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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 daebee 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 Bimspired Design: Directed, Case Study, AskNature.org,
BioTRIZ, and BiecKeyword search. These methods were evaluated based on the, quality
guantity, novelty, and variety f the i1 deas that students gc¢
efficacy, and the feedback fronme studentsMultiple short design problemsvere
employed in order to teglach method with the participani account for differences
among problems, such as varying levels of difficulty emohplexity the LinearEquating
method was applied to the metic results. This attemped to effectively render the
problems equivalent The results demonstrated each methedbility to produce
numerous effective and creatiw®ncepts with high qualityand novelty,and large
guantity of ideas. It is also shown, thgh the use of SeEfficacy surveys, that the
methods utilized to teach Biospired Design positively affestit he st udent so
confidence, outcome expectancy and anxi et
motivation towards engineering desigrhe Linear Equatingnethodassumes a linear
relationshipp et ween par t i ci pddferantproblepsandthaitheneasmc e o n
significant interaction between the design problem and method. This study originally
planned to counterbalance the problamsrder to account for problem differences, but

this ended up rideing possible due toourse availabilityFrom qualitative observation
Xiv



of t he pargitwas deamthathére i9 sigeifecant interaction between the
problems chosen and thesign 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 swshBicInspired Methods. Developing a set of
standardized design problems that can be used for vathojects designs and can
effectively compare the impacts of various design methods is-going challenge. This
thesis used the scaling factors from iaitial, large scale attempt to create a set of
equivalent design problems. Due to unaccouwteatacteristiaifferences in the design
problems used, some noticealieegularities were qualitatively observed, despite the
proper application of th&inear EquatingFormula 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 thdesign 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 @misl and presents two experiments
targeted at uncovering these influences. In a first betwabject experiment, differences
in quantity, quality, novelty and variety evaluation metrics were examined between two
different design problems: an alarm clocidaa device that shucks corn. This exploratory

experimenidentifiedthe metrics the two problems were comparable or dffgrin order

XV



to provide a basis for the proposed characteristics influeltealarm clockis more
familiar to studentshusinstigaing a higher quality and greataumber of conceptsThe

metric results confirmed this hypothesized difference in qualitynameber of concepts

To further support this hypothesis and explore the influence of familiarity, a follow up
within-subject expement was conducted to reduce variance due to participants and
attempted to determin@ear correlationconsistency in metric results betwette two
problems. A different, but more commonly employed set of problems in design research
were used: designing device to shell peanuts and designing a measuring cup for the
blind. This withinsubject experiment displaye¢dat alinear correlation between the two
problems for theyuantity and varietynetricswas presentbut absentfor the quality and
novelty metics. In other words, thd.inear 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
chamlcteristics were correlated and compared: familiarity of the participants to existing
solutions, and the number of analogies they were able to draw from natursurVag
results displayed a positive correlatibor the number of conceptparticipants wee
familiar with for the two different problems. In other words, participants have a similar
level of familiarity for both problems. ¢lvever, a greater number @&io-Inspired
analogies are observed for the peanut shelling problem. These preliminarys@spts

the possible existence of interaction between the design method and the design problem,
especially when testing Bimspired Design methods. For example, in this study, Blind
MeasuringCup resulted ina greater variety ofonceptsBut when couplé with a Bic

Inspired Methodike the Directednethod( usi ng t he extentneds one

XVi



ability to draw agreater number of analogies in nature may favor the Peanut problem. In
that case, thd.inear Equating method may be ineffective. Thus, destmting the
necessity to further explore and improve design problem characteristics and linear

equivalence to better evaluate and test methods of design.

XVii



CHAPTER 1: INTRODUCTION

1.1 Context and Motivation

Studying creativity in the hopes of improving innovation heesen 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 priok Waat confirns the ability
to foster and enhance creativity and innovation in individuals, many researchers are
encouraged and driven to seek ways of exploring that possibili}. Through
exploring different approaches that aim to feed creativity and innovation, Analogy, which
includes Bioslnspired 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 systdi¥. Means of applyindpiological analogies to
engineemg conceptshave previously been employed suchtlas Directed method, as
termed by Glieret al (2012, which simply directs one to use nature as source of
inspiration, and Case Study which exposes one to successful casedrdiied design
to inspireideas[14-21]. Subsequently, various tools of Biaspired Design have been
developed to assist designers with limited biological knowledge. Three of thesai®ol
AskNature, BioTRIZ and Big&eyword SearcH22-26]. A senior levelelective design

course at Texas A&M University was created to teach student designets kig@ each



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 instruothdidmally solve

design problems and developnceptdor 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 gegereeative, numerous,

and innovativeconcepts |t furt her explores studentds

learning these methods affedtheir engineering design sadfficacy.

This study was motivated by multiple inquiries: Previous research sshioat
drawing analogies has great impact on innovation during the design process, so one of
this studyds motives is to deter-inspmed t he
methodq 10, 12, 27, 28]. There are various Bitmspired Design metlis that have been
developed[29-34]. Unfortunately, there are few empirical studies that compare them.
Pertaining to the final motive, this study seeks ¢ébednine the best ways to facilitate
learning how to innovate using nature. Some courses have recently been developed to
teach students Bitnspired Design, but there is ample room for improvenjds38].
Determining the areas faefinementwill contribute in theformulation 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 g&&@139, 40]. No



study has simultaneously compared the five aforementioned methods in a course
environment and tested the tineds 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 se&fficacy instrument to determine the effect of teaching and
learningBicl nspi red met hods -oonfidendeutdsexpectedthadtees i g n
set of formalized Bidnspiration tools will outperform the Directed method since they
provide better gdelines 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 solveowo, 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 fixateconceptghat they gearated the first
time aroundlt is recognized thaho two problems are equivalef@l]. However, while
these problems are differenmgsearchers need foretim to output comparable results
under the same conditionBhus, amethod called Linear Equating will beaplemented
in this thess to explore means of +&caling problem outputsinder the assumption that

the different problems have a linear relationship.

While analyzing the resulting design probleonceptshat the students generated

in the Bio-Inspired Design methods study, it was noticed that the design problems,



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 researchtivitgretien
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 variablesewddgo 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 addreertain 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 madhere to similaconceptghat they generated during the

first time around. Thus, utilizing different but equivalent design problems is highly
desired in this genre of experiments. Afwralyzingthese problems during the Bio
Inspired method®valuationexperiment, it was noticed that some particip@ntsr e sul t s
were random and inconsistdfdr some of the design problejfSometended to produce

on average more designs of lower quality, while others produced fewer designs with
higher quality regardless fothe method used Thus, this prompted the investigation to
search for means dfevelopingequivalent problems that woutdduce randomization per
participant, tdbe effectively utilized in this experiment. Bo sq the differences between

the current deign problems must be understood and characterized.



This thesis offers the first steps in identifying those differences and
characteristics. @ do so, a proposed list divelve design problem characteristics that
may influence design outcome is hypothkesi. 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 pamed to a peanut shelling device. In the
latter comparison, the linear relationship of the metric results arsibpogffects of two
of the twelve design characteristics (desigolution familiarity in two domairs) are

further explored.

1.3 Thesis Organizaton

The following chapters of this thesase structured as followsl will begin by
providing a background in Chapter &hich will pertain to the topics and experiments
that will be presented in later chapters, by introducing the context and various pr
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 metriagheand
Linear Equatingmethod In Chapter 4, a study that tests and evaludes/arious Bie
Inspired design methods will be presented as thelri&ipired 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: thity still be referred to
as the Problerkquivalencystudy. The latter is comprised of two parts: Probleifects
comparing the Alarm and Corn problensmlution Familiarity, comparing Blind Cup vs
Peanut. Finally, Chapter 6 will provide a comprehensiveclosion for both the BID

Evaluation and Problemaquivalencystudies, and impart on future work.



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 theféess. It will demonstrate prior work
that led to the motivation of the thesis, as well as waonlat are similar but serve to

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

2.1 Teaching Creativity and Innovation

In the lsst decade, our ability to innovate and produce technology is increasing
exponentially, resulting in increases in competition in engineering expiits While
creativity resarch 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 compe
never ending argument shortafinalized consensy#8, 49]. Most descriptions fit along
the ability to intentionally produce nel appropriate, notraditional, and useful

outcomeg48-52].

The ability to teach engineers and designers to think more creatively, opens the
possibility to enhance their ability to be creatiy8]. It can be cultivated and further
developed through curriculums, practice, conditioning and various stj)uli3, 54].
Various studies havdemonstratedhat the possibility to foster and improve creativity
exists, through activities such as creativiectures andmentoring[1] and creativity
training[53]. Thus, countless researchers seek the ability to improve and foster creativity

in designers. Ta ackl e this drive earlier on in on



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 uwniversities seek to improve the education of their students to make them
more creative, not only in thenited Statesbut all over the world55-57]. Among the
various research pursuits to improve creativity in university students, Sbnokes
examinedways to better engage students during courses, such as higher interaction
between teams and instructor feedb$6g], hands on building and testifj§9, 60],
problem based learningsl], and design curriculumghat focus on creativ@roblem
solvingskills, communication and teamwovia class projects and exerci§és, 62-64].

While theseprogramshave proven to be effective towards fostering creativity, trey

constantly being improved, redesigned, and new ones emerge.

2.2 Methods of Idea Generation

Creativity is most udal 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 Aatysis, which can be used by a single individual, a3¢66
C-Sketch and Gallery method, which are team based mefp4da5, 65-71].

Brainstorming was devel oped by Osborn
improve the quantity of ideas or concepts generated during a group problem solving
procesg67]. 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:



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

2. "Free-wheeling" is welcomed'he wilder the idea, the better; it is easier to tame
down than to think up.

3. Quantity is wantedThe greater the number of ideas, the more the likelihood of
winners.

4. Combination and improvement are souglt. 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 anothd6idea

Though followup 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 ses$ih74]. T h u s , I f oneds goal
many ideas as possible, it would be preferable to initredesidual brainstorming to
maxi mi ze output and increase the fasaskel i ho

group to combine and improve the best ones.

SCAMPER is another ideation method developed by Erberle which makes use of
several ideas introduced by Osb@rBrainstorming such as suspending judgment, large
guantities, combining, improving and kiiihg 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:sfituie, Combine, Adapt, Modify,

Put to other use, Eliminate and Rearrange/ReJé8&eFor example, under the substitute



category, one could ask AdAWhat cdmantans ubsti
functionality but reduce weight?0. Whi | e
improve creativity, it was shown by Mijar€3olmenareset al. that it displayed no

significant improvement in figural creativity79], as measured by Torr
Form A tesf{76]. Howeve, 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 assistfaige

The ATheory of l nventive Problem Sol vin
of millions of patents to identify and classify repeatable patterns of innovation and thus
create a thary, or at least algorithm, for innovati¢@4, 70, 71]. A contradiction matrix
was developed that contains principles of innovation for 39 system parameters. Once a
specific conflict is recognized, a loalp table is used to identify the specific principles of
innovation that can overcome the conflitRIZ has been extensively studied and found

to be an effective method to generate novel, useful and creative so[uB(.

The 63-5 method is a method deloped by Rohrbachhat usessimilar
principles as thoseof Os b o rBraidstorming such as wspending @ticism and
combining and improvingthers ideasto assist in idea generation sessions of groups
[81]. According to Rohrbachthe group would consist of 6 participants, where each one
would be given a piece of paper to &rite d
50. After each 5 minute interval, the eac|

along their piece of paper to the person next to them. During another 5 minutes, each



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 returnsigingde o
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 vaoiatiené

3-5 method[82-85]. One extensively used variation is theSketch method. It is very
similar to the 63-5 method, however, instead of writing down idethgy are sketched

[82]. Linsey and Becker show ththe use of €Sketchis less effective than the3$5
method when using sketches ofB6, 86]. However, when usingketches along with
annotationsit is more effective than using the365 method as the use asketches can

be more ambiguous, thus cause misinterpretatimtdead to new ided82, 86, 87].

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

A

provide sources of | n%«mpwledget i on beyond onebo

2.3 Design by Analogy

An analogy, inthe context of designis described as the identification of
similarities between two domai88]; 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 tipe sioa the build
materials, but by their overall function of holding potential energy that is to be released a
power system§88]. Analogies, or taking ideas from existing systems, are often found to
be useful dring the idea generation procef9]. These analogies or sources of

i nspiration, serve as a guideline that f a
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innovative creativity, fronTaylor 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 innovatidi®1]. Several methods have been developed to
facilitate the use of Designy-Analogy, including Synetic$92] and the WordTree

method[93, 94],

2.4 Bio-Inspired Design Methods

Nature is a great resource of inspiration in engineering innovigtiénl4]. Drawing
analogies from nature for desigfrequently referred to as Bimspired Design, has
kindl ed many r esear chetechniquealsialso raferredbtmast o e X
Biomimetic Design, Blogically Inspired Design, or Bmimicry. In Bio-InspiredDesign
research, there are four coumits as suggested by Jamal Wilson: Biological and
Engineering Research, Representation of Biological systems, Analogical Translation
(Identification, transfer), Design Utilizatiof®5]. At the dawn of Bielnspired design,
there was | imited for mal framework other t
natue. Thisthesis will refer to tls Bio-Inspired design methods Directed In other
words, the degner is directed to reflect on or searbiology for inspiratios and
analogiesThis is consistent with prior work by Gliet al. [20]. Since most designers
and engineers do not have a readily available database of natural inspirationsheusing t
Directed method is limited by the extent of their biological knowledge. Some Bio
Inspired design methods attempt to mitigate these iss@seaRchersdve initiated the
development of formal B-Inspired Besign methodsnd tools in order to guide and

assist engineers and designers in drawing ideas from a®@)r&3, 36, 96, 97].
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Fu et al. offers a very comprehensiaidit of the thencurrent statef-the-art Bio-
Inspired Methodsand toolsthat ha been developedsummarizes the characteristics of
each and provides a correlation that serves to highlight their alignments with findings in
Designby-Analogy factors[98]. Thesemethods and toolgclude Biomimetic Design
Through Natural Language Analysis, DANE, Idea Inspire, Engine¢ohijology
Thesaurus ahthe FouwBox Method.Essentially, through extensive literature research,
each method was evaluated and classified by the degree to which it addozpsade
and implementatiorfactors that have been found throughor Desigrby-Analogy
research. Somef thesefactors include fixation, incubation,xgertise, modality of
representation accessibility, computational synthesis and probsetation approach
Thus, hey subsequentlyprovide an overview ofpportunitiesthat exist for future
research that nyaimprove these methods and tools to better address these factors. For
example, none of the methods were found to address the factor of incubtdime,
highlighting the opportunitiesf exploring theeffects of incubation on these Binspired
design mehods [98]. Accounting for and mitigatingthese limiting ognitive and
implemental fact@in the development or improvement of Bitspired design methods

and toolstheir use will be more efficient and increase the chances of syé&gss

The Biomimetic Design Through Natural Language Analysis was developed as a
systematic approach to retrieve a multitudéiofogy keywords that are more relevant to
the target engineering applicati¢@9, 100. These keywords facilitate the search for

biological phenomem from journals and books that can inspire engineering design. Chiu
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& 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 whgh led to the necessity of future improvemd®9]. Nonetheless,

the search with action words | i ke Aremove:
high return of significant biological keywords. Cheaical. adapted this tool and refined

it so that it utilizes kewords 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 atii find more relevant

bi ol ogi cal phenomena. This enhancement wupo
application through a study with senior undergraduate in mechanical engineer students.
They were to use the wor dogeidPateeconeepts foraand f
device that is used for protection in sports or hobbies, and resulted in creative concepts
[10Q. 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 Engineeringo-Biology Theswrus is mostly used as a tool in conjunction
with a form of functional modeling9, 101, 107. It utilizes the Functional Basis as
developed by Stone and Wofizh], but instead of the mechanical synonyms found in the
Afcespondentso column, they are replaced by
[10]]. 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 EngireeBrajogy

Thesauus keywords, and rate how relevant and useful these sentences were to inspire
solutions to a design problef). The results pointed to the

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

DANE and IDEA INSPIRE are two very simil@aomputational tools, but have
some difference$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
(StateAction-PartPhenomenoiinput-oRganEffect), and was tested using focus groups
in a laboratory environmeip104, 105. DANE classifies its models in their library using
a StuctureBehaviorFunction (SBF) modeling scheme, and was tested in a classroom
setting, focused on tehing BioInspired 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 Veittam
could be associated to the &pf 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 tiarel freedom to use alternative methpt33.

14



From observation of past studig®€, Helms ad Goel noticed that students had
trouble formulating problems and detecting relevance of biological passages or text in
order to draw useful analogies from nat{it®7]. Subsequently, they sought to address
these issues through their introduction of the F®ox Method[107]. It is a quickto-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 prolem descriptions and analogies in nature, however, the-Baumethods
serves to also account for the differences. Acknowledging the differences sometimes
helps to determine new parameters in problem solyiy]. The FowBox method
draws its name from the simple four components the user must complete. The four
components are Operational Environment, Function, Sp&ons 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 ¢ategories of the problem and
those of the analogical passage. Th€hart will help highlight the similarities and
differences between the two. To assess the usability and effectiveness of tigo¥our
method, Helms and Goel conducted a study in alBspired 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 ofghidy 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 smhs{i107].
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The selected methods employed in the undergradBiaténspired Engineering
Design elective course afexas A&M University were the Directed, Case Study,
AskNature,BioTRIZ andBio-Keyword Searchmethod 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 Methodsimply directs a designer to use nature as a source of
inspiration since biology has been recommended by many, as a valuable inspirational
resourcg14-17]. 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 i s Iknowiedge &liet o t he
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 tanys®rmal methods
[20, 21]. It was found that the Directedpproach did not provide any significant
advantages over using no specific method, in terms of quantity of ideas, quality, novelty
and variety. This | ack of difference was ¢
biological knowledge, therefoh¢y suggested the use of formal methods to conduet Bio

Inspired Desigri20, 21].
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2.4.2 Case study

The Case Study Methodf Bio-Inspired Design allows designers to search for
inspiration through nature via existifjo-Inspireddesigns. The course instructor would
also expose the students to existing natural prie€ipnd show various phenomena that
occur in natured.g. $rong spider silk, gliding animals). The principle idea is that the
designers will be exposed to different casesBai-Inspired Designs and will then
develop an ability to recognize analogies usedransfer knowledge to engineering
solutions. Thus, a collection of existifgjo-Inspireddesign solutions will be displayed
and discussed in lectures. Many case studies can be found in various collection databases
[14, 18 19, 10§. University of Mayland and Montana State University have both
developed courses that utilize this meth®d 96, 10§. The University of Maryland was
able to test run theonceptof Bio-Inspireddesignin a brand new course and exposed the
students to multiple cases using their accumulated repository of case fd@flieIhe
initial evaluation outcomes based on sol®@bsenation of the studentsand feedback
surveys,were positive They were able to grasp and utilize biological concepts in their
resulting products they demonstratetligh engagement and attractitm Bio-Inspired
Design, and over 90% of the studentasdd f eed
the acquisition of new skill set6]. Montana State University also expdsthar
students in their Bidnspired Design course, to multiple case studaesl reverse
engineering37]. Thus far, there is no documentatiohthe direct studenfeedback or
evaluation on this c¢our $Hewevet enkinshpeovidesubesh or 6 s
practices based on the experiences, and offers insights to developresiied Design

course in a following texf10§. The demonstration of successful Bispired Design

17



cases may be helpful to a designer who is be able to apply the same analagstat

found in that case, to their existing problem.

2.4.3 AskNature

Asknature.org is a curated database and website launched in 2008, that
i nventories nat ur er@plsenothensitod.vFerreacd phenonmeoon,i o n s
AskNature provideslescriptions pictures,diagrams,history, application ideassimilar
natural systemsor existingdesigns that have applied said phenom&hés allows users
to search for phenomena by keyword, function name, strategy, existing solutions, and
organismsWithin the context of this database, function is defined by Asknaturg.o as i a
speficic challenge met by natureo, and st
than one challenge, thus serve multiple functi@#}. The iformation is free of charge
for anyone, and there are currently over 1,800 natural phenomena available in the
database, as of April 20122). This databasessentially provides access to relevant
biological information as they are continuously being discovered, studied and extracted
from peefreviewed journal$23]. The creators allowed users to create profile and hoped
for communcation, sharing and social activity, however this objectives were not
observed in satisfactory levd®3]. As it is still an experiment relying on user feedback,
it is constantly being improved by its developg28]. Though there have not been any
empirical studies, as of today, exploring the effectiveness of using AskNatureorg

promote creativityit has been found to be a useful reso(it€s).
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2.4.4 BioTRIZ

The BioTRIZ Methodis derived from the TRIZ method mentioned earfi&l].
BioTRIZ, is very similar to TRIZhowever, instead of using successful principles found
from technological patents, the principles are derived from ngffle 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
contradictionswith their associated biological resolutiof]. The system pameters
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
[110 117]. Craiget al, through the utilization of BioTRIZ, have successfully developed
a BioInspired solution toarengineering problem. They were able tosiga 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 theesole us
of the original TRIZ method11]]. Glier et al. has also evaluated the useRbTRIZ
through a study with a group of 12 gradul@eel mechanical engineering studefi&?.
The students were taught to use TRIZ, BioTRIZ, Functional Modelingoamkieyword
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 axdd higher, through
student survey feedbatikkan FunctionaModeling and biekeyword searchWhile the
two methods generated different concepts, there were no apparent advantages of using
one over the othdrl1Z. There were also some minor difficulties when usngTrRIZ

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 conf{isis.
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

FunctionalModeling enables a thorough understanding @& thquirements and use
of a product, while decreasing the tendency of designers to fixate on a particular physical
solution for the probleni113. Using Functional Modelingdesigners deconstruct a
problem so that an analogous function in nature can be more easig. fFrom there,
one can use function terms to search for analogies in -&ejiwordbased database.
Several of these curated databases have been created to facilitate the search for
appropriate biological sources of inspiration, such as AskNature, DAME IREA
INSPIRE[31, 105. The methockvaluatedn thisthesis Bio-Keyword search, makes use
of Functonal Modelingin combination withblack box mode |, Gl i er 640- Engi ne
Biology Thesaurus, anthe use biological journals and textbooks as dataj&sd®1,
1027. During the functional modeling phase, the user wouvddite a black box model to
identify the core functions of the system, then decompose thensysto more detailed
functions using terminologies fromhe functional basi§25], then translate these terms
into biological words viathe Engineeringo-Biology thesaurus, and use thoBeb i o0 0
terms to search theurnals and textbool®, 101, 102. Several examples of functional
models can be found hef26, 97, 114]. By developing such modelsing bickeywords
from the Engineeringto-Biology Thesaurusit facilitates the individuafunctionsin the

models to be explored through analogies in naimé,also allows one teompare 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 enginedystter
understand the phenomena occurring in the said system; mitigating the need for engineers
to comprehend biological language. Such a repository of biological phenomena
functional modeldas beemnleveloped113. Through the use of four case studiesults

of a preliminary studies shavasesthe successfulise of functional modelingcoupled

with repositoriesto effectivdy enhance problem formulation, and further transfer
principles from biology to engineering systenteading tothe development afiniquely
creative solutiong97, 113. In all four cases, the biologically inspd solutionfunction

flows and compoants werecompared tahose of theengineered soluti@on g and vere

regardedo berelatively unique, novel, functional and effect{@, 113.

2.5 Teaching Biolnspired Design Methods

Various universities like Georgiastitute of Technology, Montana State University
and University of Maryland have developed courses through which students are taught
methodsof Bio-Inspireddesign[37, 96, 115. The studies at Madana State University
and University of Maryland were discussed previously in the Case Study sé&dten.
instructors and designers of the courses are still investigating better methods and
structures by trial and error, course evaluation experimentstaddnt feedback. Whilst
progressingtheseuniversities 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 cour% 36, 96, 116-11§. Georgia Institute of
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Technology nurtures the Center for Biologically Inspired Design (CBID), and has
introduced a multidisciplinary Binspired Design course. The curriculum and methods

of teaching have been modified with every new semestee #iveas 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, materiaesce anda mixture ofotherdisciplines.It

also involves readings, assignmeatsl group projects. As other universities have done,
this course catches -lhspied dedign dyefamili@rizging thent er e s |
with successful case studies. Thehey 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 exerttisepredominantly

focused on novel design techniqueseidisciplinary communication and collaboration,

and exploration of topll&s beyond oneds cor

This course has been the subje¢ many studies conducted by Helrmes al,
including the implementation and testing of DANE (discussed eafli&§, 107, 117-
120.Some those findings include the identification of key challenges when teaching
students to perform Bitmspired 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 environmefitdg. Additionally, they were able to
use the course to ewalte twohigh-level processesf performingBio-Inspired Design:

SolutionDriven and ProblerbDriven. It was found that a SolutieDriven starting point
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more readily drives the design proceasopposedio a ProblerDriven starting point

since it incites more structural focyd406, 12(. Furthermore, they suggest from
observation that wusing interdisciplinary
domain since each student is pushed to examine problems from different point of views

and communicate ideas to diverse disciplin€bis promotes creativity and innovation

[119.

Texas A&M University developed a similaelectve course to introduce
undergraduate Mechanical Engineering student8iteInspired design Prior studies
were conducted to develop the course and determine the methods that would be
incorporated into the curriculuflly. The teaching methods and curriculum will be

discusedin Section4.1

2.6 Evaluating and Comparing Methods Studies
With the development dbrmalizedmethods and tools come the inevigabtudies
that test, evaluatgnd compare the effectiveness of each method. Most of the studies
briefly discussed in the previswsection test the effectiveness of each singular method
when compared to@ nrrme t h aomtrol group For some traditional, neBio-Inspired
methods, such as TRIZ, SCAMPER;3®, CSketch, BrainSketching, and Gallery

Method, there have beem few compaative studies to determine advantages of one

method overtheother t o t he aut horés best knowl edge

Chulvi et al. compares the TRIZ, SCAMPER) s b o r midgs®rmiBg and no

method by assigning four different groups of design PhD students a specific nvathod
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which they were to solve design problef&]. 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 novelusons than both, however, those
were rated as less useful than those generated by both TRIZ and SCAMBER
However, the use of the three formal design methods showed advantages on both criteria

when compared to no formal method.

In another study by Linsest al, equivalent methods to Brainstormjrg3-5, G
Sketch, BrainSkeh and the Gallery Method were compared by agsigvarious senior
level mechanical engineers a design problem to solve with each nié@®deb]. The
resulting concepts were analyzed usthg formalized Quantity, Quality, Novelty and
Variety ewaluation metrics (discussed later), and displayed greater advantages in quantity

and quality metrics when using methods that involve both sketching arjé®e26).

Similar styles of studies aralso applied to evaluate the effectiveness of- Bio
Inspired Design method&or exampleas discussed earlier, testitige effectiveness of
using nature through the Directed approach, or the Enginetoiiglology Thesaurus
approach[9, 20]. These studies obsexd each method individually but were not
compared to otheBio-Inspireddesign methodsGlier et al. evaluatedthe use ofBio-
Keyword Search(similar to the one in this the$iand BioTRIZ, by teaching them to
working professionals, througiweelendlongworkshop[39, 112. The comparison was

made possible through the analysisaathreepart activity givenduring the weekend, a
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long-term desigmroject and feedback surveys.was found that the designers were able

to learn and quickhapply each method, and they aided to generate concepts that were
inspired by nature. Some difficulties using each methoek wlescoveredAs discussed
earlier under the BioTRIZ section, the BioTRIZ inventive principles werdyetsind

but difficult to apply Furthermore,Glier et ald sversion of Bio-Keyword search
facilitatedthe searclior biological analogie$or those tlat were familiar with Functional
Modeling.Thus, since rast were unfamiliar, they were unable to generate useful models
whereadtose who better grasped the concepts of functional modeling were able to

generatenore useful model$117.
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CHAPTER 3: EXPERIMENTAL TOOLS

I n this thesis, various tools were wused
skills, and assess their selffficacy to evaluate to degree to which theotife course
i mpacted the parti ci pesigntsiills Thip ehapteewilywesentengi n

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 4 s ses s one
creativity and ability to generatonceptsTo develop design problem®searchersften
began by brainstorming potential problem ideas as a lab gvbep applicable design
problems are not available in the literatuCairrently, in the dsign literature there are a
limited number of problems availableln this study, several problems were selected and
used to evaluate subjectsd outputs. These
Peach, Towel Ironing, and Peanut Shel@g, 39, 42-45, 121, 122.These problems are
described inTable 1. Each problem presents an engineemugry within their context
and environment of operation, followed by a set of custometsngmtconceptsshould

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 S
producing 40% of the wor |l do snkdrrels areeusdd whe
bought canned or frozen in grocery stores. An ear of corn has a protective outer cov,
leaves, known as the husk, and strands of corn silk threads run between the husk
kernels. The removal of husk and silk to cl#acorn is known as shucking corn. Desig
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.

1A large quantity of corn must be shucked quickly.

9 Low cost.

Alarm

Alarm clocks are essential for college students, however often times they will wak
roommate and those around them as well. Design an alarm clock for individual use t
not disturb others. The clock should be portable for usevariaty of situations such as ¢
the bus, in the library, or in a classroom.

Customer Needs:

1 Must wake up individual with no disturbance to others.

' Must be portable and lightweight.

1 Electrical outlets are not available as a constant power source.
9 Low cost.

Blind Cup
Design a volumeneasuring apparatus for use while cooking by a person who is blin
needs to be easy to operate and able to be used for both powders and liquids
splattering during operation. The apparatus needs to measuratgchduantities from 1/
to 2 cups.

Customer Needs:

9 Prevent waste of food products.

fEasy to clean.

9 Low cost.

Towel Ironing
Design an automatic wrinkle removing device for use for towels in-déghhotels. Thg¢
purpose of the device is to remove wrinkfesm freshly laundered towels and to fold t
towels. At this stage of the project, there is no restriction on the types and quar
resources consumed or emitted.

Customer Needs:

' Remove wrinkles and fold towels quickly.

9 Consistently remove all of ¢hwrinkles and fold towels to the same size.
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Table 1: Design Problems DescriptiongContinued)

Coconut

In certain places like the Philippines, Indonesia, and India, coconut harvesting is g
practice. The wrrent process requires a skilled person to climb the tree and cut doy
coconuts. The average height of a coconut tree-#03fget and though there are groo
along the tree that make it easier to climb, the tree surface becomes very slipperyau
rainy seasons. The process may take as long as 12 hours for large farms that ave
trees. The goal of this problem is to design a-tmst product to improve the cocon
harvesting process so that it is safer and can be done more quicklytargat throughput i
at least 500 pounds per hour.

Customer Needs:

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

9 Electrical outlets are not available as a power source.

fLow cost

Peach

Peaches have a pit in the center of the fruit #metuld not be eaten. Ripe peaches
delicate, soft, and bruise easily. For certain types of peaches, the flesh of the peac
tightly to the pit. Design an automated device that can cleanly remove the pits of «
peaches while keeping thauit intact and without wasting much of the fruit. The peac
cannot be genetically modified. The target throughput is approximately 50 pounds pel
Customer Needs:

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

T A large quantity of paches must be quickly pitted.

9 Low cost.

Peanut

In places like Haiti and certain West African countries, peanuts are a significant crop
peanut farmers shell their peanuts by hand, an inefficient andifdbosive process. Th
goal of this projet is to design and build a leeost, easy to manufacture peanut shel
machine that will increase the productivity of the African peanut farmers. The
throughput is approximately 50 kg (110 Ibs) per hour.

Customer Needs:

9 Must remove the shell witminimal damage to the peanuts.

1 Electrical outlets are not available as a power source.

1 A large quantity of peanuts must be quickly shelled.

7 Low cost.

9 Easy to manufacture
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The Alarm problem was adapted frahe design problem createlly Genccet al.to
compare freshman undergraduate engineering
seniorg[42). Their version asked the participants to design an alarm clock that could be
disabled by a user with ovemitts, earmuffs, and blindfolds, whereas Glitr al.
modified it to the descriptioshown inTable 1 [20]. No reason was given for the
changesThe modifiedAlarm problem was used in conjunction with tBern problem by
Glier et al. to study theeffectiveness of th®irected method s [A0k eThe Coconut
problem was developdaly Glier et ald for aBio-Inspiredworkshop study39]. It was
adapted from Atiloleet al6 s5i Co c o n u t , fot thairkstudy th @ompare the effects
of represatations of examplef43]. The Blind Cup problem was takadirectly from
Janson and Smiths st udy to test the ab[d4. Jdansgon o f me
and Smith aske participants to design a measuring cup ifatividuals with visual
imparments 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 stdies that test creativity and innovative capabilities of desigdérsl2],

122.

The Peacland Towel Ironingoroblens weredeveloped for the purpose of the course
presented in this thesi3here was a need to find a problem that students would be
familiar with but did not havebvious known solutionsthus creang an engineering

challenge.
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3.2 Idea Evaluation Metrics

To measure the effectiveness ekperimental conditionsfour formal ideation
metrics have been used in prior studigsantity of ideas, quality odoncepts novelty
and variety These metrics werbrst proposedby Shahet al. [123, which were then
adapted ad supplementelly Linseyet al.[121, 122]. The procedures for assessing these
metrics were recently furtheefined to increase reliabilithy Helmset al, which are
documented and formalized in a comprehensive Training Pdd2®. When a
participant generates conceptual sketcagpossible solutions for a particular design
problem, hese metrics are ed to quantitativelyanalyze,evaluate and compartbese

resultingconcepts

To better explen these metricspnemust understand the context in which they are
used. Participants are typically adkéo sketch and annotaseveral conceptsfor a
particular design problemThe conceptsare then analyzed and coded by graduate
students that have be#mained usinghe coding Training Packedeveloped by Helmst
al. [124). For each metridhere are structudgprocedures to follow to ensure consistency
in coding The Training Packet ensures that all trainees will exproblemsimilarly,
following the same guidelinedt offers a full description of each metric, along with
multiple exampleconceptghat a trainee may use for practidée purpose angrocess

of each metriare described as follows
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3.2.1 Quantity

TheQuantity of | deas, or ogsiamdedtion metethae r r e d
determines the number of noedundant ideas found in a setcohceptgprovided by one
participant. Ansingleiii dead is a part of t he deesi gn
Functional Basig129. Each conceptusually encompasses several ideas in order to
complete a task or set of tasks. In order to calculate the number of thesslunodant
ideas, eacltonceptprovided by a subject is initially analyzed individually and all the
ideas present eaatonceptis listed. If any idea is udeby one individual participant
more than once within the saroencept or duplicated in anoth@oncept then hat idea
is only counted once. Howevaef,there was a component that was used to accomplish
different fundions, the component was counted for each functan.example, in the
exampleconceptfor the Peanut Shelling problem kigure 1, the conceptuses a human
being to perform two separate functions: to position the peanuts auppdy energy.
Thus, AHumano i s credunddntidea forwhatcparticipms as ento no f
conceptsFurthermore, if this same participant were to generate 3 com@eptshat also
utilized a AHumano as an i daadaPoditibnathenthat i s f i
pair of-PdisHiutmaon 0 -Saunpdp | fiykbu meonu | d onl y be coun
conceptssince they would be redundant ideas for all foamceptsin the end, the total
number of norredundant ideas for a set @afnceptss caunted and recorded.o ensure
reliability amongst coders that analyze theseceptsa Pearson Correlation is often used

between two different raters that count the number ofradondant ideas.

31



¥ Ll :
% D""'fﬁ+m>
J’ P&smﬁc;r‘w pe,cngJ trcadg

ajfa‘:: for F:o:.ﬂuﬁ'f“ Gk,
port cmc’ti? o) o)
recia i

H“‘\ﬁ
Teesens

e pgndk
g =
L e
&l c::&ik-'

Figure 1: Example ConcepttoPe anut Pr obl em Demonstrating the

functions performed by a human[124].

3.2.2 Quality

Quality is a measure of the feasibility ofcanceptand how well it meets the
problem specifications or customer ne¢dl26. This metric uses a thrgmint rating
scale, which was developed by Linsstyal. [121, 127]. A quality score of zero is given
to conceptghat are not technically feasible or do not meet any of the customer needs. A
score of one is given toonceptsthat are technically feasible and partially meet the
customer needs. A score of two is givertdmceptghat are both technically febte and
also meet all the customer neetls. better represent this though process, the 3 levels of

guality are represented the flowchart inFigure?2.
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Is the design
technically
feasible?

No 0

Yes

Is the design
technically
difficult for
the context?

Yes 1

No > 2

Figure 2. Flow chart process forquality rating.

Two examples of quality ratings are shownHigure 3. The first shows @oncept
involving genetically modified or biengineered worms that will only eat the shell but
leave the peanut intadiVhile thisconceptmay be consideret bevery creative and out
of the ordinaryijt receiveda quality score of 0 due to its lacktethnicalfeasibility. The
secondconceptutilized human feet to crack the peanut shells, which is feasible and low
cost, hovever 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. Thabnceptwould receive a score of 1.
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Figure 3: Conceptsthat have quality score of O (left) and 1 (right)

A conceptwith a score of 2 would be found to be technically feasible, fitting to the
context of the problem, and fulfilling most of the customer ne&dsonceptreceiving a
score of s shown inFigure4 because its 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: Conceptthat has a quality score of 2

For each prticipant, the average quality score of th@onceptsetis averaged
This allowsthe comparison otachp ar t i clavglsaoh auipg qualityOf course,
different raters may determine different quality scores for the sameepts thus to
ensurereabi | ity of this metric among forat er s,
least half the data being rated, as it is a measure ofrattaragreement for qualitative

data analysi§l127].
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3.2.3 Novelty and Variety

The Novelty metric measures the frequency of occurrenceonteptsgiven a
solution space generated by the participants, while the Variety metric measures the size
of that solution spacgl2€. In order to measure Novelty and Variety Bifo list is
developed for each degi problem solution spac&hese bins consisff a list ofconcepts
that have been used by different participafist example, since the peanut shelling
problem has been the most used, it has the
these binsriclude cylindrical roller, blade, filter, press, centrifuge, vibratiett, For
each individualconcept one point is added to a bin, or if thenceptis composed of
multiple binconceptsa point will be added to a multiple of birlus far, after muiple
studies and use of the peanut shelling problecohe@rentb i n6s | i st consi st |
has been established, accounting for a wide varietpiteptghat have been generated
by over thousands of participant65, 128 129. A full bin list and descriptionis
provided inAppendix Bfor the peanut shelling problefihe Alarm and Corn problem
which have been used layfewstudieg[20, 21, 130, consists of 39 and 43 Bins thus far,
respectively(Shown inAppendix Q. A lesser used problem, Blind Cup, consists of 33
binsthus far(Appendix Q. For newer problems such @sconut, and Towel Ironingnd
Peachwell established bins have not yet been develppatithus far consist of 45, 38,
and 30 bins, respectively (also showrAppendix Q. Once & i n 0is estblishddhe
conceptsat handcannow be entered into an excel sheet as showAPIRENDIX D. For
each particulaiconcept the individual ideas in thatoncept are cross listedwith the
corresponding binThe number of occurrences of each bin across the pomrafepts

leads to the calculation of the Novelty and Variety metsi¢ollows
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For each bin and a given solution space, the novelty score isatattby taking one
minus the ratio ohumber of concepis a bin to the number of totaumber of concepts
Themeannovelty score for eagbarticipantis thenfound by averaging the novelty scores
of theirconceptsThis would result in a score betwe@rand 1. The closer the score is to
1, the more novel it isSThe variety metric emplaythe same bin counts that wetdized
for Novelty. For each individual participant, the variety score is the ratitotaf bins
usedby that participanto the totalnumber of binsSimilar to the novelty metric, the
score can vary between 0, for not developing @myceptsto 1, for generating concepts
that fall within every binFor reliability and consistency of novelty and variety results, a

Pearsorcorrelatons used between two ratersod® results

3.2.4 Number of Concepts

This metric shows the number of single product solutions provided by each
participant for a given problenA single product solution is defined as all the ideas
contained on a single page unless ipgmdénts made a clear indication that the product
solution is continued onto another pgdd€1]. This metric is evaluated by counting the
number of single prodaisolutions generated by each participant, and obtaining a total
number . To not be «conf u gartitipantcah provideQmamynt i t vy
concepts For example, the studegenerated solution set iAppendix B shows 4
conceptgyenerated by one studemhusthe number of concept®r that student is 4, and
eachof these 4conceptscontairs multiplefidea® as descri bed by t he

metric
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3.3 Linear Equating

Design problems vary in difficulty to ke, participant familiarity, solution space
size and many other factors. To account for betwwehlem evaluation metric
differencesa method of linear equating was introduced in order to scale resulting metrics
to make different problem metric resuftse q u i vTde reasaning.behind this method
can be explained by the following example: If Problem A is always twice as hard as
Problem Bunder one specific conditipthen for future evaluatioand alternate testing
conditions we always want to take tm account that hardness factor af But to
determine that fA206 factor, both probl ems

serve as a baseline.

To determine the baselines in the context of this study, the multiple design problems
were given ¢ freshman engineering studemtsder the same conditionk is assumed
that all freshmen have similar knowledgeability and with a large enough sample size,
different groups can essentially be treated as eqUia¢speanut sheller problem was used
as thereference. 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 Peanutproblem wagparticularly chosenfor this purposeas it was tke
most used, developed and well evaluated by Lirdegl.[121, 127]. It served as a solid
baseline referenceThus, wthin the same parameters and level of knowledge, the
resulting evaluated metrics for the different problens lva correlated back to those of

the Peanut Shelleldeally, after using these factors and the method of linear equating to
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rescale Problems B (C, D, astequé/glent totPtolelgm c a n

A (or the Peanut Sheller problem in thes8.

To obtain theseatios orfactorsb et ween each pr dhodeefthts met

Peanti Sheller the resulting metricebtairedfrom the analysis of theonceptgyenerated

by the participants are recorded. These factors are then usattudatethe equivalent
scores,assuming theelationship between groupsere linear thus using the Linear
Equating equation from ETR31. With this scaling, there are three parameters to take

into account. The data set of the reference propRnabem A (n this case being Peanut

Shelle), referred to a® , the data set of the problgid, C, D, etc) which was collected

underthe sameonditionsas that othe Peanut Sheller, referred to @s, and the data set

of the new score@inder the aw conditions being testetjat need to be scaléBroblem

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

usingEquation 1

1= Ogete

| rll

(1)

Al 3 3 ™ H H | = Comt+=

—

Whered is the input of the equation, representing the metric score to be scaled,
YOO and"Y'Qd are the standard deviations of theandd data set respectively.
AQw®d® andd Qweé are the means of the and 6 data sets, respectively.
"Y® &) @ 'Qi€ the new, scaled score which should be equivalent to that, afhich in

this case is the Peanut Sheller problem.
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The Alarm,Corn, Blind Cup, Towel Ironing and Coconut problems wgven to
freshmen engineering studentsder the same conditions: 50 min to generate as many
conceptsas possible, without using any particular method of problem solving. This data
was mainly collecied for the purpose of a longitudinatudyby Kim et al. but with the
secondary purpose of these equivalency factées more detailed experimental setup,
please refer td132. For this thesis, e available resulting average and standard
deviation valuedor the quantity, qualitywere pulled andacquired from Kimet ald s
studyand are displayed ifiable 1 to facilitate the use oEquation 1.Since the Peach
Pitter problem used in this thesis is different from the Peach Transport problem et Kim
albs study, the equi val enAdditiohallycthedNoveltyand e vy et
Variety factors were not recordeflie to diffeences in bins and rating training of these

respective metrics from the time the fresh

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 ef-efficacy aso n elielefs in their own level of ability to
successfullyperformdomainspecific task$133.1 t was s hown -effiteeyt as o
increases, one is more likely to wield greater effort towards aitgeh the domain of
that selfassessmen{l34. Subjectspecific selfefficacy can be improved through
additional educatiamas well as increaseskperiencgl35. T h u s , -effitacycan s el f
be increased through the | earning of mat e

motivation to succeefll3q. Thus, a higherseé f f i cacy drives oneos

higher achievements.

The ability to nselefficaay allows researchers to medsura thed s
effectiveness of experimental variables such as training programs, curriculums,
experiential learning, et€Carberryet al. developed a sekfficacy instrument to study
peopl eeffisacytomards engireing design taskgl35. These engineering tasks
follow the eight steps of the engineering design process as proposed by the Masisachus
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 ngddS&5ig

This instrument examines four tasgecific selfconcepts, which are defined as
Aany variables concerning the unddaratandir
gi v e n [185a Bhk tour taskspecific sefconcepts in the survey are sefficacy,

motivation, expectancy of success, and anxiety towards the Rasleach 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). Thewssrselect a degree, on a scale

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

guestions are presented in the structure presentadureb.

Rate your degree of (FILL IN TABRECIFIC SELIGNCEPT OF INTEREST)Hdlief in your
current ability) to perform the following tasks by recording a number from 0 to 100. (0 =lo
50 = moderate; 100 = high)

=

0 10 20 30 40 50 60 70 80 90 100

Conduct engineering design
Identify a design need
Researcla design need
Develop design solutions
Select the best possible desig
Construct a prototype
Evaluate and test a design
Communicate a design
Redesign

Figure 5: Carberry etd.6 s Generi c Scale that repre[$3gnt the

The very first t ask, AConduchas Engendser
Engineering Design (ED) scor e, -congdptcohi i n ot
performing the entirety of the eight subsequent tasks of the engineering process. The
eight individual tasks are the steps that construct the overall design pracdstheir
entirety is referred to as the Engineering Design Process (EDP). Ultimately, the survey
asks a subject to complete the set of nine tasks showigure 5 for the four sel
concepts: Their confidence, their motivati@xpectancy of success, and their level of
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anxiety. Thus, an individuakith high seltefficacy would be confident in their abilities
to complete the taskyould havehigh motivaion and expectancgf success, and have

low levels of anxiety.

This seltefficacy instrument, or modified versions, has been employed by various
studies to measure subjectso6 i-effipacycirone me nt
experimental processes, courses, design methods, or trfl383d41]. To clarify, this
selfef f i cacy I nstr umereflectedr abilgiesr td6 sondach eaditoonals e | f
engineering design, not the ability to conduct-Bispired Design. Though this thes
examines the use of Biospired Design, it employs this salfficacy instrument to
evaluate the effects of learning various Bims pi red Desi gn met hods
selfreflected ability to conduct a traditional engineering design procdsse$ioped that
|l earning these new methods provides new pe

application of the traditional engineering process.
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CHAPTER 41 BID EVALUTION STUDY

BIONSPI RED MEIHGDNS

This chapter will present thguantitative and calitative evaluation of the five Bio
Inspired Design methods using the tools from Chaptewith additional analysis of

surveys and student feedback.

4.1 Experimental Methodsand Analysis

A betweensubject experiment was run Wwitstudents from a senior lev8io-
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, ibioloigg
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 collectedsfaxp@riment
collected the assignedourse homework or inlass assignments, and no additional
compensation was providddr participation in the experimenBtudents provided their
consent for their work to be used for reseaife syllabus and class wtture can be

found inAppendix F

4.1.1 Homework Assignments and Design Problems
The five methods for B-Inspired design were taught throughboth semestey
as individual module®y the same instructan the following ader: Directed Mthod,
Case Study, Askature BioTRIZ, andBio-Keyword SearchThe lecture modules used to
teach BIioTRIZ and Bi&eyword Search are shown inppendix G1 and G2,
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respectively. At the end of each moduleherewere a few classxercisesand worked
examples to help practice. Thathe students were given an assignment containing a
design problem, for which they were to generedmceptsusing the method of that
module.Since AskNature.@ was also presented and tested as a tool to peBarm
Inspired Design, for the purpose of this elective course, the students were asked to
exclude AskNature.org aspossible source of information when using the Case Study
method.The promptsused todirect participants to usespecific method foeach design

problem andthe methodcan be seen in handoutsAppendix A

The design problemslescribed in Sectio®.1, were chosen to irolve 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 maskigiion. The
problems also needed to have mechanical solutions since the participants were

mechanical engineers.

After learning one of th@&io-Inspired design method modules, each student was
given a design problem as a prompt for generatogcepts 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 wogjdodeones. For
the other methods, the design problems were rotated. The various problems and their

assigned methods are graphically depicteTable 3.
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Table 3: Graphical representation of experimental setup of methods and problems

Problem
Alarm Corn Blind Cup | Towel Ironing | Coconut Peach
Directed
3 Case Study
S |Ask Nature
2 BioTRIZ
Bio-Keyword

The instructor of the course was directed to follow the scrigtppendix A for
each homework assignment during class time, as an announcement to the students.
Additionally, each student was asked to generate as mangeptsas they could for 50
minutes, no matter the level of feasibility, using pinemptsin Appendix A Some minor
modifications were made in the problem statemé&mm Semester 10 Semester 2such
as adding extra instructions in the method sections. Originally, it was planned to only
allow participants to generat®nceptdor 50 minutes. IrSemester 1the instructions to
[ i mi t t h e conaptdene@mgpt@ $0tnmenates was present but unclear for
certain problems and was therefore assumed twvédooked. This was recognized from
observing the studentds r esponhk8anestes2ome we
the instructions were still uncleautdooking at the collected homework, it was noticed
thatsome participants observed the 50 minutes line rule and some did not. For fairness of
rating, all conceptsgenerated, even past the 50 minutes line, were included in the
metricso r at havegeaust a dispanity & thenmeamumber of concepts

generated per participant for one problem. Tbaceptswere to be sketched by hand
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with annotations.An example conceptset generated by a student can be seen in
Appendix B Some students missed a few classes or did notinutimeir assignments,
thus the number of designs submitted for each combination varies. The number of

assignments collected for each method is supplid@lime4.

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 generatedybthe studentswere evaluated usinthe quantity, quality,
novelty, varietyand number of conceptmetrics as discussed in SectioB2 These
metricswere used to quantitatively compare the experimental conditions baségeon
conceptsgenerated by the participants. order to ensure reliability of the metrics, two
separate evaluators rate tbenceptsto obtain intewrater agreement. The two ratings
were tested using Pearson6s Corrqualityarhat o n

way, one person is not rating differently than another.

Two graduate students were trained using a Metric Training pftRdt A single
rater evaluated all the data from this experiment. The secondexatierated the results
from at leas0 participants in each condition for all the metrics. These second ratings are
used to establish inteater agreement and ensure that the overall ratings are consistent

and repeatablelThe main rater already obtaintiséactory intefrater agreement for the
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Corn problem for another studyl3Z, thus required interater agreement for the
remaining problems of this thesisor the quality quantity, novelty and varietynetric,

there was agreementwio hendés Kappa values of K > 0.6
R >0.74R > 0.88, R > 0.7TespectivelyFor All the interrater agreement values are

shown inTable5 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 SecB@ each paquarity ci panit
and quality scores were scaled individually. It was omigily 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 Peacbther wordsthis thesis will present
scaledquantity and qualitynetric scores forall the design problems in this experiment
(Alarm, Corn, Blind Cup, Coconut and Towel Ironing) except for PeAshmentioned
earlier, the novelty and variety scores weo¢ scaled due to differences in rating styles

bet ween the freshman data analysis and t hi
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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 peesamproblem 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 projéctse assignments
wereassigned simultaneoushith the individual homewrk assignments, however, they
were generallydue a few daysafter theindividual homeworka s si gnment.0s due
Thus, the order in which the students completed the homework and these group project
assignments variedAt the end of the semester, eaclowugy 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 AkBough not explicitly asked, some
teams mentionethe method they thought helped to generate the most creative and varied
set of concepts The instruction setor 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 8&mester1 t he studentsd semestemceplsong pr «

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 todeveloptheir ownengineeringproblem that they wished to solve. These problems
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varied among teamsnd 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 environnmés. The full list, as directly stated by the groups in their

reports,can be found iA\ppendix |

To obtain valuable quantitative information from shesemester long project
reports and presentatiothe analysis awsisted 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 wdrawn from, which methods the teams had
declared to aid at generating the most creativeaanbrevaried pool of concepts, and

the number of concepts that were generated using each method.

4.1.3 SeltEfficacy and Survey

Upon the start of the course, studentsevgiven a consent form and Carbesty
al.0 Engineering Design SeEfficacy Instrumentdescribed in SectioB.4[135. At the
end of the course, the same Engineering DesignB3ftlacy Instument was given to
the studentsThe selfe f f i cacy i1 nstrument asks for the
in their abilities, their motivation level, their outce 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,
particular experiment since it did not apply t@ia-Inspired Design curricula. For each

of these taslspecific selfconcepts, 8 items were scored using a0t scale.
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The Engineering Design SekEfficacy Instrument forms were collected as hard
copies from the students and the scores were manuddiyed into a spreadsheet twice to
eliminate possible errors from manual data entry. The difference between 1Geurse
and PosCourse SelEfficacy forms were analyzed, as well looking at the comparison of

bot h s e m&€sutseand RosEdrsesfoms.

An additional surveywas also given to each student at the end of the course,
asking AWhich met hod di d,tywhich bk responsemweset us e
open endedeExample answerare shown irFigure6. To be proessed and analyzesiach
student 6s a rbg avgraduaww stedenaind thel methods mentioned in the
answers were recorded and counted. If the student mentioned more than one method,
each method was stil!]l C ount e ddswéretakenrinba s o n
account and wused as part of the discussion

data were combined for analysis.

Bioinspired Methods Questionnaire

Think about the bioinspired methods you have learned this semester such as BioTRIZ, Functional
Modeling, Engineering-Biology Thesaurus, and Bio-keyword Searches.

1. What mﬂethods did you find most useful and why?
T\ NSTET Medhag e st UL 1D [ T b mast Ui
ovned
gar  betly (SN . the et

Bioinspired Methods Questionnaire

Think about the bioinspired methods you have learned this semester such as BioTRIZ, Functional
Modeling, Engineering-Biology Thesaurus, and Bio-keyword Searches.

1. What methods did you find most useful and why?

TRIZ e it opve Axchors on row 1O
Solve ot could Poe opplied 4o solving U Problem.

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, qualityovelty, varietyandnumber of conceptsetrics failed the
normality tests, which prevented the use of parametric data enfly¥s]. Therefoe,
Independent Samples Krusk#allis H tests and ManWhitney U tests were used as a

nonparametric versi on otésts,gespectivelfid]. ANOVAOGS an

4.2.1.1 Quantity
Figure 7 shows the comparison of methods using the Krugkallis test, based
on the mean quantity of idegenerated per participarased on these result€ € 86.6
df = 4, p < 0.001), there is a significant difference across the different methbdgull

Pairwise comparison statistics are showilaible6

III'E

Directed Case Study AskNature BioTriz  Bio-Keyword

16
14
12
10

Mean Quantity of Ideas

O N b~ O

Error Bars: +/1 SE

Figure 7: Mean quantity of ideas comparison across method$§caled)
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Table 6: Pairwise Comparison of Mean Quantity of Ideas of Methods (Scaled)

Std.

Std. Test

Test Statistic Error Statistic Sig. Adj. Sig.
BioKeyword- Case Study 505 19.2 2.63 0.009 0.087
BioKeyword- BioTRIZ 769 169 4.55 <0.01 <0.00L
BioKeyword- AskNature 83.6 16.4 5.09 <0.001 <0.001
BioKeyword- Directed 1422 16.3 8.72 <0.00L <0.00L
Case StudyBioTRIZ -26.4 169 -1.56 0.12 1.00
Case Study AskNAture -33.1 16.4 -2.02 0.043 0.43
Case StudyDirected 917 16.3 5.63 <0.001 <0.000
BioTRIZ AskNature -6.73 136 0.49 0.62 1.00
BioTRIZ Directed 653 135 4.85 <0.000 < 0.001
AskNature- Directed 58.5 129 4.55 <0.00L <0.001

Of the five methods, thBio-Keyword Searchmethod provides a statistically significant

lower mean quantity of ideas than the other {gruskalWallis Test p < 0.88), and the

Directed method provides a statistlgabignificant higher mean than the other four

(KruskalWallis Test p < 0.00). There is no statistically significant difference between

Case Study, AskNature and BioTRIZ.

The raw (urscaled results are also displayed Kigure 8 with the associated

statistics inTable7, 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 uncaled.
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Table 7: Pairwise Comparison of Mean Quantity of Ideas of Methods (UrScaled)

. Std. Std. Test . D
Test Statistic Error Statistic Sig. Ad;j. Sig.
BioKeyword- Case Study 16.3 174 0.94 0.35 1.00
BioKeyword- BioTRIZ 71.1 174 4.1 <0.000 <0.001
BioKeyword- AskNature 1063 174 6.1 <0.000 <0.001
BioKeyword- Directed 180.8 174 104 <0.000 <0.001
Case StudyBioTRIZ -548 174 -3.2 0.002 0.016
Case Study AskNature -89.9 174 52 <0.000 <0.001
Case Study Directed 1645 174 9.5 <0.000 <0.001
BioTRIZ AskNature 35.1 174 2.0 0.043 0.429
BioTRIZ Directed 1097 174 6.3 <0.00L <0.001
AskNature- Directed 746 174 43 <0.000 <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 KrusKalallis test resultsd = 338, df = 4 p < 0.001), there is a
significant difference across the different methodfe full Pairwise comparison

statistics can be seenTiable8.
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Figure 9: Mean quality of ideas comparisoracross methodgScaled)
Table 8: Pairwise Comparison of Mean Quality of Ideas of Methods (Scaled)
- Std. - . o
Test Statistic Error Std. Test Statistic  Sig.  Ad]. Sig.
BioKeywordAskNature 73.1 164 45 <0.000 <0.001
BioKeyword-Directed 752 163 4.6 <0.00L <0.00L
BioKeyword-Case Study 76.4 192 3.9 <0.00L <0.001
BioKeyword- BioTRIZ 95.5 169 57 <0.00L <0.001
AskNature- Directed 2.07 12.8 0.16 0.87 1.00
AskNature- Case Study 3.33 164 0.20 0.84 1.00
AsK\ature - BioTRIZ -22.4 136 -1.7 0.099 0.9
Directed- Case Study -1.26 163 0.078 0.%4 1.00
Directed- BioTRIZ -20.3 13.4 -1.5 0.13 1.00
Case StudyBioTRIZ -191 169 -1.1 0.26 1.00
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Of the five methods, th&io-Keyword Searchmethod provides a statistically
significart lower mean quality o€onceptghan the other fourKruskatWallis Test,p <
0.00)). 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 ofconceptsnetrics.

For a comparison of the scaled andsgaled scores, the 1staled results are
displayed inFigure 10 and the associated pairwise comparison statistics are shown in
Table9. 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 betweeK&mordand Case Study,

AskNature and BioTRIZ are lower.
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Figure 10: Mean quality of ideas comparison across methodé&Jn-Scaled)
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Table 9: Pairwise Comparison of Mean Quality of Ideas of Methods (UtBcaled)

TestStatistic  Std. Error  Std. Test Statistic  Sig. Adj. Sig.

BioKeyword- BioTRIZ 3.6 16.1 0.23 0.82 1.00
BioKeyword- Case Study 123 184 0.67 0.51 1.00
BioKeyword- AskNature 126 157 0.80 0.42 1.00
BioKeyword- Directed 477 156 31 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 44.0 129 34 0.001 0.006
Case Study AskNature -0.34 157 -0.022 0.9 1.00
Case Study Directed 35.4 156 2.3 0.023 0.23
AskNature- Directed 351 123 29 0.004 0.043

4.2.1.3 Novelty
Figure 11 shows the comparison of methods basadhe nean novelty scores of ideas
generated. The statistical results, using the Krugkalis test, show no significant
difference between any thed @ =4.75, df = 4p = 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 methodbés ability
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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 Krdékallis test, shows statistically
significant difference between the method$ €87.2, df = 4 p < 0.001). The full

Pairwise canparison can be seenTiable10.
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Figure 12: Mean variety comparison across methods
Table 10: Pairwise Comparison of Variety scoes across methods
Test Statistic  Std. Error  Std. Test Statistic ~ Sig. Adj. Sig.

Function BioTRIZ 60.5 176 35 <0.001 <0.001
Function- AskNature 1123 176 6.4 <0.000 <0.001
Function- Directed 131.1 176 75 <0.001 <0.00L
Function- Case Stug 137.9 176 79 <0.001 <0.00
BioTRIZ Ask Nature 518 176 29 0.003 0.032
BioTRIZ Directed 706 17.6 4.0 <0.001 <0.001
BioTRIZ Case Study 77.4 176 4.4 <0.001 <O0.001
Ask Nature- Directed 18.8 176 11 0.28 1.00
Ask Nature- Case Study 25.7 176 15 0.14 1.00
Directed- Case Study -6.85 176 -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 (Matfitney test, p = 1.00).
However, BioTRE is lower than Directed, Case Study and AskNature with statistical
significance (MansWhitney test, p < 0.33. Bio-Keyword is even lower than the other

four methods, also with a statistical significance (Mavinitney test, p < 0.08).

4.2.1.5 Number of @ncepts
Figure13 shows the comparison of methods using the Krugkallis test, based
on the meamumber of conceptgenerated. Based on these resudts=61.9, df = 4p <
0.001), there is a significant difference asdhe different method3he full Pairwise

comparison statistics can be seeifamblell.
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Figure 13: Mean number of conceptscomparison across methods

59



Table 11: Pairwise Conparison o Number of conceptsacross méhods

Test Statistic Std. Error  Std. Test Statistic  Sig.  Adj. Sig.

BioKeyword- BioTRIZ 34.9 163 22 0.031 0.31
BioKeyword- AskNature 405 15.8 26 0.010 0.1
BioKeyword- Case Study 49.8 18.5 2.7 0.007 0.072
BioKeyword- Directed 1006 15.7 6.4 <0.000 <0.00L
BioTRIZ AskNature 4.58 131 419.0 0.68 1.00
BioTRIZ Case Study 14.8 16.3 0.91 0.36 1.00
BioTRIZ Directed 656 12.9 51 <0.000 <0.00L
AskNature- Case Study 9.34 15.8 0.59 0.56 1.00
AskNature- Directed 601 124 49 <0.00L <0.00L
Case Study Directed 50.7 15.7 3.23 0.001 0.012

Of the five methods, thdéBio-Keyword Searchmethod provides a statistically
significant lower meamumber of conceptthan the other four (MarWhitney testp <
0.11), except when compared to BioTRIZ (Maklivhitney testp = 0.3). The Directed
method provides a statistically significant higher mean than the other four {Mann
Whitney testp < 0.013. However, there is no statistically significant difference betwee
Case Study, AskNature and BioTRIZ, so there is no conclusive difference among those

three methods in terms of thember of concept@annWhitney testp > 0.95.

4.3 Semester ProjecResults

4.3.1 Method Used For Final Concept
For the Bielnspired elective aarse at Texas A&M University, each of the final
concepts provided by the teams was developed using one or twlasBiced design
method. For each final concept, tineethods used were counted. The resulting number

of final concepts with their respected tmed used is displayed iRigure 14, with the
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associated statistical analysisTable 12 that show statistical significanc€ase Study
and AskNature most oftdied tothe final concepts-ewer of the concepts generated by

the Directed, BioTRIZ an8io-Keyword Searcimethods were selected as final concepts.
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Figure 14: Number of Final Concepts Per Method
Table 12 Number of Final Conceptsper Method Statistical Results
Method
Observed N Expected N Residual
Test Statistics
Directed 3 5.2 -2.2
Case Study 8 5.2 2.8 Method
AskNature 9 5.2 3.8 Chi-Square 7.46
BioTRIZ 4 5.2 1.2 df 4
Bio-Keyword 2 5.2 3.2 Asymp. Sig. 11
Total 26
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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,fentbtal tally of method preference is
shown in Figure 15 with the associated statistical analysis Tiable 13 that shows
statistical significance The most preferred methods were AskMatand BioTRIZ, the
Directed and Case Study methods were preferred less, and none of the groups preferred

theBio-Keyword Searcimethod.
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Figure 15: Tally of Team Preferences across Methods
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Table 13 Tally of Team Preferences across MethodStatistical Results

Method
Observed N | Expected N Residual Test Statistics
Directed 3 5.5 -2.5 Method
Case Study 2 55 -3.5 Chi-Square 6.7
AjskNature 9 5.5 35 df 3
BioTRIZ 8 5.5 2.5 Asymp. Sig. .081
Total 22

4.3.3 TeamChosenMethod Which Provided Most Varietgnd Creativity

At the end of their final project reporfalthough not explicitly asked for in the
instructions) some teamgeamnoted which method, in their opinion, allowed them to be
most creatie and to generate a large varietyoohcepts This was suggested by the
instructor, but not required. Thus, some teams did not provide a critique of the methods
within their reportsSome teamsoted one method, while othaneted two methods. The
total tally of the responses for each method is showRigure 16 with the associated
statistical analysis iTable 14 that shows a lackf statistical significanceVisually, the
highest noted methods were Directed and AskNature, followed by Case Study and
BioTRIZ, leavingBio-Keyword Searchvith nomentions However, the lack of statistical

significance leads to the inability to draw concrete conclusions.
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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 o
Test Statistics
Directed 5 4.0 1.0
Method
Case Study 2 4.0 -2.0
AskNature 6 4.0 20 Chi-Square 25
Total 16 Asymp. Sig. A48

4.3.4 Number Of Concepts Generated
Each team generated many concepts with each method. The total number of
concepts genetrad by all teams for each method is displayedrigure 17 with the
associated statistical analysisTiable 15 that shows statistical significanc&he teams
generated nearly the sammumber of conceptsusing Case Study, AskNature and
BioTRIZ, slightly fewer using Directed, and significantly fewer usiBg-Keyword
Search
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Figure 17: Total Number of Concepts Generated per Method

Table 15: Total Number of Concepts Generated per Methodbtatistical Results

Test Statistics

Method
Chi-Square 27.5
df 4
Asymp. Sig. <0.001

a n SMva methods did yolhfimd nopst esefuli o n

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 studentsb

andwhyd wer e analyzed

methods. Theesulting tally of these counts is shownhRigure 18 with the associated

statistical analysis iffable 16 that shows statistical significanceéome of the responses
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of the students are sha in Appendix J1 n t

he

student séo

opinion

prominent in being useful. AskNature was the second most useful, follow&ioby

Keyword SearchVery few found Directed and Case Study to be useful.
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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

Method
Chi-Square 134.0
df 5
Asymp. Sig. <0.001
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4.4 Discussion of Methods Results

For the quantity of ideas metric, tBeo-Keyword Searcimethod 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
showsa significantly highermeanthan the other4. This could be due tthe fact that
participants tended to generate feveenceptsfor the Bio-Keyword Searchmethod.
Additionally, the Bio-Keyword Searchmethod was never selected in the reports as a
method that provided creativity and variety; this may be caused by théiptystiat the
students had a negative perception of Bwe-Keyword Searchmethod as they were
unable to generate mampnceptswith it. Furthermore, the databases used at the time
provided large biological passages, requiring more reading and enigmalogies. The
development of the databases were still ingomg thus were limited in functionality.

Since then, there has been major work and improvement done to the4@ol

Looking at the quality otonceptggenerated with Directed, Case Study, AskNature
and BioTRIZ, all farr methods help to provide generally the same level of output quality.
There is evidence that these four methods provide numerous high qoaligptssince
the mean quality scores are all 1.2. However, througBitreyword Searcimethod,
students gegrated significantly lower levels of quality than the other four. This could be
attributed to the fact that using tBeo-Keyword Searchmethod was more challenging
than others since the bi@yword search tool was not fully developed, causavger

guality information andewer high qualityconcepts
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The Directed method was found to be the method which tends to generate a higher
number of concepiswhile Bio-Keyword Searchgenerates the lowestumber of
concepts Because the Directed method was testethgu the Alarm Clock design
problem, the participantécollege students that often use alarm&re more likely to
provide moreconceptssince the design problem was more familiar to them. The latter is
better supported when looking at thember of concdp that the teams provided during
their semester project. Becauseitthpgojectproblens wereless familiar to thenthan an
Alarm Clock they generated feweonceptausing the Directed method, as compared to
the other methodsThe use of linear equatingteampted to mitigate such differences in
problem familiarity, however these results suggest the need for further investigation
(discussed later)Vith the use of the other methods and more than 50 minutes to generate
concepts the students were able to gemte moreconceptsto their semester long
problemrelative to thenumber of conceptdom their individual homework problems.
This suggests that time allocated to use a method may have an effechaept
outcomes.The Directed method also allowed moreegdom to generatsonceptshased
on their imaginationthus requires less time to generate as nwmgeptsas possible.
Contrarily, using AskNature, BioTRIZ and thHgio-Keyword Searchmethods is very
time consuming as they require a more structuralexptbratory 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 thember of conceptthat can be
generated since it provides very specific walysolvingproblems For theBio-Keyword
Searchmethod, the students must spend an extensive amount of time decomposing each

problem down to its individual functionalities and performing a-Kkegword search.
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Since the participants were limited on timeistimay have hindered their ability to
provide manyconceptsand quantity of ideas. Furthermore, from the lack of favoritism of
theBio-Keyword Searcimethod, the students may have been less inclined to put in effort
to generate more than a couplecohceps. This trend of feweconceptsusing theBio-
Keyword Searcimethod 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. Howeversince 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 BidT'RIZ allows users to analyze a problem differently and apply this unique view
to generate more novel solutions, perhaps causing slightlyilegoh than the other

methods.

The varietyresults showthat the Directed, Case Study and AskNature methods off
a higher variety of ideas than BioTRIZ and B{eyword 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 maténadusly displaying a
greater number ofoncepts in a short amount of time, the participants have the ability
generate more solutions, and the greater number of solutions allow a goezée€ria the

solutions space. Similarly, Case Study and AskNature require less time than BioTRIZ
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and BicKeyword Search, and displays many examples for participants to choose from,
thus allowing a variety of solutionsFurthermore, BioTRIZ aids in gendiragy a higher
variety of ideas than Bi&eyword 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 asthe methods preferrethe answers vary from studentgtudat, and from
group to group. Thishows that each method clearly has some bertefitise userbut
those benefits vary depending on who is using them, what their needs are, and possibly
thet ype of designer that t hey nerte,amnSsdnmee umey
may prefer a challenging, yet rewarding method. Future work needs to aslewdin c
methods were preferred ook i ng at the groups6 answers
thought provided the most variety and creativity, the answers wagied, meaning that
that each method is believed to provide variety and creativity indheepts except for
the Bio-Keyword Searchmethod. The technical difficulties encountered when using the
Bio-Keyword Searcimethod could have influencedthestudt 6 s choi ces, | ea

effect of theBio-Keyword Searcimethod to be determined when it is fully developed.

In general, all the methods proved to have certain benefits over others, either from
resultingconceptsor student feedback. Assuming thle 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 largetumber of concept® a storter amount of time. However, despite

these advantages, it was petrceived as a useful or preferred mettwthe studentsand
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it did not generate the most final concepts for the final prejedthis could have been

due to the fact that students wémited 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 providinthe bestoncepts AskNature and BioTRIZ are the most
preferred methods to uskased on team preferenesmd also the most usefidased on

the method usefulness questionna#kecording to some student commenBpTRIZ

was very straightforward and mided 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 @sul method to most of the students. FurthermBre;Keyword
Searchdesign was the least preferred, generated the lowest level of ggabtytityand
varietyof ideas, was never chosen as the method to provide the most variety or creativity,
and had théowestnumber of conceptdHowever, it was considered to be the most useful
method more often than the Directed and Case Study methodsgenerated highly

novel solutions This shows that despite the challenges encountered due to the
malfunctionng of the databasesisedwith it, the underlying principléehind functional
modeling and breaking down the problenismmethod wasselected asnost useful by
someofstudentsl t ot her words, some students ackno
completely geless methodt 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 generdng final concept solutions, each method helped at least one team to provide a
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final concept, meaning that each method i s

concept conceptsr t hy

4.5 Self-Efficacy Results and Discussion

4.5.1 Selecting EDPFor Analyss And Discussion

ED (Engineering Designpand EDP (Engineering Design Processh theory,
should approximately have the same values since EDP is the engineering design process,
and ED is the overall ability to conduct engineering designdiscussed in Rapter 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 redé&sSignFor each of the
four seltconcept areas, the ED score consists of one rating per individual, whereas EDP
score is the average tffie 8 individual stepatings withn the respective setfoncept
area.From the combination of both e me sdate, thes SImilarities in the two scores
were compared to see how interchangeable they w&ceording to Carberryet ald s
experiments, they obtained a Pearson Correlation betwEe and EDP of 0.89 for
confidence, 0.88 for motivation, 0.89 for success and 0.79 for arj#i8%). The same
Pearson correlationadnay si s was performed on the-combir
values obtained were slightly different from Carbeetyal, however, they were siill
fairly high with pvalues lower than 0.001, showing statistical significance in the
correlation. Those Ralues are shown imable17, Motivation seems to have the lowest

Pearson correlation, but it is still acceptable.
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Table 17: Pearson Correlation between ED and EDFPN= 66)

PearsonR | P-Valwe
Pre 0.80 <0.001
Post 0.79 <0.001
Pre 0.76 <0.001

SelfEfficacy

Motivation =5 071 | <o0.001

Expectancy P1€ | 088 | <0001

Post| 084 |<0.001

. Pre 0.85 < 0.001
Anxiety

Post 0.92 < 0.001

From these obtained values, it is safe to assume thd@hand EDP values are
similar and show the same scores and trends, interchangddhlg. the two are
equi val ent and reflect the robustness of
reflection in both a general and detaikesbect Accordingly, he EDP scores were used
for analysis and comparisons. EDP scores show a stronger score -GfoBedpts by
nature because dccounts for eacbf the individualengineering design processes. Thus,

it shows a more comprehensive score and evaluation okeabfgtt.

4.5.2 Effect of Course On SelConcept Scores

The difference between the two samples for-&éfitacy (Confidence)had no
significant outliers and was approximately normally distributed=0 .567, thus a
parametricPaired ttest wasused to compare ¢hdifferences in sekfficacy before and
after the Bielnspired elective course since the matepad samples were measured on a
continuous scalgl44]. However,the difference between paired samples for motivation,
expectancy, and anxiety failed to meet the normality criteqos, 0.005 These three
cat egor i e s étribptionp of diffetemceswerel graphed as boxplots &shly

examinedandwerefound todisplaysymmety Meeting that assumptidi4y, a Relatd-
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Samples Wilcoxon Signed Rank Test was used to determine the significance between the
PreCourse and PosTourse results for motivation, expectancy and anxXibdy]. This is
equivalent toa pairedt-test for nonparametric dataThe resulting mean setoncept

scores aralisplayed inFigure 19, with the associated differences in Pre to Postesco

shown inFigure20.
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Figure 19: Pre and Post EDP SeHConcept Scores for Combinedsemester 1 and Data Sets
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Semester 1 and 2 Data sets
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4.5.2.1 SelfEfficacy
When comparing the Pi@ourse and PosIourse selconcept scores, the students show
a clear incease in their confidence to perform engineering design tasks by a mean score
of 5.07. There is a statistically significant differenbetween Pre and Post course score
means Paired Ttest, t = 4.11, df = 65 < 0.001). Through the course of the semester
the students were exposed to engineering design knowledge which was able to increase

their selfreported 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 PosCourse surveys (Relat&hmples Wilcoxon Test, Z .76, N = 66p = 0.46).
An explanation for such a stagnant score is thiatwas an elective course the students

choose to takand it would make sense that they are highly motivated to be designing.

4.5.2.3 Outcome Expectancy
When comparing the Py@ourse and PosIourse 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 aichlyissignificant
difference between Pre and Post score means (R&aragles Wilcoxon Test, Z =
3.78, N = 66,p < 0.001). Similarto sele f f i cacy, the studentos

when conducting engineering design tasks was successfully increased
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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 =66p= 0. 098) , t he oatdaadent s
performing engineering design tasks has been decrehsmeayhout the course of the
semester.It is possible that some studeits | e v e | of an,whiledthers wer e
realized that conducting engineering desigsksare harder than they thght, 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 samm& more detaile@raphical data by semestesn be seen in
Figure21 andFigure22 and with the associated statistical result3able 18 and Table
19 for Semester 1 and Semester 2, respectigdyh ED and EDP scores arkeaosvn 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 tesnds

observed in the last four sections.
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Figure 21: Pre and Post SelfConcept Scores folSemester 1
Table 18 Pre and Post SelfConcept Statisticsfor Semester 1
Pre Post Difference
Mean SE Mean SE Mean SE Palred fest
P-value
SeltEffi ED 744 +299 853 +259 10.8 +1.93 <0.001
eFEmeacy epp 775 +1.97 81.6 +2.49 4.16 +1.75 0.025
Motivati ED 77.8 475 82.8 +3.03 5.04 +3.81 0.19
otvation  epp 80.1 +3.88 80.4 +2.96 032 +2.61 0.90
e ¢ ED 70.4 +4.22 822 +2.5 11.8 +4.05 0.007
Xpectancy epp 722 +3.84 809 #258 8.80 +3.52 0.019
Anxiet ED 39.3 +5.57 38.3 #5.58 -0.93 +5.38 0.87
XIEY  Epp 36.7 +4.47 389 #501 2.31 +3.77 0.55
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Figure 22: Pre and Post SeHConcept Scores foiSemester 2

Table 19 Pre and Post SeHConcept Statisticsfor Semeser 2

Pre Post Difference

m
O

i 73.6 x2.61 82.8 +£1.87 9.23 £2.39 <0.00L
SelfEfficacy

o ED 815 +253 805 +2.26 -1.03 +3.20 0.75
Motivation

ED 79.2 +245 80.8 +2.06 1.54 +1.96 0.44
Expectancy

I

. D 46.3 +4.75 39.2 #4.0 -7.11 +5.09 0.17
Anxiety
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4.5.3 Comparing Two Years for Pre and BbCourse Results
Comparing the Pr€ourseresults of both yearsn Figure 23, it canbe seen that
the students started at various lev@st when looking at the Pe§tourse results in
Figure 24, a fnilod V¥ @l ienfd -efficacy, Mativatiors &ntl £xpectancy at an
approximate score of 8@s detectedlt seems that most students reach that level of self

concept, and cannot reach higher for both years.

Anxiety on theother hand, does not conform to that trend. Sioceanxiety a
score closer to 0 is more desirable, the scadidgemeis different from the otheB
categoriesvhere a score closer to 100 is more desirable. THeu$ | e v-e f &raugd a
score of 8Qrend cannot be compared. Thus, comparing the levels for both years for Pre

and Post Coursanxietyleads to inconclusive results.
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Figure 23: Comparison of Pre-Course Self Concept betweeBemester 1 and 2
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4.5.4 Additional Information
It was noticed that ane students cheeld one column all the way down
(assumingly) without contemplating wresich of the tasks wer€here is no guantee or
it cannot be proven that these students were being carelessa3 lbuguick check, those
students were identified and removed from the data. After removing theutffdrence
in theresulting data wasnnoticeableghan it was with those studsnincluded.Since it
was not guaranteed what those studenisude sswesed s ¢ £ v e

includedin the data presented.
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4.6 Limitations

In order to effectively compare the various methods to each other, the different
problem sets used 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. Theesulting quantity and quality metrianay 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 pooiejgts
for that satisfy ustomer needs and perform required functions. A continuous rotation of
problems may also provide better results as it could eliminate prohkthod
interactions. It could facilitate the use of full 5 by 5 ANOVA to better isolate the

variables.

The timeine 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 wee to consider altonceptsgenerate by all subjects, or assume that every
student observed the 50 minute rule and only considesatheeptggenerated before the
50 minute line for those who were obedient. Of course, both approaches would create
some disa@pancies in the results obtained from the data analysis. This study considered
all conceptsgenerated by all subjects, assuming that those who did not draw a line did
not observe the rules. For future work, this siheuld be reconsidered since theeral

results show how some methods are more-toresuming than others. Perhaps allowing
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the students to generate as maaogceptsas possibleuntil exhaustion, would be a better
approachUsing undergraduate students as test subjects to evaluate methbesvean
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 hdaestivities. This

would ensure validity in the ideas they generate and not aicdeseptdor the sake of

getting a grade.

There was no distinct method to validate the effectiveness of using the problem
equivalency method. However, it does raisewa fuestionshat the following chapter of
this thesis will attempt to answehe participants may have a higher familiarity with a
problem from experience or have knowledge of existimgceptswhich allows them to
generate moreonceptsvith higher eféctiveness. 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 ambiguouhb, asi
AWhi ch methods did you find most wuseful ?20.
rephrased and tested extensively to ensure understandingo adain 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 conducte€hapter 4, such as
st udent s dumbena coacaemssirty the Directed method, it raisecc@ncern.
Theoretically, it would be expected that students would generate a faugdyer of
conceptausing a structured approach such as BioTRIZ and AskNature, which provides a
large number of resources and inspirations. However, as seenGhdpter4, it was not
the case, despite the attempt to useear Equatingand equivalency factors. Thus, the
linear relationship between problems must be explorectfiectivdy use various
problems for direct comparison of various methods. Not only does this impact this study,
but others as wellSimilar design problems are desperately needed for design research.

This leads to the quest of exploring further design probtdrasacteristics

In past studies, the selection and development of design problems for the purpose of

testing idea generation skills, has been rationally just[8&d43, 44, 46, 14¢. Creating

a design problem that can properly asses
structured. Thus far, when establishing a design problam,gbalis to develop a

problem that the participantsre familar with, that they can produce a number of
solutions based on their knowlediget donot have an obvious solution. Since most of

the participantsn this thesisaremechanical engineerthe problems are attempted to be
develod aspredominantly mechacal in nature (rather than electrical). Many of the

design problems this thesiswvere for developing countries so thiaé use of electricity
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could be restricted within the desigfachproblem statement given to the studentghis

t hesi s awagsbegiaswith a problem description in order to explain the need and
motivate the studentsrurthermore,the customer requirements were often given in
guantitative terms (e.g. target throughput) in order to clarify the problem to the sfudents
to make te problem more realistic, and to make it easier to assess qusttiey
developing problem statements, the problems wereestedby having a group of
students solve themo ensure that the participants can easily understand the problem and

that there ge a variety otoncepts

Design probl ems ar e-sdfrtuen uc tearoa @trerbil zand

openendedness, ambiguity and lack of determined solution pbA, 148. The

structure of a design problem fundamentally influences tiieome of the design work.
Someexplanation®f a design problem view the problem as the set of constraints on the
solutions space; solution development constitutes a search of thaf{ 5p3cet9. Later

theories suggest that design, unlike other protdelming activities, relies on redefining

the design problerm orderto extend the search spdd®0 151]. Alternative schools of

thought stemming from Schdi52 suggest that design problems anore subjective,

and emerge from the interaction with conjectummhcepts The effect of problem

solution ceevolution, is likewise well document¢#i53 154].

More recent investigations have begun to define the underlying ontology of
design problemg41, 44, 155164]. Such ontologies may provide useful causal links

between the framing of theedign problem and the solution. Likewise, Sumnedral.
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have developed measures to characterize a problem in terms of its confAigxit59,

160, 164, focusing on size, connectedness and solvability of the problem. These efforts
in formalizing the underlying structuref 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 teblilding, educational instruction and resource

planning for industry157).

In prior work on biologically inspired design, idea generation, and design fixation,
researchers definexks of design problems that weefoundto beuseful throughoutheir
studies[43, 44, 46, 130 132 146, 165167]. Each design problem was written intending
for the prodction 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 unis or components) of each desigmoolgem were limited. Likewise, it was
attempted to ensure the domain was sufficiently familiar that a stedeest subject
could immediately understand the requirements, but within a context for which an
existing solutim was not immediately obvious. For exampie quickly shell a large
number of peanuts, without breaking the peanut, using only inexpensive parts and no
electricity. This ensured thdat h e p a r tnderstapdangpft tliesdesign problem
mechanics and fumions was not a limiting factorand did not require a significant
portion of the time while simultaneously reducing fixation from existingnokvn

solutions.All of the design subjects understand the structure of a pasaeiler many of
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its material prperties, and how to remove a peanut from the shell by.Hdodever,

veryfew (if any) have experience removing shells on a large scale.

Based onthese proceses qualitative observationsand literature, twelve
characteristics that are important to Huilg A equi v al are hypothgsized bl e ms
below. The experimentswill first investigate to what exterthe problems are different
across a set of standard creiyi research design metricd.will then investigatéwo of
the hypothesized characteristicto what extenbiological and humammade solution

familiarity influence these metrics.

Design ProblenCharacteristics

To develop an understanding of the factors that influence design research outcomes,
based on literature angrior work, a set of hypahesized influential design problem
characteristicss listed as follows

1. Size of the problem in terms:of

a. functional units
b. Component§157, 159 160 164
2. Connectedness of the problem in terms of coupling between functional
requirements or catraints[157, 159 160, 164

3. Participands familiarity with the design problem

4. Participands familiarity with the design solutions

5. Participan@s familiarity with the underlying principlédomain (inherent to the

problem) required to generate sabuis [41, 162 163

86



6. Size (number of variables) of the potential solution spasé 159 160 164

7. The degree to which thotential solution spade constrained

8. Par t i cprepoaceivedassunption of constraints due to known solutions,
culture or othefactors

9. Degree oféchnical challengef design problem

10. Potential for fixatior{44]

11.Domain of the design problejt61-163

12.Degree to which @rrnatdomain 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 egpefonthe
Directed method in Semester 1. This was donerder tohave a detailedomparson

betweerthe results the AlarrandCorn Problers.

To provide reasoning behind explay the results found in Chaptet, the
experimental setupiill be re-descibedto provide a better context to this studyere
were 32 student designers in the course.wkre randomly assignedto the Alarm
problem, and 15 to the Corn problem (a small assignment process error resulted in the
difference in number of assignment§&ach student received a packet containing the
problem statement, the customer needs, the method description, and were asked to
generate as margpnceptsas they could for 50 minutes, no matter the level of feasibility.
The conceptswere to be sketched blgand 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 stucents submitted assignments. On averageststudens generated 2r
3 concepts Some generated as few@se complete desigronceptandsome generated
as many a8 concepts Eachresultingdesign was coded using quantity, quality, novelty
and variety metics [126 168 [46, 166. Using themodified coding Training Packet

[124], a trained graduate researcher who already obtained highratgeragreement for
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Alarm and Corrfor adifferent experimentgl3Z, coded alconceptgyererated by the 32
students.These two problem results were originally coded only to acquire the data to
compare the Bidnspired Design methods, but there were no plans to compare them to

each othereducing the potential for bias

5.2.3 Results

The data was cadl for quantity, qualitynumber of conceptsiovelty and variety.
The resultingnetricsets did not meet the normaliy equal varianceriteria required for
parametric Ttests and ANOVAShapireWi | k Nor mal ity Test, p
Test for EquaNVariance,p < 0.065) Since the data was not normally distributechad
equal variancenonparametric statistical analysis Independent Samples Mémimey
U tests were used in SPSS to compare the means for each metric. The resulting graphs
showing thecomparison of means between Alarm and Corn for quantity, quality, novelty
and variety are shown iRigure 25 andFigure 26. For the novelty graph, theaxis has

been cutdfbelow 0.80 and has been enlarged in order to better display the differences.
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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)

Comparing the mean quantity of ideas for Alarm and Corn, shovigire 25
(a), both are around a mean of 7 ideas per participant. There is no statistical significance
betwea the two (ManAWhitney test, U(1) = 118, Z-6.036, p = 0.74)Figure 25 (b)
shows the comparison of the qualityaoinceptsand it can be observed that Alarm lhas
higher meanquality scorethan corn. This diffeence is statistically significant (Mann

Whitney test, U(1) = 23, Z4.16, p < 0.001).

The novelty comparison iRigure 26 (a), shows a higher mean novelty for Corn.
This difference in means is statistically miigcant (ManrWhitney test, U(1) = 55, Z =

2. 74, p = 0.005). The spode greaterwithdhe Cantdesigre a n n

problem rather than with Alarm.
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The mean variety scores for the two problems are showigure26 (B). With a
lack of statistical significance (MarWhitney test, U(1) = 107, Z £0.783, p = 0.8) , it
shows that there is no difference between the two problems. So for both Alarm and Corn,

participants generate the same varidtgancepts

Figure27 shows the meanumber of conceptgenerated by each participant for
both problems. With a statistically significant difference between the two problems
(MannWhitney test, U(1) = 79, Z =1.99, p = 0.069), participants, on average, generate

one moreconceptfor Alarm than they do for Corn.

Number of Concepts
O F P NN W W M

Alarm Corn

Figure 27: Comparison of MeanNumber of conceptsPer Participants (Error Bars: +/-1 SE)

This following Table 20 summarizes the mean, standard deviatamd statistics
previously described. The metrics for which the problems had significant differences are

highlighted.
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Table 20: Alarm and Corn design problem evaliation metrics summary

Mann-
Alarm Corn Whitney U
Mean SE | Mean SE p-value
Quantity 753 | 091 | 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 scoréss ifirst
experiment between Alarm and Corn. It was found that using the design method
Alarm tended to produce higher levels of quality and numdersrceptswhereas Corn
tended to produce high levels of novelty. However, for both problems, the levels of
guantity and variety were comparable. The differences between the two problems could
be attributed to thdomainof t he pr obl e familiarith with theaproblemc i p ant
or existing solutionsthe level of complexity of the probleor the technical challenge
On the other hand, the two problems produced similar levels in quantity and variety. This
initial finding suggests that whilé was attenpteda t the outset to us
problems,these differences should be accounted for through the use of the Linear
Equating approach, essentially making them equivalent. Howtneze, wagurtherneed
to explore the relationship between design pots. Subsequently, the insights gained
from the comparison of Alarm and Cormspired thefollowing Solution Familiarity
study There was a need to conduct a withubject experiment in order to assess various

correlations.

92



5.3 Solution Familiar ity

5.3.1 Experimental Setup
This within-subject follow up experimentto the ProblemEffects study was
conducted ina different semester buwithin the same biologically inspired design
electivecourse This experiment occurreduring Fall 2014, with 21 studeparticipants
Similar tothe ProblenEffectsstudy 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 Mondakhe Blind Cup and Peanut Sheller design

prodems were used, shown in AppendikandL2, respectively.

The first day (Wednesday), the subjects were given the Blind Cup prodhem,
on the second day (Friday)Peanut Shelling problenBoth days the students were
allowed 5 minutes to read the problem, and 35 minutes to generate agsonaaptsas
possible. The time limit was due to the length of class time available. They were directed
to generateconceptswithout the useof any particular nethod of design Complete

instructiors can be seen in Appendid andL2.

The third day, the students were given a survey witlr fections, shown in
AppendixL3. It askedthe studentso list the existing solutions and biological analogies
to both the peanut shelling and blind cup probléhzg they were familiar withThey

were given 7 minutes to complete each ef4lsections

93



Unlike the ProblemEffects study thetime limit guideline was enforcesince it
was a controlled classrooand the possible use of external material was eliminated. In
this partcular coursethe Directed, Case Study and B{eyword Search methoad Bio-
Inspired design were taugptior to the time this experiment was performétbwever
those methodsver e i rrel evant and unrelated to th
this study, the students were not instructed toamgemethods oBio-Inspred Desigrio

developconcepts

5.3.2 Data collectel

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
gradwate researcher (not an author) who already obtained highratégragreement for
Peanut Sheller and Blind Cup from different experiments with very similar[ @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 conceptsnet the normality distribution and equal variance crit¢tid?,
therefore a Paired-fest was used to compared the two design problems. The survey
response data did not show normal distribution, so apasametric Related Sample

Wilcoxon Signed Rank Test was used instead to determine the significance in difference
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between the two problem sdts42. Pearson correlation coefficients between problems

were calculatetty matching paired data from each student.

The resultingmean of each of the five evaluation metrics are shown in Figure
Figure 28, along with the associated statistical analysis perforso@timarized inrable
21. At the aggregate level, the mean value from each sample set and their associated
standard error, the resultingvplues from paired -Tests between the two problems is
shown. The Pearsonds corr el atciatdhe indvidualaldvel e s c o
between problems. A significant difference is observed between the means for quantity
(p=0.0012), quality (p=0.@and variety (p=0.0006). Peanut shows a higher mean of
guantity of ideas, whereas Blind Cup shows higher quality \eariety. Differences

between the mean novelty andmber of conceptare not statistically significant.

ltisobservd, using Pearsonb6s correlation, a n
problems for each student for quantity (R = 0.53), variety (R39), andnumber of
conceptgR = 0.68). Generally for human oriented studies/aRies greater than .5 are
considered to show moderatedegree of correlation between two variab[d€9, 170.
This impliesa consisten linear relationshipfor 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 CupProblem Evaluation Metrics Summary
. Paired .
N = 20 Peanut Blind Cup T-test Correlation
Mean SE | Mean| SE |p-alue| t SI N&
Quantity 12.3 0.70 10.0 0.49 | 0.0012 0.53
Quiality 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 able22. From the statistical results, the
students as a group generated a neaglyal 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, knowa similarnumber of existing solutions for both Peanut and Blind Cup.
However, the students were able to dragngicantly 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 eachb e r inferring that weach

relatively consistent from problem to problem.

Table 22 Familiarity survey results summary
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5.3.4 Discussion

As the resultingcomparison shows a similarity in quantity and a difference in the
mean variety and number of coptethe correlation values suggestat the quantity,
variety andnumber of conceptsare linearly relatedIn other words,the students
consistently generadeghe samejuantityof ideasfor both Peanut and for Blind Cup, they
consistently generadea highe variety ofconceptdor Blind Cup than they do for Peanut,
and they consistently generdtihe samenumber of conceptior both Peanut and Blind
Cup. This supports the existence of a linear relationship between the two problems for

the quantity, varietyand number of conceptmetrics under the conditions used in that

97



study.This means it is valid to use Linear Equating to produce equivalence scores for the

two problems foguantity, variety and number of concepts.

Conversely, though statistically sifioant, 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 theProblemEffectsstudy comparing Alarm and Carih was hypothesized that
adesigness familiarity with a desi ghRromptheobl| em
familiarity survey results, it was observed that for both problems, the students were
consistently aware of an equal number of familiar existing solutions. Wisledésnot
supportthe 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 designerowstidut different
results. In other wordghere are other characteristics that need to be accounted for in

addition to solution familiarity.

When investigating the effect of domaim,is speculatd that a problemmethod
interaction may favor one problem over the otf@r. example, a problem in one domain
may favor a method such as biologically inspired design due to awarkable solutions
in biology. It wasfound that for the Peanut probléimwhich involves mechanical and
biological component$ student designers werable 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 Paahan Blind CupAs 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 Biclnspired Design methods with these problems could have a potential
reverseeffect on the variety metricWhile these results serve as a first step to expose
these critical considerations, rfaer investigations need to explore more problem

characteristics t@olate these interactions.

5.4 Limitations

While such experiments with human subjectsave many limitations, two
limitations are worth special mention. The first is that the comparison between Alarm and
Corn in theProblems Effecte&xperiment was aetweersibject experiment. This could
have affected the overall scores for either problem. It could have occurred that the sample
that generatecdconceptsfor Alarm could have been more experienced, have higher
knowledge and put more effort than the sample for Garnjce versaTo eliminate this
possible limitation, the follow up study comparing Blind Cup and Peanut was conducted

as withinsubject.

Second,it is noted that in each casenly two design problemare compared
This is particularly limiting with rspect tothe discussion on the more general
characteristics of design. It is nioth i s intdmteors tb sggest these are the definitive
influential design problem characteristics, nor canclusions be drawfiom the scope

of this experiment. The inté 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 obtaing statistical significancethe limited sample sizeis

recogrized andit is plamedto 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 Bitnspired Design were quantitatively and qualitatively

evaluated. Foeach of the methods, paipants were able to generatenceptdo design
problems and to generate additiomainceptsfor their semestelong projects.While
there was concerper the effectiveness of the Linear Equating formula, the Problem
Linearity studyaffirmed its effectiveness at sdimg the quantity and variety metrics.
Thus, the resulting quantity metridsom the experimentare ratified. Uncovering
scalability flawsof the quality metricsdirect comparative differensebetweenmethods

are inconclusiveHowever the rests still show effectiveness of each method to aid the

generation of high qualitgoncepts

The Bio-Keyword Searchmethod was the least preferred and generated the fewest
number of conceptwith the lowest qualityquantity and varietyof ideas. TheBio-
Keyword SearctMethod as presented in thisesisrelied upon a very newly developed
biooanal ogy retrieval t ool that was still at
first exposure to flowbased functional modelandBio-Keyword Searchiends to be one
of the most difficult methods for students to maskellow up work to improve the

resources and searchesre conducted by Ld&43.

The Directed method was found to generate high quedihcepts and the largest
number of conceptand quantity of ideas, despite bgithe least useful method from the

studentdés opinions. While the Directed met
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superior performance may possibly be attributed to the specific Alarm design gréblem

is relatively more familiar to students arehsier to solveFurthermore, the time
investment associated with using the Directed approach possibly explains the
participantsdéd ability to generate a more i

requires less effort of searching, it allows dmicker brainstorming.

The Case Study, AskNature and BioTRIZ methods helped generate similar levels of
quality and quantity of ideas, and a simitarmber of conceptdHowever, these three
methods differ in terms of number of final concepts generatedeéme 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, aBid-Keyword Sarchwith fewer. The
teams mostly preferred using AskNature and BioTRIZ equallyppposedo Directed
and Case Study. For usefulness, BioTRIZ was selected the most often by a large margin
over the other methods, followed by AskNature. Despite BieKeyword Search
met hodos f | aaeise theileast ndimbeér oinvotd3irectesl and Case Study

were considered less useful than Bie-Keyword Searcimethod.

While BioTRIZ was preferred and thought to be the most useful method by the
students, it acially resulted irconceptof similar quality and quantity to that of the Case
Study and AskNature methods. This is cons:s

preferences do not match the quantitative outcome data. Much more extensive analysis is
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nealed 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 thedgio-Inspireddesign methods were effective and helped gendate
Inspired concepts Each method was shown to provide numeroosceptswith high
guality and novelty each help generate final concepts, and each was found to be useful
by some studentd.essons learned ithis thesis andhe identification of limitations

allows for better future experiments and mitigating the effect of confounding variables.

6.2 Seli-Efficacy

Over the course of the semesters- for
concept scores gendsalshowed improvements: sedfficacy increased, motivation
started and remained high, outcome expectancy increased, and anxiety generally
decreased. There was al so a -gffcacy maivatioh r en d
and outcome expectancy ses 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 sedfficacies to a score of 80 and never feel as though they gain
enough exprience or information to surpass that level; achievingpsafiection in every

criteria may seem unattainable.
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While there are statistically signific:
design seHlconcept scores from these course long experimémese is still room for
improvementAl t hough these scores do n-eeportedi rect |
ability to conduct Bielnspired Design, the insights and experienced gained from learning
and using Bidnspired Design methods raised theilf s#ficacy performing traditional
engineering design process tasks.démonstratethy Pajaresand Hutchinsonthis raise
in seltefficacywill increase the future effort expended by the designer in similar domain
tasks and increase their motivation tocseed[134 136. Exploring and teaching
additional Bio-Inspired methods may further increase the magnitude of these

improvements.

Additionally, Carberryet ald s -effieacyf instrument was found to be reliable and
consistent with their original results and treid85. This consisted of the correlation
between ED(Engineering Designand EDP (Engineering Design Processand the
relationship between sedffficacy with moivation, expectancy and anxiety. Thus, this
instrument is an eff ect i-effcacynewalletgineeang me a s u

design tasks.

6.3 Problem Equivalency
In this thesis, it was hypothesizd that different design problems, despite being
designedfor similarity, will produce varied results acroasset of creativity metricA
(noncomprehensive) set of design problem characteristics that affect the design

outcomeswas also hypothesized
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Evidencewas providedto supportthe hypothesis that diffent design problems,
though subjectively intended to be fAequi ve
design creativity metrics. In both betwesubject and withirsubject experiments, each
design problem produced significantly varied results; achlosth experimentsit 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 demonstrate in the within-subjects study that some metrics,
although different on the aggregate, showed moderate to high correlations between
individual students; quantity of ideagriety,andnumber of concept® particular seem
to corrdate well across the problenexamined. Orthe other hand, quality and novelty
did not. This suggests that, at least for some mettics possibleto attain equivalency
between design problems, such that individual performance on one design problem may
be predictive of individual performance @mother.Though the @sults 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 vBib-tnspireddesign
method environment, one is able tcawd more analogies for one problem, and will

therefore generate different outcomes for each problem.

In an attempt to lEn to understand the factors at play, a set of characteribtt
was felt to possibly influencéthese outcomeswvas defined The degree,to which the
subjectively fequi was ktediedacoordipgtoaviol obthesdesigra r i e d
problem characteristics defined: familiarity with existing solutions to the problem and

domain of the design problert.wasfound that for the peanaind blind cup problem
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design problems wena fact generai, 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 differen¢lfeof access to domadistant
analogies. This suggests that the domain of problem can influence the method used in the
problem; in this case the peanut problem provided additiawaéss to biological
analogieghat may influence the proceasd resultdrom the biologically inspired design

method.

A hypothesized list of characteristics that may influence design outceoase
provided Identifying the degree and method with which these characteristics influence
design outcomes will enable researchers tteberaft more comparable problems. The
ability to draw equivalency, and gauge problem difficultly across a variety of factors may
also be helpful in toebuilding, educational instruction and oesce planning for
industry[157]. Furthermore, by understanding problem characteristicthe journey to
finding equivalent problemsne 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 taegetdpecific characteristics.
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6.4 Future Work

6.4.1 BID Methods
Problem equivalency rati@ata neeslto be collected to relate Peach Pitter to
Peanut Shelleusing theLinear Equatingnethod and calculate the newly scaled scores
for Peach PitterAlthough, 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 amparison results among problems, the problems must be linearly

equivalent and allow the accurate use of Linear Equating.

The BioKeyword Search method showed some diffieslinot only regarding the
database, but in the grasping of the concepts beRintttional 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 timeéréaming 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 whenparticipants were limited to only 50
minutes of idea generation. Thus, future experiments should increase the allocated time to
generate solutions and-ewaluate the performance of each method for each of the

evaluation metrics.



In this study, each aethod was taught in the same order through the semester:
Directed first, follow by Case Study, AskNature, BioTRIZ and-Beyword Search. The
run-order should be explored and determine the effects of teaching one method prior to

another.

6.4.2 ProblemEquivalercy
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 tdyidasti

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 outcofgsire experimentshould aimto
isolate and define specific characteristics that will render two design probfexady
equivalent, or for alternative purposes, completely unedaile this thesis shows a
linear relationship between the two problems examined for quantity and vamnetigr
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 nmoblems for quality and noveltyshould be pursued.
Furthermore, as those characteristics are determined, more design problems should be
created and extensively tested to ensure consistent lindiaistjroped that this worlill
allow researchers to provide comparisons among groups or indw/iacr@ss a range of

similar, though not identical, design problems.
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APPENDIXA TDEl GN PROBLEMS

Al:Alarm i Directed (2012)
MEEN 489: Fall 2012

Individual Design Problem — Personal Alarm Clock

Problem Description:

Alarm clocks are essential for college students; however they will often wake up a roommate
and those around them. 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.

Please sketch and note (with words) one design solution per page (add pages as needed). If you
can, use nature as inspiration for you ideas. If you don’t have any inspiration form nature, do
come up with as many ideas as you can from whatever sources of inspiration you have. Do this
homework “closed” book. In other words, don’t go googling or skimming through Bio 101 books
for ideas.
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A2: Corni Directed(2012)
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