Semester 1, two 

problems were given for the Directed method (Alarm and Corn), and for Semester 2, only 

Alarm was used for Directed. Two problems were implemented in Semester 1 for the 

Directed Method because there was concern if the problems would be good ones.   For 

the other methods, the design problems were rotated. The various problems and their 

assigned methods are graphically depicted in Table 3.  



 

 46 

  

Table 3: Graphical representation of experimental setup of methods and problems 

 

 

The instructor of the course was directed to follow the script in Appendix A for 

each homework assignment during class time, as an announcement to the students. 

Additionally, each student was asked to generate as many concepts as they could for 50 

minutes, no matter the level of feasibility, using the prompts in Appendix A. Some minor 

modifications were made in the problem statements from Semester 1 to Semester 2, such 

as adding extra instructions in the method sections. Originally, it was planned to only 

allow participants to generate concepts for 50 minutes. In Semester 1, the instructions to 

limit the participantsô concept generating to 50 minutes was present but unclear for 

certain problems and was therefore assumed to be overlooked. This was recognized from 

observing the studentôs responses: some were missing a 50 minutes line. In Semester 2, 

the instructions were still unclear but looking at the collected homework, it was noticed 

that some participants observed the 50 minutes line rule and some did not. For fairness of 

rating, all concepts generated, even past the 50 minutes line, were included in the 

metricsô ratings.  This may have caused a disparity in the mean number of concepts 

generated per participant for one problem. The concepts were to be sketched by hand 



 

 47 

with annotations. An example concept set generated by a student can be seen in 

Appendix B. Some students missed a few classes or did not turn-in their assignments, 

thus the number of designs submitted for each combination varies. The number of 

assignments collected for each method is supplied in Table 4. 

 

Table 4. Number of participants for each method per semester 

 Semester 1 Semester 2 

Directed 17 (Alarm), 15 (Corn) 41 

Case Study 32 41 

AskNature 29 41 

BioTRIZ  24 35 

Bio-Keyword Search 23 32 

 

The ideas generated by the students, were evaluated using the quantity, quality, 

novelty, variety and number of concepts metrics, as discussed in Sections 3.2.  These 

metrics were used to quantitatively compare the experimental conditions based on the 

concepts generated by the participants. In order to ensure reliability of the metrics, two 

separate evaluators rate the concepts to obtain inter-rater agreement. The two ratings 

were tested using Pearsonôs Correlation for quantity, and Cohenôs Kappa for quality. That 

way, one person is not rating differently than another.  

 

Two graduate students were trained using a Metric Training packet [124]. A single 

rater evaluated all the data from this experiment. The second rater evaluated the results 

from at least 20 participants in each condition for all the metrics. These second ratings are 

used to establish inter-rater agreement and ensure that the overall ratings are consistent 

and repeatable. The main rater already obtain satisfactory inter-rater agreement for the 



 

 48 

Corn problem for another study [132], thus required inter-rater agreement for the 

remaining problems of this thesis. For the quality, quantity, novelty and variety metric, 

there was agreement with Cohenôs Kappa values of K > 0.68 and Pearson correlation of 

R  > 0.74, R > 0.88, R > 0.77 respectively. For All the inter-rater agreement values are 

shown in Table 5 for all the design problems.  

Table 5: Inter -Rater Agreement Statistics 

 Quantity Quality Novelty Variety 

 Pearson R Cohen's Kappa K Pearson R Pearson R 

Alarm 0.96 0.68 0.93 0.97 

Towel Ironing 0.78 0.69 0.96 0.92 

Blind Cup 0.77 0.68 0.90 0.87 

Coconut 0.85 0.73 0.88 0.77 

Peach 0.74 0.69 0.89 0.94 

 

Using the equivalency method described in Section 3.3, each participantôs quantity 

and quality scores were scaled individually. It was originally planned to scale the 

resulting metrics of all the homework problems in this experiment to their corresponding 

Peanut Sheller equivalences, however, due to changes in planning and experiments, the 

equivalency factors were not calculated for Peach. In other words, this thesis will present 

scaled quantity and quality metric scores for all the design problems in this experiment 

(Alarm, Corn, Blind Cup, Coconut and Towel Ironing) except for Peach. As mentioned 

earlier, the novelty and variety scores were not scaled due to differences in rating styles 

between the freshman data analysis and this thesisô.  
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4.1.2 Semester Project 

For both semesters, there was a semester long project to be worked in teams.  At 

the beginning of the semester, the students were presented a problem for which they were 

to generate various concepts. After each method module, the groups were to use the 

newly learned module to generate concepts for their team projects. These assignments 

were assigned simultaneously with the individual homework assignments, however, they 

were generally due a few days after the individual homework assignmentôs due date.. 

Thus, the order in which the students completed the homework and these group project 

assignments varied.  At the end of the semester, each group was to write a final report 

and develop a slideshow presentation to summarize the problem statement, the various 

concepts generated with each method, the choice of a final concept that best met the 

problem requirements, their preferred method to use. Although not explicitly asked, some 

teams mentioned the method they thought helped to generate the most creative and varied 

set of concepts. The instruction set for the final report and presentation is shown in 

Appendix J. 

 

In Semester 1, there were 8 teams, however through data collection and transfer, 

the reports and presentations for the 8th team was missing, leaving only data from 7 

teams. For Semester 1, the studentsô semester long project was to generate concepts to 

render their on campus dining more efficient at cleaning dishes.  

 

In Semester 2, there were 11 teams. For their semester long project, each team 

was to develop their own engineering problem that they wished to solve. These problems 
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varied among teams, and included problems such as a human powered and easily cleaned 

device to cut fruits and vegetables to decrease meal prep times, a new system for 

tailgating at sporting events to reduce setup time, and a method to cool tents while 

camping in warm environments. The full list, as directly stated by the groups in their 

reports, can be found in Appendix I. 

 

To obtain valuable quantitative information from these semester long project 

reports and presentation, the analysis consisted of reading through the written final 

reports in conjunction with their associated final power point presentations, and recording 

what the teams had declared to be their favorite methods to use, which method or 

methods their chosen final concept was drawn from, which methods the teams had 

declared to aid at generating the most creative and a more varied pool of concepts, and 

the number of concepts that were generated using each method. 

4.1.3 Self-Efficacy and Survey 

Upon the start of the course, students were given a consent form and Carberry et 

al.ôs Engineering Design Self-Efficacy Instrument, described in Section 3.4 [135]. At the 

end of the course, the same Engineering Design Self-Efficacy Instrument was given to 

the students. The self-efficacy instrument asks for the participantsô degree of confidence 

in their abilities, their motivation level, their outcome expectancy, and their degree of 

anxiety for engineering design and seven of the eight steps of the engineering design 

process. One of the steps of the survey, ñresearch design needò was removed for this 

particular experiment since it did not apply to a Bio-Inspired Design curricula. For each 

of these task-specific self-concepts, 8 items were scored using a 100-point scale.  
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The Engineering Design Self-Efficacy Instrument forms were collected as hard 

copies from the students and the scores were manually entered into a spreadsheet twice to 

eliminate possible errors from manual data entry. The difference between the Pre-Course 

and Post-Course Self-Efficacy forms were analyzed, as well looking at the comparison of 

both semestersô Pre-Course and Post-Course forms. 

 

An additional survey was also given to each student at the end of the course, 

asking ñWhich method did you find most useful and why?ò, to which the responses were 

open ended. Example answers are shown in Figure 6. To be processed and analyzed, each 

studentôs answer was read by a graduate student, and the methods mentioned in the 

answers were recorded and counted. If the student mentioned more than one method, 

each method was still counted. The reason ñwhyò they chose the methods were taken into 

account and used as part of the discussion for the effects of each method. Both semestersô 

data were combined for analysis.  

 

 

Figure 6: Example Method Usefulness Survey Answers 
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4.2 Homework Assignments Results 

4.2.1 Collected Homework 

Due to small sample sizes and irregularity in the responses among participants, 

the resulting quantity, quality, novelty, variety, and number of concepts metrics failed the 

normality tests, which prevented the use of parametric data analysis [142]. Therefore, 

Independent Samples Kruskal-Wallis H tests and Mann-Whitney U tests were used as a 

non-parametric version of one way ANOVAôs and  t-tests, respectively [142].  

4.2.1.1 Quantity 

Figure 7 shows the comparison of methods using the Kruskal-Wallis test, based 

on the mean quantity of ideas generated per participant. Based on these results (ɢ
2
 = 86.6 

df = 4, p < 0.001), there is a significant difference across the different methods. The full 

Pairwise comparison statistics are shown in Table 6 

 

 

Figure 7: Mean quantity of ideas comparison across methods (Scaled) 
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Table 6: Pairwise Comparison of Mean Quantity of Ideas of Methods (Scaled) 

 
Test Statistic 

Std. 
Error 

Std. Test 
Statistic 

Sig. Adj. Sig. 

BioKeyword - Case Study 50.5 19.2 2.63 0.009 0.087 

BioKeyword - BioTRIZ 76.9 16.9 4.55 < 0.001 < 0.001 

BioKeyword - AskNature 83.6 16.4 5.09 < 0.001 < 0.001 

BioKeyword - Directed 142.2 16.3 8.72 < 0.001 < 0.001 

Case Study - BioTRIZ -26.4 16.9 -1.56 0.12 1.00 

Case Study - AskNAture -33.1 16.4 -2.02 0.043 0.43 

Case Study - Directed 91.7 16.3 5.63 < 0.001 < 0.001 

BioTRIZ - AskNature -6.73 13.6 0.49 0.62 1.00 

BioTRIZ - Directed 65.3 13.5 4.85 < 0.001 < 0.001 

AskNature - Directed 58.5 12.9 4.55 < 0.001 < 0.001 

 

Of the five methods, the Bio-Keyword Search method provides a statistically significant 

lower mean quantity of ideas than the other four (Kruskal-Wallis Test, p < 0.088), and the 

Directed method provides a statistically significant higher mean than the other four 

(Kruskal-Wallis Test, p < 0.001). There is no statistically significant difference between 

Case Study, AskNature and BioTRIZ.  

 

 The raw (un-scaled) results are also displayed in Figure 8 with the associated 

statistics in Table 7, showing that the trends and differences among methods are still the 

same as the scaled results. Although, the means are overall slightly higher in the scaled 

data than the un-scaled.    
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Figure 8: Mean quantity of ideas comparison across methods (Un-Scaled) 

 

Table 7: Pairwise Comparison of Mean Quantity of Ideas of Methods (Un-Scaled) 

 
Test Statistic 

Std. 
Error 

Std. Test 
Statistic 

Sig. Adj. Sig. 

BioKeyword - Case Study 16.3 17.4 0.94 0.35 1.00 

BioKeyword - BioTRIZ 71.1 17.4 4.1 < 0.001 < 0.001 

BioKeyword - AskNature 106.3 17.4 6.1 < 0.001 < 0.001 

BioKeyword - Directed 180.8 17.4 10.4 < 0.001 < 0.001 

Case Study - BioTRIZ -54.8 17.4 -3.2 0.002 0.016 

Case Study - AskNature -89.9 17.4 -5.2 < 0.001 < 0.001 

Case Study - Directed 164.5 17.4 9.5 < 0.001 < 0.001 

BioTRIZ - AskNature 35.1 17.4 2.0 0.043 0.429 

BioTRIZ - Directed 109.7 17.4 6.3 < 0.001 < 0.001 

AskNature - Directed 74.6 17.4 4.3 < 0.001 < 0.001 
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4.2.1.2 Quality 

Figure 9 shows the comparison of methods based on the mean quality of ideas 

provided. Based on the Kruskal-Wallis test results (ɢ
2
 = 33.8, df = 4, p < 0.001), there is a 

significant difference across the different methods. The full Pairwise comparison 

statistics can be seen in Table 8. 

 

Figure 9:  Mean quality of ideas comparison across methods (Scaled) 

 

Table 8: Pairwise Comparison of Mean Quality of Ideas of Methods (Scaled) 

 
Test Statistic 

Std. 
Error 

Std. Test Statistic Sig. Adj. Sig. 

BioKeyword-AskNature 73.1 16.4 4.5 < 0.001 <0.001 

BioKeyword -Directed 75.2 16.3 4.6 < 0.001 < 0.001 

BioKeyword -Case Study 76.4 19.2 3.9 < 0.001 <0.001 

BioKeyword - BioTRIZ 95.5 16.9 5.7 < 0.001 <0.001 

AskNature - Directed 2.07 12.8 0.16 0.87 1.00 

AskNature - Case Study 3.33 16.4 0.20 0.84 1.00 

AskNature - BioTRIZ -22.4 13.6 -1.7 0.099 0.99 

Directed - Case Study -1.26 16.3 0.078 0.94 1.00 

Directed - BioTRIZ -20.3 13.4 -1.5 0.13 1.00 

Case Study - BioTRIZ -19.1 16.9 -1.1 0.26 1.00 
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Of the five methods, the Bio-Keyword Search method provides a statistically 

significant lower mean quality of concepts than the other four (Kruskal-Wallis Test, p < 

0.001). However, there is no statistically significant difference between Directed, Case 

Study, AskNature and BioTRIZ, so there is no conclusive difference among those four 

methods for quality of concepts metrics.    

 

For a comparison of the scaled and un-scaled scores, the un-scaled results are 

displayed in Figure 10 and the associated pairwise comparison statistics are shown in 

Table 9. It shows that trends are very similar to the scaled results, with the exception that 

the statistical significance in difference shows Directed to be slightly higher than the 

other methods, and the significance in differences between Bio-Keyword and Case Study, 

AskNature and BioTRIZ are lower.  

 

 

Figure 10: Mean quality of ideas comparison across methods (Un-Scaled) 
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Table 9: Pairwise Comparison of Mean Quality of Ideas of Methods (Un-Scaled) 

 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig. 

BioKeyword - BioTRIZ 3.6 16.1 0.23 0.82 1.00 

BioKeyword - Case Study 12.3 18.4 0.67 0.51 1.00 

BioKeyword - AskNature 12.6 15.7 0.80 0.42 1.00 
BioKeyword - Directed 47.7 15.6 3.1 0.002 0.022 

BioTRIZ - Case Study 8.6 16.1 0.53 0.59 1.00 

BioTRIZ - AskNature 8.9 12.9 0.69 0.49 1.00 

BioTRIZ - Directed 44.0 12.9 3.4 0.001 0.006 

Case Study - AskNature -0.34 15.7 -0.022 0.99 1.00 

Case Study - Directed 35.4 15.6 2.3 0.023 0.23 

AskNature - Directed 35.1 12.3 2.9 0.004 0.043 

 

4.2.1.3 Novelty 

Figure 11 shows the comparison of methods based on the mean novelty scores of ideas 

generated. The statistical results, using the Kruskal-Wallis test, show no significant 

difference between any method (ɢ
2
 =4.75, df = 4, p = 0.314). While the comparison of the 

methods is statistically inconclusive, the high mean novelty score of each method greater 

than 0.9 demonstrate each methodôs ability to generate novel ideas.   

 

Figure 11: Mean novelty comparison across methods  
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4.2.1.4 Variety 

Figure 12 shows the comparison of methods based on the mean variety scores of ideas 

generated. The statistical results, using the Kruskal-Wallis test, shows statistically 

significant difference between the methods (ɢ
2
 =87.2, df = 4, p < 0.001). The full 

Pairwise comparison can be seen in Table 10. 

 

Figure 12: Mean variety comparison across methods 

 

Table 10: Pairwise Comparison of Variety scores across methods 

 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig. 

Function- BioTRIZ 60.5 17.6 3.5 < 0.001 < 0.001 

Function - AskNature 112.3 17.6 6.4 < 0.001 < 0.001 

Function - Directed 131.1 17.6 7.5 < 0.001 < 0.001 

Function - Case Study 137.9 17.6 7.9 < 0.001 < 0.001 

BioTRIZ - Ask Nature 51.8 17.6 2.9 0.003 0.032 

BioTRIZ - Directed 70.6 17.6 4.0 < 0.001 < 0.001 

BioTRIZ - Case Study 77.4 17.6 4.4 < 0.001 < 0.001 

Ask Nature - Directed 18.8 17.6 1.1 0.28 1.00 

Ask Nature - Case Study 25.7 17.6 1.5 0.14 1.00 

Directed - Case Study -6.85 17.6 -0.39 0.69 1.00 
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From the pairwise comparison results, Directed, Case Study and AskNature show 

no statistically significant difference among each other (Mann-Whitney test, p = 1.00). 

However, BioTRIZ is lower than Directed, Case Study and AskNature with statistical 

significance (Mann-Whitney test, p < 0.032). Bio-Keyword is even lower than the other 

four methods, also with a statistical significance (Mann-Whitney test, p < 0.006).  

4.2.1.5 Number of Concepts 

Figure 13 shows the comparison of methods using the Kruskal-Wallis test, based 

on the mean number of concepts generated. Based on these results (ɢ
2
 =51.9, df = 4, p < 

0.001), there is a significant difference across the different methods. The full Pairwise 

comparison statistics can be seen in Table 11.  

 

 

Figure 13: Mean number of concepts comparison across methods  
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Table 11: Pairwise Comparison of Number of concepts across methods 

 Test Statistic Std. Error Std. Test Statistic Sig. Adj. Sig. 

BioKeyword - BioTRIZ 34.9 16.3 2.2 0.031 0.31 

BioKeyword - AskNature 40.5 15.8 2.6 0.010 0.11 

BioKeyword - Case Study 49.8 18.5 2.7 0.007 0.072 

BioKeyword - Directed 100.6 15.7 6.4 < 0.001 < 0.001 

BioTRIZ - AskNature 4.58 13.1 419.0 0.68 1.00 

BioTRIZ - Case Study 14.8 16.3 0.91 0.36 1.00 

BioTRIZ - Directed 65.6 12.9 5.1 < 0.001 < 0.001 

AskNature - Case Study 9.34 15.8 0.59 0.56 1.00 

AskNature - Directed 60.1 12.4 4.9 < 0.001 < 0.001 

Case Study - Directed 50.7 15.7 3.23 0.001 0.012 

 

 

Of the five methods, the Bio-Keyword Search method provides a statistically 

significant lower mean number of concepts than the other four (Mann-Whitney test, p < 

0.11), except when compared to BioTRIZ (Mann-Whitney test, p = 0.31). The Directed 

method provides a statistically significant higher mean than the other four (Mann-

Whitney test, p < 0.012).  However, there is no statistically significant difference between 

Case Study, AskNature and BioTRIZ, so there is no conclusive difference among those 

three methods in terms of the number of concepts (Mann-Whitney test, p > 0.95).    

4.3 Semester Project Results 

4.3.1 Method Used For Final Concept 

For the Bio-Inspired elective course at Texas A&M University, each of the final 

concepts provided by the teams was developed using one or two Bio-Inspired design 

methods. For each final concept, the methods used were counted. The resulting number 

of final concepts with their respected method used is displayed in Figure 14, with the 
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associated statistical analysis in Table 12 that show statistical significance. Case Study 

and AskNature most often led to the final concepts. Fewer of the concepts generated by 

the Directed, BioTRIZ and Bio-Keyword Search methods were selected as final concepts. 

 

 

Figure 14: Number of Final Concepts Per Method 

 

Table 12: Number of Final Concepts per Method Statistical Results 

Method 

 Observed N Expected N Residual 

Directed 3 5.2 -2.2 

Case Study 8 5.2 2.8 

AskNature 9 5.2 3.8 

BioTRIZ 4 5.2 -1.2 

Bio-Keyword 2 5.2 -3.2 

Total 26   
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Chi-Square 7.46 

df 4 

Asymp. Sig. .11 
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4.3.2 Methods Preferred By Team 

At the end of their final project report, each of the teams listed which method or 

methods they preferred. Some listed one, some listed two, and some did not respond. The 

preferred methods were counted for each team, and the total tally of method preference is 

shown in Figure 15 with the associated statistical analysis in Table 13 that shows 

statistical significance.  The most preferred methods were AskNature and BioTRIZ, the 

Directed and Case Study methods were preferred less, and none of the groups preferred 

the Bio-Keyword Search method.  

 

 

Figure 15: Tally of Team Preferences across Methods 
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Table 13: Tally of Team Preferences across Methods Statistical Results 

Method 

 Observed N Expected N Residual 

Directed 3 5.5 -2.5 

Case Study 2 5.5 -3.5 

AskNature 9 5.5 3.5 

BioTRIZ 8 5.5 2.5 

Total 22   

 

 

4.3.3 Team-Chosen Method Which Provided Most Variety and Creativity 

At the end of their final project reports (although not explicitly asked for in the 

instructions), some teams team noted which method, in their opinion, allowed them to be 

most creative and to generate a large variety of concepts. This was suggested by the 

instructor, but not required. Thus, some teams did not provide a critique of the methods 

within their reports. Some teams noted one method, while others noted two methods. The 

total tally of the responses for each method is shown in Figure 16 with the associated 

statistical analysis in Table 14 that shows a lack of statistical significance. Visually, the 

highest noted methods were Directed and AskNature, followed by Case Study and 

BioTRIZ, leaving Bio-Keyword Search with no mentions. However, the lack of statistical 

significance leads to the inability to draw concrete conclusions.  

Test Statistics 

 Method 

Chi-Square 6.7 

df 3 

Asymp. Sig. .081 
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Figure 16: Tally of Team-Noted Method Providing the most Variety and Creativity 

 

Table 14: Tally of Team-Noted Method Providing the most Variety and Creativity 

Statistical Results 

Method 

 Observed N Expected N Residual 

Directed 5 4.0 1.0 

Case Study 2 4.0 -2.0 

AskNature 6 4.0 2.0 

BioTRIZ 3 4.0 -1.0 

Total 16   

 

4.3.4 Number Of Concepts Generated 

Each team generated many concepts with each method. The total number of 

concepts generated by all teams for each method is displayed in Figure 17 with the 

associated statistical analysis in Table 15 that shows statistical significance. The teams 

generated nearly the same number of concepts using Case Study, AskNature and 

BioTRIZ, slightly fewer using Directed, and significantly fewer using Bio-Keyword 

Search. 
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Figure 17: Total Number of Concepts Generated per Method 

 

Table 15: Total Number of Concepts Generated per Method Statistical Results 

Method 

 Observed N Expected N Residual 

Directed 57 61.0 -4.0 

Case Study 77 61.0 16.0 

AskNature 74 61.0 13.0 

BioTRIZ 70 61.0 9.0 

Bio-Keyword 27 61.0 -34.0 

Total 305   

 

4.3.5 Method Usefulness Survey 

The studentsô answers to the question ñWhat methods did you find most useful 

and why?ò were analyzed and counted. Studentsô answers varied between one and three 

methods. The resulting tally of these counts is shown in Figure 18 with the associated 

statistical analysis in Table 16 that shows statistical significance. Some of the responses 
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of the students are shown in Appendix J. In the studentsô opinion, BioTRIZ was most 

prominent in being useful. AskNature was the second most useful, followed by Bio-

Keyword Search. Very few found Directed and Case Study to be useful. 

 

 

Figure 18: Tally of Most Useful Method 

 

Table 16: Tally of Most Useful Method Statistical Results 

Method 

 Observed N Expected N Residual 

Directed 3 16.3 -13.3 

Case Study 1 16.3 -15.3 

AskNature 22 16.3 5.7 

BioTRIZ 56 16.3 39.7 

Function Modeling 12 16.3 -4.3 

Did not respond 4 16.3 -12.3 

Total 98   
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Chi-Square 134.0 
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4.4 Discussion of Methods Results 

For the quantity of ideas metric, the Bio-Keyword Search method has a lower mean 

than Directed, Case Study, AskNature and BioTRIZ. For this metric, there is no 

discernable difference between AskNature, BioTRIZ and Case Study, while Directed 

shows a significantly higher mean than the other 4. This could be due to the fact that 

participants tended to generate fewer concepts for the Bio-Keyword Search method. 

Additionally, the Bio-Keyword Search method was never selected in the reports as a 

method that provided creativity and variety; this may be caused by the possibility that the 

students had a negative perception of the Bio-Keyword Search method as they were 

unable to generate many concepts with it. Furthermore, the databases used at the time 

provided large biological passages, requiring more reading and enigmatic analogies. The 

development of the databases were still in on-going thus were limited in functionality. 

Since then, there has been major work and improvement done to the tool [143].  

 

Looking at the quality of concepts generated with Directed, Case Study, AskNature 

and BioTRIZ, all four methods help to provide generally the same level of output quality. 

There is evidence that these four methods provide numerous high quality concepts since 

the mean quality scores are all 1.2.  However, through the Bio-Keyword Search method, 

students generated significantly lower levels of quality than the other four.  This could be 

attributed to the fact that using the Bio-Keyword Search method was more challenging 

than others since the bio-keyword search tool was not fully developed, causing lower 

quality information and fewer high quality concepts.  

 



 

 68 

The Directed method was found to be the method which tends to generate a higher 

number of concepts, while Bio-Keyword Search generates the lowest number of 

concepts. Because the Directed method was tested using the Alarm Clock design 

problem, the participants (college students that often use alarms) were more likely to 

provide more concepts since the design problem was more familiar to them. The latter is 

better supported when looking at the number of concepts that the teams provided during 

their semester project. Because their project problems were less familiar to them than an 

Alarm Clock, they generated fewer concepts using the Directed method, as compared to 

the other methods. The use of linear equating attempted to mitigate such differences in 

problem familiarity, however these results suggest the need for further investigation 

(discussed later). With the use of the other methods and more than 50 minutes to generate 

concepts, the students were able to generate more concepts to their semester long 

problem relative to the number of concepts from their individual homework problems. 

This suggests that time allocated to use a method may have an effect on concept 

outcomes. The Directed method also allowed more freedom to generate concepts based 

on their imagination, thus requires less time to generate as many concepts as possible. 

Contrarily, using AskNature, BioTRIZ and the Bio-Keyword Search methods  is very 

time consuming as they require a more structural and exploratory approach. Furthermore, 

AskNature is limited to the extent of its library, so finding multiple ideas to solve a 

problem can be challenging. BioTRIZ also may limit the number of concepts that can be 

generated since it provides very specific ways of solving problems. For the Bio-Keyword 

Search method, the students must spend an extensive amount of time decomposing each 

problem down to its individual functionalities and performing a bio-keyword search. 
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Since the participants were limited on time, this may have hindered their ability to 

provide many concepts and quantity of ideas. Furthermore, from the lack of favoritism of 

the Bio-Keyword Search method, the students may have been less inclined to put in effort 

to generate more than a couple of concepts. This trend of fewer concepts using the Bio-

Keyword Search method can be seen from both the results of the homework and semester 

long project analysis.  

 

In terms of novelty, all the methods helped the participants generate highly novel 

ideas. However, since there was a lack of statistical significance when comparing the 

methods to each other, the comparison is inconclusive. Although, visually, it is apparent 

that BioTRIZ seems to help generate more novel solutions than the other methods. Thus, 

using BioTRIZ allows users to analyze a problem differently and apply this unique view 

to generate more novel solutions, perhaps causing slightly less fixation than the other 

methods. 

 

The variety results show that the Directed, Case Study and AskNature methods offer 

a higher variety of ideas than BioTRIZ and Bio-Keyword Search. This means that 

Directed, Case Study and AskNature allows the concepts generated to span a greater 

ideation space. This may be attributed to the fact that those three methods take less time 

and offer a less focused space of ideas. With the Directed method previously displaying a 

greater number of concepts in a short amount of time, the participants have the ability 

generate more solutions, and the greater number of solutions allow a greater spread in the 

solutions space. Similarly, Case Study and AskNature require less time than BioTRIZ 
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and Bio-Keyword Search, and displays many examples for participants to choose from, 

thus allowing a variety of solutions.   Furthermore, BioTRIZ aids in generating a higher 

variety of ideas than Bio-Keyword Search, and that difference can also be accounted by 

the relationship of this metric to the number of concepts generated and the time factor.  

 

As far as the methods preferred, the answers vary from student to student, and from 

group to group. This shows that each method clearly has some benefits to the user, but 

those benefits vary depending on who is using them, what their needs are, and possibly 

the type of designer that they are. Some may prefer the ñeasierò method to use, and some 

may prefer a challenging, yet rewarding method. Future work needs to ask why certain 

methods were preferred. Looking at the groupsô answers as far which method they 

thought provided the most variety and creativity, the answers were varied, meaning that 

that each method is believed to provide variety and creativity in the concepts, except for 

the Bio-Keyword Search method. The technical difficulties encountered when using the 

Bio-Keyword Search method could have influenced the studentôs choices, leaving the full 

effect of the Bio-Keyword Search method to be determined when it is fully developed.  

 

In general, all the methods proved to have certain benefits over others, either from 

resulting concepts or student feedback. Assuming that the fundamental principles behind 

the Alarm design problem had no effect on the outcomes despite being scaled using an 

equivalency factor, the Directed method shows advantages in providing higher quantity 

of ideas, and a larger number of concepts in a shorter amount of time. However, despite 

these advantages, it was not perceived as a useful or preferred method to the students, and 
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it did not generate the most final concepts for the final projects.  This could have been 

due to the fact that students were limited to their own knowledge of nature in the context 

of Bio-Inspired design. Case Study and AskNature show a relative advantage over the 

others when it comes to generating final concepts; meaning that those two methods are 

the most effective at providing the best concepts. AskNature and BioTRIZ are the most 

preferred methods to use, based on team preference, and also the most useful, based on 

the method usefulness questionnaire. According to some student comments, BioTRIZ 

was very straightforward and provided direct ideas to solve the problems. It did not 

suggest any one particular solution but simply offered inventive principles that could be 

used to solve the problem. Its ease of use and systematic approach were probable factors 

in making it the most useful method to most of the students. Furthermore, Bio-Keyword 

Search design was the least preferred, generated the lowest level of quality, quantity and 

variety of ideas, was never chosen as the method to provide the most variety or creativity, 

and had the lowest number of concepts. However, it was considered to be the most useful 

method more often than the Directed and Case Study methods, and generated highly 

novel solutions. This shows that despite the challenges encountered due to the 

malfunctioning of the databases  used with it, the underlying principle behind functional 

modeling and breaking down the problems, it method was selected as most useful by 

some of students. It other words, some students acknowledge itôs potential, thus was not a 

completely useless method. It helped students understand the problem better by breaking 

down the problems into basic functions, and allowed them to focus on the important 

aspects of the design.  Even though there are differences between methods when it comes 

to generating final concept solutions, each method helped at least one team to provide a 
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final concept, meaning that each method is effective at helping to generate good, ñbest 

conceptò worthy concepts. 

 

4.5 Self-Efficacy Results and Discussion 

4.5.1 Selecting EDP For Analysis And Discussion 

ED (Engineering Design) and EDP (Engineering Design Process), in theory, 

should approximately have the same values since EDP is the engineering design process, 

and ED is the overall ability to conduct engineering design. As discussed in Chapter 3, 

these 8 steps are: Identify the need or problem, research the need or problem, develop 

possible solution(s), select the best possible solution(s), construct a prototype, test and 

evaluate the solution(s), communicate the solution(s), and redesign [137] For each of the 

four self-concept areas, the ED score consists of one rating per individual, whereas EDP 

score is the average of the 8 individual step ratings within the respective self-concept 

area. From the combination of both semestersô data, the similarities in the two scores 

were compared to see how interchangeable they were. According to Carberry et al.ôs 

experiments, they obtained a Pearson Correlation between ED and EDP of 0.89 for 

confidence, 0.88 for motivation, 0.89 for success and 0.79 for anxiety [135]. The same 

Pearson correlation analysis was performed on the combined semestersô data, and the R-

values obtained were slightly different from Carberry et al., however, they were still 

fairly high with p-values lower than 0.001, showing statistical significance in the 

correlation. Those R-values are shown in Table 17, Motivation seems to have the lowest 

Pearson correlation, but it is still acceptable. 
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Table 17: Pearson Correlation between ED and EDP (N= 66) 

 Pearson  R P-Value 

Self-Efficacy 
Pre 0.80 < 0.001 

Post 0.79 < 0.001 

Motivation 
Pre 0.76 < 0.001 

Post 0.71 < 0.001 

Expectancy 
Pre 0.88 < 0.001 

Post 0.84 < 0.001 

Anxiety 
Pre 0.85 < 0.001 

Post 0.92 < 0.001 
 

From these obtained values, it is safe to assume that the ED and EDP values are 

similar and show the same scores and trends, interchangeably. Thus the two are 

equivalent and reflect the robustness of the instrument to effectively gather oneôs self-

reflection in both a general and detailed aspect. Accordingly, the EDP scores were used 

for analysis and comparisons. EDP scores show a stronger score of Self-Concepts by 

nature because it accounts for each of the individual engineering design processes. Thus, 

it shows a more comprehensive score and evaluation of each subject. 

4.5.2 Effect of Course On Self-Concept Scores 

The difference between the two samples for Self-Efficacy (Confidence) had no 

significant outliers and was approximately normally distributed, p =0 .567, thus a 

parametric Paired t-test was used to compare the differences in self-efficacy before and 

after the Bio-Inspired elective course since the matched-pair samples were measured on a 

continuous scale [144]. However, the difference between paired samples for motivation, 

expectancy, and anxiety failed to meet the normality criterion, p < 0.005. These three 

categoriesô population distributions of differences were graphed as boxplots and visually 

examined and were found to display symmetry Meeting that assumption [145], a Related-
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Samples Wilcoxon Signed Rank Test was used to determine the significance between the 

Pre-Course and Post-Course results for motivation, expectancy and anxiety [142]. This is 

equivalent to a paired t-test for non-parametric data. The resulting mean self-concept 

scores are displayed in Figure 19, with the associated differences in Pre to Post scores 

shown in Figure 20. 

 

Figure 19: Pre and Post EDP Self-Concept Scores for Combined Semester 1 and 2 Data Sets 

 

 

Figure 20: Difference between Pre and Post EDP Self-Concept Scores for Combined 

Semester 1 and 2 Data sets 
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4.5.2.1 Self-Efficacy 

When comparing the Pre-Course and Post-Course self-concept scores, the students show 

a clear increase in their confidence to perform engineering design tasks by a mean score 

of 5.07. There is a statistically significant difference between Pre and Post course score 

means (Paired T-test, t = 4.11, df = 65, p < 0.001).  Through the course of the semester, 

the students were exposed to engineering design knowledge which was able to increase 

their self-reported ability to conduct engineering design tasks. 

 

4.5.2.2 Motivation 

The students do not show any significant change in motivation when comparing the Pre 

and Post Course surveys (Related-Samples Wilcoxon Test, Z = -0.76, N = 66, p = 0.46). 

An explanation for such a stagnant score is that this was an elective course the students 

choose to take and it would make sense that they are highly motivated to be designing.  

 

4.5.2.3 Outcome Expectancy 

When comparing the Pre-Course and Post-Course outcome expectancy scores, the 

students show a clear increase in their confidence to perform engineering design tasks by 

a mean score of 5.92 after completing the course. There is a statistically significant 

difference between Pre and Post score means (Related-Samples Wilcoxon Test, Z = -

3.78, N = 66, p < 0.001). Similar to self-efficacy, the studentôs expectation of success 

when conducting engineering design tasks was successfully increased.  

 



 

 76 

4.5.2.4 Anxiety 

The mean scores for anxiety show larger variance in responses. With a marginally 

statistically significant difference between Pre and Post course mean scores (Related-

Samples Wilcoxon test, Z = -1.66, N = 66, p = 0.098), the studentsô anxiety towards 

performing engineering design tasks has been decreased throughout the course of the 

semester.  It is possible that some studentsô level of anxiety were reduced, while others 

realized that conducting engineering design tasks are harder than they thought, which 

resulted in an increase of anxiety. 

 

4.5.2.5 Individual Semester Trends 

While the last four sections presents the results of the combined Semester 1 and 

Semester 2 data, the same but more detailed graphical data by semester can be seen in 

Figure 21 and Figure 22 and with the associated statistical results in Table 18 and Table 

19 for Semester 1 and Semester 2, respectively. Both ED and EDP scores are shown to 

display the similarity between the two, and to support the decision of only displaying 

EDP over ED. As displayed, each individual Semester results in the same trends as 

observed in the last four sections.  
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Figure 21: Pre and Post Self-Concept Scores for Semester 1 

 

Table 18: Pre and Post Self-Concept Statistics for Semester 1 

  Pre Post Difference 
  

Mean SE Mean SE Mean SE 
Paired T-test   

P-value 

Self-Efficacy 
ED 74.4 ±2.99 85.3 ±2.59 10.8 ±1.93 < 0.001 

EDP 77.5 ±1.97 81.6 ±2.49 4.16 ±1.75 0.025 

Motivation 
ED 77.8 ±4.75 82.8 ±3.03 5.04 ±3.81 0.19 

EDP 80.1 ±3.88 80.4 ±2.96 0.32 ±2.61 0.90 

Expectancy 
ED 70.4 ±4.22 82.2 ±2.50 11.8 ±4.05 0.007 

EDP 72.2 ±3.84 80.9 ±2.58 8.80 ±3.52 0.019 

Anxiety 
ED 39.3 ±5.57 38.3 ±5.58 -0.93 ±5.38 0.87 

EDP 36.7 ±4.47 38.9 ±5.01 2.31 ±3.77 0.55 
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Figure 22: Pre and Post Self-Concept Scores for Semester 2 

 

Table 19: Pre and Post Self-Concept Statistics for Semester 2 

 
 Pre Post Difference 

 
 

Mean SE Mean SE Mean SE 
Paired T-test 

P-value 

Self-Efficacy 
ED 73.6 ±2.61 82.8 ±1.87 9.23 ±2.39 < 0.001 

EDP 75.5 ±2.28 81.2 ±1.67 5.70 ±1.71 0.002 

Motivation 
ED 81.5 ±2.53 80.5 ±2.26 -1.03 ±3.20 0.75 

EDP 79.5 ±1.95 80.9 ±1.81 1.38 ±2.02 0.49 

Expectancy 
ED 79.2 ±2.45 80.8 ±2.06 1.54 ±1.96 0.44 

EDP 77.5 ±2.20 81.4 ±1.70 3.93 ±1.62 0.021 

Anxiety 
ED 46.3 ±4.75 39.2 ±4.70 -7.11 ±5.09 0.17 

EDP 43.4 ±4.32 34.3 ±3.77 -9.01 ±4.05 0.032 
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4.5.3 Comparing Two Years for Pre and Post Course Results 

Comparing the Pre-Course results of both years, in Figure 23, it can be seen that 

the students started at various levels. But when looking at the Post-Course results in 

Figure 24, a ñleveling-offò effect for self-efficacy, motivation and expectancy at an 

approximate score of 80, is detected. It seems that most students reach that level of self-

concept, and cannot reach higher for both years. 

 

Anxiety on the other hand, does not conform to that trend. Since for anxiety, a 

score closer to 0 is more desirable, the scaling scheme is different from the other 3 

categories where a score closer to 100 is more desirable. Thus the ñleveling-offò around a 

score of 80 trend cannot be compared. Thus, comparing the levels for both years for Pre 

and Post Course anxiety leads to inconclusive results. 

 

 

Figure 23: Comparison of Pre-Course Self Concept between Semester 1 and 2 
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Figure 24: Comparison of Post-Course Self Concept between semester 1 and 2 
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students were identified and removed from the data. After removing them, the difference 

in the resulting data was unnoticeable than it was with those students included. Since it 

was not guaranteed what the studentsô level of care was, those studentsô responses were 
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4.6 Limitations  

In order to effectively compare the various methods to each other, the different 

problem sets used to test the participants need to provide the same level of output. All the 

problems are different, so the root of the problem may cause it to be easier to solve using 

certain methods. The resulting quantity and quality metrics may vary because the 

problems may inherently provide higher quantifiable components and high levels of 

quality. This could be affected by the complexity of the problem and number of 

components required to solve the problem. Some problems are easier to provide concepts 

for that satisfy customer needs and perform required functions. A continuous rotation of 

problems may also provide better results as it could eliminate problem-method 

interactions. It could facilitate the use of full 5 by 5 ANOVA to better isolate the 

variables.  

 

The timeline for the design problem was supposed to be based on a 50 minutes 

interval. However, as discussed, the instructions were not clear, resulting in some 

students observing the 50 minutes rule, and some not. Due to this experiment mishap, the 

two options were to consider all concepts generate by all subjects, or assume that every 

student observed the 50 minute rule and only consider the concepts generated before the 

50 minute line for those who were obedient. Of course, both approaches would create 

some discrepancies in the results obtained from the data analysis. This study considered 

all concepts generated by all subjects, assuming that those who did not draw a line did 

not observe the rules. For future work, this rule should be reconsidered since the overall 

results show how some methods are more time-consuming than others. Perhaps allowing 
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the students to generate as many concepts as possible, until exhaustion, would be a better 

approach. Using undergraduate students as test subjects to evaluate methods can be very 

challenging as they may not tackle the problems with a level of seriousness that is desired 

by researchers. Thus, there is a need to determine a method of better incentivizing 

students to uphold a degree of sincerity as they engage in their homework activities. This 

would ensure validity in the ideas they generate and not aimless concepts for the sake of 

getting a grade.   

 

There was no distinct method to validate the effectiveness of using the problem 

equivalency method. However, it does raise a few questions that the following chapter of 

this thesis will attempt to answer: the participants may have a higher familiarity with a 

problem from experience or have knowledge of existing concepts, which allows them to 

generate more concepts with higher effectiveness. Additionally, some problems may have 

a higher number of available analogies in nature. These are characteristics that the 

problem equivalency equation may not account for.  

 

Additionally, some of the survey questions may have been ambiguous, such as 

ñWhich methods did you find most useful?ò. For future work, these questions should be 

rephrased and tested extensively to ensure understanding, and to obtain more precise 

feedback.  
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CHAPTER 5: IN SEARCH OF MORE EFFECTIVE DESIGN 

RESEARCH PROBLEMS 

5.1 Background 

From observing certain trends from the study conducted in Chapter 4, such as 

studentsô increased number of concepts using the Directed method, it raised a concern. 

Theoretically, it would be expected that students would generate a larger number of 

concepts using a structured approach such as BioTRIZ and AskNature, which provides a 

large number of resources and inspirations. However, as seen in the Chapter 4, it was not 

the case, despite the attempt to use Linear Equating and equivalency factors. Thus, the 

linear relationship between problems must be explored to effectively use various 

problems for direct comparison of various methods. Not only does this impact this study, 

but others as well. Similar design problems are desperately needed for design research. 

This leads to the quest of exploring further design problems characteristics.  

 

In past studies, the selection and development of design problems for the purpose of 

testing idea generation skills, has been rationally justified [39, 43, 44, 46, 146]. Creating 

a design problem that can properly assess oneôs creativity has not been formally 

structured. Thus far, when establishing a design problem, the goal is to develop a 

problem that the participants are familiar with, that they can produce a number of 

solutions based on their knowledge but do not have an obvious solution.  Since most of 

the participants in this thesis are mechanical engineers, the problems are attempted to be 

developed as predominantly mechanical in nature (rather than electrical).  Many of the 

design problems in this thesis were for developing countries so that the use of electricity 
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could be restricted within the design. Each problem statement given to the students in this 

thesisô studies always begins with a problem description in order to explain the need and 

motivate the students. Furthermore, the customer requirements were often given in 

quantitative terms (e.g. target throughput) in order to clarify the problem to the students, 

to make the problem more realistic, and to make it easier to assess quality. After 

developing problem statements, the problems were pre-tested by having a group of 

students solve them to ensure that the participants can easily understand the problem and 

that there are a variety of concepts. 

 

Design problems are often characterized as ñill-structuredò problems due to their 

open-endedness, ambiguity and lack of determined solution path [147, 148]. The 

structure of a design problem fundamentally influences the outcome of the design work. 

Some explanations of a design problem view the problem as the set of constraints on the 

solutions space; solution development constitutes a search of that space [147, 149]. Later 

theories  suggest that design, unlike other problem-solving activities, relies on redefining 

the design problem in order to extend the search space [150, 151]. Alternative schools of 

thought stemming from Schön [152] suggest that design problems are more subjective, 

and emerge from the interaction with conjectured concepts. The effect of problem-

solution co-evolution, is likewise well documented [153, 154]. 

 

More recent investigations have begun to define the underlying ontology of 

design problems [41, 44, 155-164]. Such ontologies may provide useful causal links 

between the framing of the design problem and the solution. Likewise, Summers et al. 
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have developed measures to characterize a problem in terms of its complexity [157, 159, 

160, 164], focusing on size, connectedness and solvability of the problem. These efforts 

in formalizing the underlying structure of design problems will help design researchers 

better control for, document and understand the role of the design problems structure in 

design. The ability to draw equivalency, and gauge problem difficultly across a variety of 

factors may also be helpful in tool-building, educational instruction and resource 

planning for industry [157]. 

 

In prior work on biologically inspired design, idea generation, and design fixation, 

researchers defined sets of design problems that were found to be useful throughout their 

studies [43, 44, 46, 130, 132, 146, 165-167]. Each design problem was written intending 

for the production of a reasonable number and variety of answers within a single 

experiment design session. By necessity, the size (in terms of number of functional units, 

rather than physical size) and the connectedness (in terms of interactions among 

functional units or components) of each design problem were limited. Likewise, it was 

attempted to ensure the domain was sufficiently familiar that a student or test subject 

could immediately understand the requirements, but within a context for which an 

existing solution was not immediately obvious. For example, to quickly shell a large 

number of peanuts, without breaking the peanut, using only inexpensive parts and no 

electricity. This ensured that the participantôs understanding of the design problem, 

mechanics and functions was not a limiting factor and did not require a significant 

portion of the time, while simultaneously reducing fixation from existing, known 

solutions. All of the design subjects understand the structure of a peanut sheller, many of 
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its material properties, and how to remove a peanut from the shell by hand. However, 

very few (if any) have experience removing shells on a large scale.  

 

Based on these processes, qualitative observations, and literature, twelve 

characteristics that are important to building ñequivalentò problems are hypothesized 

below. The experiments will first investigate to what extent the problems are different 

across a set of standard creativity research design metrics. It will then investigate two of 

the hypothesized characteristics: to what extent biological and human-made solution 

familiarity influence these metrics.  

 

Design Problem Characteristics 

To develop an understanding of the factors that influence design research outcomes, 

based on literature and prior work, a set of hypothesized influential design problem 

characteristics is listed as follows:   

1. Size of the problem in terms of: 

a.  functional units 

b.  Components [157, 159, 160, 164] 

2. Connectedness of the problem in terms of coupling between functional 

requirements or constraints [157, 159, 160, 164] 

3. Participantôs familiarity with the design problem 

4. Participantôs familiarity with the design solutions 

5. Participantôs familiarity with the underlying principles/domain (inherent to the 

problem) required to generate solutions  [41, 162, 163] 
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6. Size (number of variables) of the potential solution space [157, 159, 160, 164] 

7. The degree to which the potential solution space is constrained 

8. Participantôs preconceived assumption of constraints due to known solutions, 

culture or other factors 

9. Degree of technical challenge of design problem 

10. Potential for fixation [44] 

11. Domain of the design problem [161-163] 

12. Degree to which external-domain analogous solutions are easily retrieved 

Level of complexity [158, 162, 163]  
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5.2 Problem Effects 

5.2.1 Experimental Setup 

This study utilizes the same data that collected in the Chapter 4 experiment for the 

Directed method in Semester 1. This was done in order to have a detailed comparison 

between the results the Alarm and Corn Problems.  

 

To provide reasoning behind exploring the results found in Chapter 4, the 

experimental setup will be re-described to provide a better context to this study: There 

were 32 student designers in the course. 17 were randomly assigned to the Alarm 

problem, and 15 to the Corn problem (a small assignment process error resulted in the 

difference in number of assignments). Each student received a packet containing the 

problem statement, the customer needs, the method description, and were asked to 

generate as many concepts as they could for 50 minutes, no matter the level of feasibility. 

The concepts were to be sketched by hand with annotations. The assignment was 

completed as a graded homework assignment. Given the latter, the 50 minute regulation 

was not enforced nor accurately controlled, and the use of external material was also 

uncontrolled.  

5.2.2 Data collected 

All 32 students submitted assignments. On average, most students generated 2 or 

3 concepts. Some generated as few as one complete design concept and some generated 

as many as 8 concepts. Each resulting design was coded using quantity, quality, novelty 

and variety metrics [126, 168] [46, 166]. Using the modified coding Training Packet 

[124], a trained graduate researcher who already obtained high inter-rater agreement for 
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Alarm and Corn for a different experiments [132], coded all concepts generated by the 32 

students. These two problem results were originally coded only to acquire the data to 

compare the Bio-Inspired Design methods, but there were no plans to compare them to 

each other reducing the potential for bias.  

5.2.3 Results 

The data was coded for quantity, quality, number of concepts, novelty and variety. 

The resulting metric sets did not meet the normality or equal variance criteria required for 

parametric T-tests and ANOVA (Shapiro-Wilk Normality Test, p < 0.095 and Leveneôs 

Test for Equal Variance, p < 0.065). Since the data was not normally distributed or had 

equal variance, non-parametric statistical analysis Independent Samples Mann-Whitney 

U tests were used in SPSS to compare the means for each metric. The resulting graphs 

showing the comparison of means between Alarm and Corn for quantity, quality, novelty 

and variety are shown in Figure 25 and Figure 26. For the novelty graph, the y-axis has 

been cutoff below 0.80 and has been enlarged in order to better display the differences.  

      

Figure 25: Quantity (A) and Quality  (B) Comparison (Error Bars: +/ -1 SE) 
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Figure 26: Novelty (A) And Variety (B) Comparison (Error Bars: +/-1 SE) 
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(a), both are around a mean of 7 ideas per participant. There is no statistical significance 

between the two (Mann-Whitney test, U(1) = 118, Z =-0.036, p = 0.74). Figure 25 (b) 

shows the comparison of the quality of concepts, and it can be observed that Alarm has a 

higher mean quality score than corn. This difference is statistically significant (Mann-

Whitney test, U(1) = 23, Z =-4.16, p < 0.001).  

 

The novelty comparison in Figure 26 (a), shows a higher mean novelty for Corn. 

This difference in means is statistically significant (Mann-Whitney test, U(1) = 55, Z = -

2.74, p = 0.005). The participantsô mean novelty tends to be greater with the Corn design 
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The mean variety scores for the two problems are shown in Figure 26 (B). With a 

lack of statistical significance (Mann-Whitney test, U(1) = 107, Z = -0.783, p = 0.46) , it 

shows that there is no difference between the two problems.  So for both Alarm and Corn, 

participants generate the same variety of concepts. 

 

Figure 27 shows the mean number of concepts generated by each participant for 

both problems. With a statistically significant difference between the two problems 

(Mann-Whitney test, U(1) = 79, Z = -1.99, p = 0.069), participants, on average, generate 

one more concept for Alarm than they do for Corn. 

 

Figure 27: Comparison of Mean Number of concepts Per Participants (Error Bars: +/ -1 SE) 
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Table 20: Alarm and Corn design problem evaluation metrics summary 

 
Alarm Corn 

Mann-
Whitney U 

Mean SE Mean SE p-value 

Quantity 7.53 0.91 7.79 1.18 0.74 

Quality 1.75 0.08 1.09 0.07 <0.001 

Novelty 0.86 0.014 0.90 0.007 0.005 

Variety 0.072 0.013 0.068 0.013 0.46 

Number of concepts 2.71 0.45 1.67 0.40 0.069 

 

5.2.4 Discussion 

There were similarities and differences in the evaluation metric scores in this first 

experiment between Alarm and Corn. It was found that using the same design method, 

Alarm tended to produce higher levels of quality and numbers of concepts, whereas Corn 

tended to produce high levels of novelty. However, for both problems, the levels of 

quantity and variety were comparable. The differences between the two problems could 

be attributed to the domain of the problem, the participantsô familiarity with the problem 

or existing solutions, the level of complexity of the problem or the technical challenge. 

On the other hand, the two problems produced similar levels in quantity and variety. This 

initial finding suggests that while it was attempted at the outset to use ñequivalentò 

problems, these differences should be accounted for through the use of the Linear 

Equating approach, essentially making them equivalent. However, there was further need 

to explore the relationship between design problems. Subsequently, the insights gained 

from the comparison of Alarm and Corn inspired the following Solution Familiarity 

study. There was a need to conduct a within-subject experiment in order to assess various 

correlations.  
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5.3 Solution Familiar ity 

5.3.1 Experimental Setup 

This within-subject follow up experiment to the Problem Effects study was 

conducted in a different semester but within the same biologically inspired design 

elective course. This experiment occurred during Fall 2014, with 21 student participants. 

Similar to the Problem Effects study, the students were mostly Mechanical Engineering 

majors. This experiment was conducted in class over a period of one week, on 3 separate 

days: Wednesday, Friday and Monday. The Blind Cup and Peanut Sheller design 

problems were used, shown in Appendix L1 and L2, respectively.  

 

The first day (Wednesday), the subjects were given the Blind Cup problem, and 

on the second day (Friday), Peanut Shelling problem. Both days the students were 

allowed 5 minutes to read the problem, and 35 minutes to generate as many concepts as 

possible. The time limit was due to the length of class time available.  They were directed 

to generate concepts without the use of any particular method of design. Complete 

instructions can be seen in Appendix L1 and L2. 

 

The third day, the students were given a survey with four sections, shown in 

Appendix L3. It asked the students to list the existing solutions and biological analogies 

to both the peanut shelling and blind cup problems that they were familiar with. They 

were given 7 minutes to complete each of the 4 sections  
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Unlike the Problem Effects study, the time limit guideline was enforced since it 

was a controlled classroom and the possible use of external material was eliminated. In 

this particular course, the Directed, Case Study and Bio-Keyword Search methods of Bio-

Inspired design were taught prior to the time this experiment was performed. However, 

those methods were irrelevant and unrelated to this experimentôs unguided method. In 

this study, the students were not instructed to use any methods of Bio-Inspired Design to 

develop concepts.   

5.3.2 Data collected 

The students were given this assignment in class.  21 students completed the 

Blind Cup assignment, 20 completed the Peanut Sheller assignment, and 16 completed 

the survey. Using the same quantity, quality, novelty, and variety evaluation metrics, a 

graduate researcher (not an author) who already obtained high inter-rater agreement for 

Peanut Sheller and Blind Cup from different experiments with very similar data [132], 

coded all concepts generated by the 20 students who completed both problem 

assignments. A separate graduate researcher reviewed the survey answers, and counted 

the number of existing solutions and nature analogies each student provided for each 

design problem.  

5.3.3 Results 

The difference between the matched data of quantity, quality, novelty, variety and 

number of concepts met the normality distribution and equal variance criteria [142], 

therefore a Paired T-test was used to compared the two design problems. The survey 

response data did not show normal distribution, so a non-parametric Related Sample 

Wilcoxon Signed Rank Test was used instead to determine the significance in difference 
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between the two problem sets [142]. Pearson correlation coefficients between problems 

were calculated by matching paired data from each student. 

 

The resulting mean of each of the five evaluation metrics are shown in Figure 

Figure 28, along with the associated statistical analysis performed summarized in Table 

21. At the aggregate level, the mean value from each sample set and their associated 

standard error, the resulting p-values from paired T-tests between the two problems is 

shown. The Pearsonôs correlation R values correlate each metric at the individual level 

between problems.  A significant difference is observed between the means for quantity 

(p=0.0012), quality (p=0.063 and variety (p=0.0006). Peanut shows a higher mean of 

quantity of ideas, whereas Blind Cup shows higher quality and variety. Differences 

between the mean novelty and number of concepts are not statistically significant.  

 

It is observed, using Pearsonôs correlation, a moderate to high correlation between 

problems for each student for quantity (R = 0.53), variety (R = 0.39), and number of 

concepts (R = 0.68). Generally for human oriented studies, R-values greater than .5 are 

considered to show a moderate degree of correlation between two variables, [169, 170]. 

This implies a consistent linear relationship for these metrics between the two problems, 

across the sample of students.   
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Figure 28: Evaluation Metric Comparison of Peanut and Blind Cup 

 

Table 21: Peanut and Blind Cup Problem Evaluation Metrics Summary 

N = 20 
Peanut Blind Cup 

Paired 
T-test 

Correlation 

Mean SE Mean SE p-value tŜŀǊǎƻƴΩ w 

Quantity 12.3 0.70 10.0 0.49 0.0012 0.53 

Quality 1.09 0.068 1.25 0.061 0.063 0.18 

Novelty 0.91 0.007 0.92 0.006 0.46 -0.049 

Variety 0.11 0.0088 0.16 0.010 0.0006 0.39 

Number of concepts 4.10 0.29 3.95 0.320 0.55 0.68 
 

The survey data analysis is summarized in Table 22. From the statistical results, the 

students as a group generated a nearly equal number of existing solutions for both the 

Peanut and Blind Cup (Wilcoxon Rank Test, p > 0.94). This infers that students, on 
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average, know a similar number of existing solutions for both Peanut and Blind Cup. 

However, the students were able to draw significantly more analogies in nature for 

Peanut than for Blind Cup. This difference is statistically significant (Wilcoxon Rank 

Test, p < 0.01). For both existing solutions and analogies in nature, both problems had 

moderate positive correlation to each other, inferring that each studentôs answers were 

relatively consistent from problem to problem.  

 

Table 22: Familiarity survey results summary 

b Ґ мс 
tŜŀƴǳǘ .ƭƛƴŘ /ǳǇ 

wŜƭŀǘŜŘ {ŀƳǇƭŜ 
²ƛƭŎƻȄƻƴ {ƛƎƴŜŘ 
wŀƴƪ ¢Ŝǎǘ 

/ƻǊǊŜƭŀǘƛƻƴ 

aŜŀƴ {9 aŜŀƴ {9 Ǉ-ǾŀƭǳŜ tŜŀǊǎƻƴΩǎ w 

9ȄƛǎǘƛƴƎ {ƻƭǳǘƛƻƴǎ нΦнр лΦпм нΦом лΦпс лΦфп лΦрс 

!ƴŀƭƻƎƛŜǎ ƛƴ bŀǘǳǊŜ оΦсф лΦпс нΦнр лΦнф лΦллс лΦпс 

 

5.3.4 Discussion 

As the resulting comparison shows a similarity in quantity and a difference in the 

mean variety and number of concept, the correlation values suggest that the quantity, 

variety and number of concepts are linearly related. In other words, the students 

consistently generated the same quantity of ideas for both Peanut and for Blind Cup, they 

consistently generated a higher variety of concepts for Blind Cup than they do for Peanut, 

and they consistently generated the same number of concepts for both Peanut and Blind 

Cup.  This supports the existence of a linear relationship between the two problems for 

the quantity, variety and number of concepts metrics under the conditions used in that 
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study. This means it is valid to use Linear Equating to produce equivalence scores for the 

two problems for quantity, variety and number of concepts. 

 

 Conversely, though statistically significant, the difference in quality between the 

two problems does not show consistency across all students: some students do better for 

blind cup, some for peanut.  

 

From the Problem Effects study comparing Alarm and Corn, it was hypothesized that 

a designerôs familiarity with a design problem may affect their outcome.  From the 

familiarity survey results, it was observed that for both problems, the students were 

consistently aware of an equal number of familiar existing solutions. While this does not 

support the argument regarding differences in problems, it demonstrates that a) it is 

possible to design problems with relatively equal familiarity, and b) that despite having 

similar familiarity and using the same method, student designers still output different 

results. In other words, there are other characteristics that need to be accounted for in 

addition to solution familiarity.  

 

When investigating the effect of domain, it is speculated that a problem-method 

interaction may favor one problem over the other. For example, a problem in one domain 

may favor a method such as biologically inspired design due to more available solutions 

in biology. It was found that for the Peanut problem ï which involves mechanical and 

biological components ï student designers were able to generate a significantly higher 

number of analogies to nature versus the blind cup problem. Therefore, if one is testing 
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the effectiveness of a particular biologically inspired design method, a designer may have 

access to more analogies for Peanut than Blind Cup. As suggested by the results, using no 

specific method, participants were able to generate a higher mean of variety for the Blind 

Cup problem. However, with the ability to draw more analogies in nature for Peanut, the 

coupling of Bio-Inspired Design methods with these problems could have a potential 

reverse effect on the variety metric. While these results serve as a first step to expose 

these critical considerations, further investigations need to explore more problem 

characteristics to isolate these interactions.  

5.4 Limitations 

 While such experiments with human subjects have many limitations, two 

limitations are worth special mention. The first is that the comparison between Alarm and 

Corn in the Problems Effects experiment was a between-subject experiment. This could 

have affected the overall scores for either problem. It could have occurred that the sample 

that generated concepts for Alarm could have been more experienced, have higher 

knowledge and put more effort than the sample for Corn, or vice versa. To eliminate this 

possible limitation, the follow up study comparing Blind Cup and Peanut was conducted 

as within-subject.  

 

Second, it is noted that in each case, only two design problems are compared. 

This is particularly limiting with respect to the discussion on the more general 

characteristics of design. It is not this thesisô intention to suggest these are the definitive 

influential design problem characteristics, nor can conclusions be drawn from the scope 

of this experiment. The intent of this experiment and discussion on the characteristics of 
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design problems is to provide a little evidence as a starting point for further conversation 

and research.  

 

Third, despite obtaining statistical significance, the limited sample size is 

recognized, and it is planned to replicate a similar experiment in the future with larger 

and more varied sample groups. 
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CHAPTER 6: CONCLUSION 

6.1 Methods 

The five methods of Bio-Inspired Design were quantitatively and qualitatively 

evaluated. For each of the methods, participants were able to generate concepts to design 

problems and to generate additional concepts for their semester-long projects. While 

there was concern per the effectiveness of the Linear Equating formula, the Problem 

Linearity study affirmed its effectiveness at scaling the quantity and variety metrics. 

Thus, the resulting quantity metrics from the experiment are ratified. Uncovering 

scalability flaws of the quality metrics, direct comparative differences between methods 

are inconclusive. However the results still show effectiveness of each method to aid the 

generation of high quality concepts.   

 

 The Bio-Keyword Search method was the least preferred and generated the fewest 

number of concepts with the lowest quality, quantity, and  variety of ideas. The Bio-

Keyword Search Method as presented in this thesis relied upon a very newly developed 

bio-analogy retrieval tool that was still at an infantile state. This was also the studentsô 

first exposure to flow-based functional models, and Bio-Keyword Search tends to be one 

of the most difficult methods for students to master. Follow up work to improve the 

resources and searches were conducted by Lee [143]. 

 

 The Directed method was found to generate high quality concepts, and the largest 

number of concepts and quantity of ideas, despite being the least useful method from the 

studentôs opinions. While the Directed method was less structured than the others, its 
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superior performance may possibly be attributed to the specific Alarm design problem; It 

is relatively more familiar to students and easier to solve. Furthermore, the time 

investment associated with using the Directed approach possibly explains the 

participantsô ability to generate a more ideas. Since this approach is less structured and 

requires less effort of searching, it allows for quicker brainstorming. 

 

The Case Study, AskNature and BioTRIZ methods helped generate similar levels of 

quality and quantity of ideas, and a similar number of concepts. However, these three 

methods differ in terms of number of final concepts generated, the team preferences, the 

one perceived to give the most creativity and variety, and usefulness. Most of the final 

concepts were generated using Case Study or AskNature, without a large difference 

between the two, leaving BioTRIZ, Directed, and Bio-Keyword Search with fewer. The 

teams mostly preferred using AskNature and BioTRIZ equally, as opposed to Directed 

and Case Study. For usefulness, BioTRIZ was selected the most often by a large margin 

over the other methods, followed by AskNature. Despite the Bio-Keyword Search 

methodôs flaws, it did not receive the least number of votes: Directed and Case Study 

were considered less useful than the Bio-Keyword Search method.  

 

While BioTRIZ was preferred and thought to be the most useful method by the 

students, it actually resulted in concepts of similar quality and quantity to that of the Case 

Study and AskNature methods.  This is consistent with other research where designersô 

preferences do not match the quantitative outcome data. Much more extensive analysis is 
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needed to tease out the subtleties of the benefits of each method, types of problems the 

methods are more effective for, and limitations. 

 

While there were large differences when comparing methods to each other in certain 

categories, all these Bio-Inspired design methods were effective and helped generate Bio-

Inspired concepts. Each method was shown to provide numerous concepts with high 

quality and novelty, each help generate final concepts, and each was found to be useful 

by some students. Lessons learned in this thesis and the identification of limitations 

allows for better future experiments and mitigating the effect of confounding variables. 

 

6.2 Self-Efficacy 

 

 Over the course of the semesters for the two experiments, the studentôs self-

concept scores generally showed improvements: self-efficacy increased, motivation 

started and remained high, outcome expectancy increased, and anxiety generally 

decreased. There was also a general trend showing that studentôs self-efficacy, motivation 

and outcome expectancy scores level off at a score of approximately 80, even though 

those levels initially started off at different levels prior to the course. This may imply that 

students maximize their self-efficacies to a score of 80 and never feel as though they gain 

enough experience or information to surpass that level; achieving self-perfection in every 

criteria may seem unattainable.  
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While there are statistically significant improvements in studentsô engineering 

design self-concept scores from these course long experiments, there is still room for 

improvement. Although these scores do not directly reflect the studentôs self-reported 

ability to conduct Bio-Inspired Design, the insights and experienced gained from learning 

and using Bio-Inspired Design methods raised their self -efficacy performing traditional 

engineering design process tasks. As demonstrated by Pajares and Hutchinson, this raise 

in self-efficacy will increase the future effort expended by the designer in similar domain 

tasks and increase their motivation to succeed [134, 136]. Exploring and teaching 

additional Bio-Inspired methods may further increase the magnitude of these 

improvements.  

 

Additionally, Carberry et al.ôs self-efficacy instrument was found to be reliable and 

consistent with their original results and trends [135]. This consisted of the correlation 

between ED (Engineering Design) and EDP (Engineering Design Process), and the 

relationship between self-efficacy with motivation, expectancy and anxiety. Thus, this 

instrument is an effective method to measure peopleôs self-efficacy towards engineering 

design tasks. 

6.3 Problem Equivalency 

In this thesis, it was hypothesized that different design problems, despite being 

designed for similarity, will produce varied results across a set of creativity metrics. A 

(non-comprehensive) set of design problem characteristics that affect the design 

outcomes was also hypothesized. 
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Evidence was provided to support the hypothesis that different design problems, 

though subjectively intended to be ñequivalent,ò produce varied results across a set of 

design creativity metrics. In both between-subject and within-subject experiments, each 

design problem produced significantly varied results; across both experiments, it is 

shown that quantity, quality, novelty and variety metrics were subject to statistically 

significant differences, and that the quality metric in particular showed a high degree of 

variance. It was also demonstrated in the within-subjects study that some metrics, 

although different on the aggregate, showed moderate to high correlations between 

individual students; quantity of ideas, variety, and number of concepts in particular seem 

to correlate well across the problems examined. On the other hand, quality and novelty 

did not. This suggests that, at least for some metrics, it is possible to attain equivalency 

between design problems, such that individual performance on one design problem may 

be predictive of individual performance on another. Though the results show that the 

students may have equal familiarity with existing solutions for both problems, there is a 

difference in analogies in nature, showing that when coupled with a Bio-Inspired design 

method environment, one is able to draw more analogies for one problem, and will 

therefore generate different outcomes for each problem.  

 

In an attempt to begin to understand the factors at play, a set of characteristics that 

was felt to possibly influence these outcomes, was defined. The degree, to which the 

subjectively ñequivalentò problems varied, was studied according to two of the design 

problem characteristics defined: familiarity with existing solutions to the problem and 

domain of the design problem. It was found that for the peanut and blind cup problem, 
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design problems were in fact generated, for which students were roughly equivalent in 

their ability to consider existing solutions. On the other hand, these problems involved 

different domains, and as a result provided different levels of access to domain-distant 

analogies. This suggests that the domain of problem can influence the method used in the 

problem; in this case the peanut problem provided additional access to biological 

analogies that may influence the process and results from the biologically inspired design 

method. 

 

A hypothesized list of characteristics that may influence design outcome was 

provided. Identifying the degree and method with which these characteristics influence 

design outcomes will enable researchers to better craft more comparable problems. The 

ability to draw equivalency, and gauge problem difficultly across a variety of factors may 

also be helpful in tool-building, educational instruction and resource planning for 

industry [157]. Furthermore, by understanding problem characteristics on the journey to 

finding equivalent problems, one can also use the criteria not only for design research 

testing, but to also classify engineering problems encountered in real engineering work 

and aid in selecting best approaches or methods that target these specific characteristics.  
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6.4 Future Work  

6.4.1 BID Methods 

Problem equivalency ratio data needs to be collected to relate Peach Pitter to 

Peanut Sheller using the Linear Equating method, and calculate the newly scaled scores 

for Peach Pitter. Although, as suggested by the problem equivalency study, further 

investigation will need to occur to render the Peach problem equivalent and appropriately 

apply the linear equating method. Not only for Peach, but for the other problems. In order 

to draw conclusive comparison results among problems, the problems must be linearly 

equivalent and allow the accurate use of Linear Equating.   

 

The Bio-Keyword Search method showed some difficulties not only regarding the 

database, but in the grasping of the concepts behind Functional Modeling. It is a 

challenging process that requires extensive practice. Thus, for future courses, there 

should be improvements in the Functional Modeling lectures to aid students in 

thoroughly understanding its concepts, and allow more time for training and practice. 

Perhaps prolonging the course into two semesters to allow more incubation and practice 

time with each method.  

 

Furthermore, it was observed that time is a factor when applying each method. 

The Directed method showed advantages when the participants were limited to only 50 

minutes of idea generation. Thus, future experiments should increase the allocated time to 

generate solutions and re-evaluate the performance of each method for each of the 

evaluation metrics.  
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In this study, each method was taught in the same order through the semester: 

Directed first, follow by Case Study, AskNature, BioTRIZ and Bio-Keyword Search. The 

run-order should be explored and determine the effects of teaching one method prior to 

another.  

6.4.2 Problem Equivalency 

The sample size of the Problem Equivalency study was small, thus should be repeated 

with a much larger group of participants. Additionally, the results obtained in this study 

were for a one pair of design problems. Future experiment should aim to identify the 

same correlations between different pairs of problem to ensure linear equivalency.  

 

Experiments should be continued to explore the influence of the hypothesized 

characteristics of design problem on design outcomes. Future experiments should aim to 

isolate and define specific characteristics that will render two design problems linearly 

equivalent, or for alternative purposes, completely unequal. While this thesis shows a 

linear relationship between the two problems examined for quantity and variety, similar 

experiments should be conducted to determine if that linear relationship is true for other 

sets of design problems. Furthermore, identifying and improving design characteristics to 

allow linearity between problems for quality and novelty should be pursued. 

Furthermore, as those characteristics are determined, more design problems should be 

created and extensively tested to ensure consistent linearity. It is hoped that this work will  

allow researchers to provide comparisons among groups or individuals across a range of 

similar, though not identical, design problems.  
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APPENDIX A  ï DESIGN PROBLEMS 

A1:Alarm ï Directed (2012) 
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A2: Corn ï Directed (2012) 

 

  






















































































































