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Abstract

Project-based design courses are an increasingly conunon component of engineering educa

tion. Most engineering schools have traditionally  emphasized the analytical and scientific 

aspects of the discipline, and an increase in practical and experiential learning represents a 

transform ation of estal)lished approaches to teaching in these institutions. However, there 

are significant challenges to developing and delivering these courses. Minimal guidance is 

available to  educators w'ho face these challenges. In particular, there is a paucity of research 

aligning learning objectives with j)edagogical theories and practical guidelines.

This thesis makes a contribution to bo th  research and practice in engineering design 

education. A pedagogical framework for a particular type of project-based engineering design 

course is devek)ped. The framework is intended to guide the development and evaluation of 

learning environments for these courses. It consists of learning objectives in the form of 

essential design knowledge, learning theories th a t align with each of these objectives, and 

practical guidelines for course design.

The jjedagogical framework is initially develo})('d through a review of previous research on 

design cognition and of learning theories from the fields of educational psychology and social 

anthroi)ology. The framework is subsequently used in three phases of participant observer 

research in project-based design courses at two iniiversities. During each phavse of research, 

the fi'amework is used to  guide the in terpretation of results, and the results are in tu rn  used to 

expand the framework to include guidelines for the develoi^ment and improvement of learning 

environm ents. The exjianded framew'ork provides guidance in imjjroving sub,s(>quent course 

iterations. Thus, the learning environm ents and the pedagogical framework evolve in parallel 

throughout the research.

The thesis highlights fundam ental obstacles to learning in the j)roject-based engineering 

design courses studied, including challenges in providing structure  for students while support

ing flexible exploration of potential designs, and a lack of both social and docm nentary sources



of detail design knowledge for mechanical engineering. Approaches to overcoming these ob

stacles are identified and dem onstrated through im plem entation in the observexl courses. The 

development and testing of new resources to support teaching and learning are described.

The results presented in this thesis contribute to an improved understanding of engineering 

design education. The pedagogical framework addresses the unm et needs of educators while 

providing a foundation for future research in these novel but increasingly connnon educational 

contexts, which mitil now have rem ained largely unexplored.
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Chapter 1 

Introduction



INTRODUCTION

The objective of this thesis is to  contribute to the theory and practice of engineering de

sign education. Design is generally considered a central activity of engineering. However, for 

much of the 20th C entury it was an underem phasized aspect of engineering education. The 

dom inant view in most engineering schools was th a t the analytical, scientific aspects of the 

discipline were inherently superior to  the creative, social activities involved in de^sign (Bland- 

ford. 1990; Dutson et al.. 1997). The business of engineering education was seen as teaching 

fundam ental theory rather than  applied, practical knowledge (Heywood. 2005). Ftu'thermore. 

design was assumed to  lack a rigorous, theoretical basis; even among design researchers and 

theorists there was a feeling tha t its unscientific nature  was a problem that needed to  be 

addressed (Cross. 1999). Although the role of design in engineering practice was recognized, 

this practice was assumed to rely prim arily upon scientific and analytical knowledge which 

students generally lack. In this view, it was necessary to establish a theoretical foundation 

before engaging in practical work (Hoole. 1991). As a result, practical design experiences for 

students were rare.

However, there were many objections to  this dom inant view and the place of design 

in the engineering curriculum  rem ained a topic of debate. The assum ption th a t theory 

necessarily preceded practice was challenged (W arner. 1989). and a foc\is on solving w'ell- 

defined problems with iniique correct answers was highlight('d as a particular shortcoming 

of engineering program s (Cawley. 1988). During the 1990s. argiunents in favour of design 

experiences for students became more conunon. These argiunents contended th a t design 

should be explicitly taught, “rather than  simjjly teaching engineering science and hoping 

th a t the students will acquire design skills incidentally” (Blandford. 1990. j). 213). Such 

argum ents were bolstered by industry  opinions th a t view'ed engineering graduates as ill- 

ecjuipped for professional practice (e.g.. King. 2007; Nicolai. 1998). In response to dem ands 

from industry, professional accreditation bodies began requiring more emphasis on design 

activity in undergraduate program s (Dutson et al.. 1997).

As a result, new design experiences for students have been developed in recent decades. 

Engineering schools began introducing integrated courses th a t sought to connect engineering 

theory and practice by giving students the opportunity  to  work on “real-world” problems 

(e.g.. Amon et al.. 1996; Sutton. 1995). Much of the initial work in this area focused on 

developing introductory  and final year ( “capstone” ) design experiences. In troductory  design 

courses were seen as a means of exposing students to engineering j)ractice and thereby in-

2



INTRODUCTION 1.1. LEARNING ENVIRONM ENTS

creasing m otivation, while capstone projects were intended to integrate the knowledge learned 

throughout the program (Dyni et al.. 2005). More recently, there have been efforts to  provide 

design experiences throughout the curriculum  either by adding design activities to existing 

courses or by (leveloj)ing new design-focused coiirses at both undergraduate and graduate 

level (e.g.. Bucciarelli. 2003; Hanum ara et al.. 2013; Lande and Leifer. 2010).

Thus, engineering education is in the midst of a gradual transform ation from an almost 

exclusive emphasis on technical and factual knowledge to a pluralist approach combining 

scientific and theoretical know’ledge with practical and applied understanding. This is the 

context in which this thesis is situated. The research consists of an exjiloration of new design 

courses, with the aim of im derstanding and improving learning environm ents for engineering 

design.

1.1 Learning E nvironm ents for Engineering D esign

A ttem pts to integrate design into engineering programs have adopted a variety of formats. 

The m ajority of new courses art' based on experiential and project-based models of learning, 

in which students work either individually or in team s to  complete a design {)roject (Dym 

et al.. 2005). The projects may be relatively well-defined or more open-ended. For example. 

Thom pson (2002) describes a studio-l)ased program  in which all students focus on the detail 

design and ini[)lementation of a full-scale m anned aircraft, while H anum ara et al. (2013) de

scribe a course in whidi each student team  collaborates with a different grouj) of stakeholders 

to  develop new medical device technologies. In the former, the subject m atter and the related 

technology remains relatively stable between one year and another, while in the la tte r these 

may vary widely both within and betw^een years. Project topics may be “made up” by fac

ulty or may be authentic a ttem pts to meet the needs of real stakeholders. An example of the 

la tte r is Purdue University’s Engineering Projects in Conmiunity Service (EPICS) program, 

in which student team s engage in long-term collaborations with not-for-profit comm unity 

organizations to identify and solve technology-based problems (Coyle et al.. 2006).

The research presented in this thesis focuses on project-based learning environm ents with 

the following characteristics:

• C o u rse  s e tt in g s :  Design experiences may be deliver(>d in a v^ariety of settings, in

cluding industrial placement schemes, research internshi}xs. formal courses, or the  in

dependent j)rojects more typical in studio-based design education. The cases studied
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ill this thesis take place in formal classroom settings. This presents a j)articular set of 

constraints for the learning environm ents, snch as the need to  develop course str\ict\ires. 

learning activities, and lecture content th a t can supj)ort a wide variety of teams.

• T e a m -b a se d : Engineering education typically emphasizes individual learning, and one 

of the common requests from accreditation bodies has been an increase in team -based 

activities. The courses studied in the thesis involve team s of 3 8 students collaborating 

on design problems.

• O p e n -e n d e d : All design problems are to some extent open-ended, in th a t they have 

no uniciue c'orrect .solution. However, design briefs vary in their level of specificity and 

there are degrees of open-endc'dness. In the courses studie'd. student team s are provided 

w ith minimal problem specifications and are expected to define their own design brief. 

As a result, the types of projects undertaken vary widely w ithin and between student 

cohorts.

• A u th e n tic :  Learning activities in general are often seen as inauthentic and discon

nected from "real-world” activities (e.g. Brown and Camj)ione. 1994). In the courses 

considered here, efforts are m ade to  expose the students to  real problem s involving real 

stakeholders with whom the students m ust interact. In most of the courses there is 

an implied assum ption th a t successful projects may eventually be implem ented beyond 

the classroom.

Thus, the research is conducted in ojjen-eiided. authentic, team - and project-based en

gineering design courses. For brevity, these will hereafter be referred to as OATPB courses. 

\Miile this may seem overspecified, it is im portant to  differentiate between the varieties of 

approaches to  design education. OATPB courses are increasingly common in engineering 

education, and in bo th  institu tions studied were among the most recent additions to the 

curriculum. The observed courses took place in mechanical engineering departm ents and pri

marily involved mechanical design projects but. due to  their open-ended nature, also involved 

projects w'ith an electronic or software focus.

1.2 M otivation

There are a num ber of significant challenges th a t m ust be overcome as part of the ongo

ing transform ation of engineering education. The develoinnent and delivery of project-based

4
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design courses is a demanding task for educators. Many engineering faculty members have 

neither experience in teaching such courses, nor experience in taking them  as students. Fur

therm ore. most engineering academ ics’ j)ractice consists prim arily of scientific, analytical 

research conducted with the prim ary aim of publishing technical articles. S tructures for eval

uating and prom oting faculty tend to emphasize these types of research activities over more 

design-oriented ones (Todd and Magleby. 2004). As a result, most faculty members are not 

practicing design engineers.

However, even academics who have significant design experience are not necessarily well- 

suited to  teaching the subject. Design ability relies to  a large extent upon procedural knowl

edge. or the knowledge of how to accomplish a task. Experts have typically gained a tacit and 

intuitive im derstanding of procedural knowledge, and can face difficulty m aking this knowl

edge explicit or understanding the misconceptions of novices (Bransford et al.. 2000; N athan 

and Petrosino. 2003). In addition to knowledge of the domain, effective teaching requires 

“pc'dagogical content knowledge.” This includes an understanding of the typical difficulties 

tha t learners face and jjotential strategies for helping students to  overcome these difficulties. 

This knowledge is not a comliination of general teaching strategies with a i)articular subject 

m atter; the strategies are domain-si)ecific (Shulman. 1987). Pedagogical content knowledge 

is developed through experience teaching a particular subject. It follows th a t for new courses 

identifying and developing this knowledge is a challenge.

A potential source of pedagogical content knowledge is the literature  on design education. 

A substantial num ber of i)ublications and conferences dedicated to engineering education 

exist, and articles related to design teaching and learning are connnon. The m ajority  of these 

articles describe particular courses or learning activities, and may serve a.s useful sources of 

information on teaching m ethods for design educators. However, these articles often contain 

no evaluation of the m ethods pi'esented and rarely make reference to results from design or 

('ducation research (M artin et al.. 2002; Tm ns et al.. 2006). They are prim arily accounts of 

teaching practice w ritten by and for practitioners, ra ther than  the results of research.

This is not to  deny the value of practice-focusc^d knowlc'dge sharing. In fact, this thesis 

draws i)rimarily on an interpretivist research paradigm, which holds tha t the reflective ac

counts of experienced practitioners are a valid and valuable form of research (W'illis. 2007). 

However, it is problem atic when this work is disconnected from thc^oretical underi)imiings. 

Among educational researchers, “fidelity of im plem entation” is recognizf'cl as a m ajor issue
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(Palincsar. 2005). T ransporting an educational m ethod from one context to another often re

sults in essential features being lost due to  a focus on surface features rather than  underlying 

principles (Brown and Campione. 1994). Furtherm ore, descriptions of a wide variety of teach

ing m ethods and activities with little, if any. evaluation are not particularly informative for 

educators. In some ways not nmch has changed since Cross (1980) reviewed design literature 

for schoolteachers and observed th a t “the  collective impression given by these publications is 

one of confusion.”

A ttem pts have been made to provide a general framework to  guide the development 

and evaluation of engineering design e'ducation. These efforts are best represented by the 

Conceive-Design-Implement-Operate (CDIO) initiative. The CDIO syllabus is intended to 

svipport cm riculum  development a t the program  level and consists of a comprehensive list 

of curricular goals, framed as tasks th a t graduating engineers should be able to complete 

(Crawley et al.. 2011). It was develoj)ed through focus group interviews with faculty, students, 

and industry leaders (Crawley. 2002). The syllabus provides guidance for d istributing learning 

activities throughout engineering programs. However, it is by nece.ssity a high-level overview; 

there is no guidance on what each particular goal (such as “the [design] process for single, 

platform  and derivative products” ) consists of or how it might be taught. To address this 

gap. CDIO organizes regular conferences and meetings a t which engineering educators share 

details of their teaching m ethods (e.g. Hussman. 2011). However, these events suffer from 

the shortcomings discussed above, in particular a lack of theoretical foundations and links to 

design research.

A fundam ental disconnect between design research and design education has been identi

fied as the source of issues and challenges in teaching design (Bucciarelli, 2003; Devon et al.. 

2004). Thus, a ttem pts to  support design educators have often focused on addressing th is dis

connect. Typically, these efforts involve synthesizing results from research on design studies 

with the aim of providing guidance on how designers th ink and work (e.g. Adams et al.. 2003; 

Cross. 2001a; E astm an et al.. 2001; Turns et al.. 2006). However, gviidelines on in terp re t

ing or applying these results for design education are typically minimal or mirealistic. For 

example. Turns et al. (2006. p. 382) propose th a t “an instructor could have students com

plete a variation of a task  used in a research experim ent, analyse the s tuden ts’ d a ta  in class, 

compare the results to  the published research results, and discuss im plications.” However, 

the experim ents to  wdiich Turns et al. refer consist of in-dei)th analyses of audio recordings

6
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T a b le  1.1: An excerpt from the Informed Design Teaching and Learning M atrix (reproduced 
from Crismond and Adams. 2012)

D e s ig n

S t R.'SlTEGIES

B e g in n in g  v s . In f o r m e d  D e s ig n e r  

P a t t e r n s Le a r n in g  C o a l s  

W h e r e  

St u d e n t s ...

T e a c h in g

S t r a t e g ie s

W h e r e

St u d e n t s ...

W h a t  B e g in n in g  

D e s ig n e r s  D o

W h a t  In f o r m e d  

D e s ig n e r s  D o

U n d erstan d  th e  

C h allen ge

P a ttern  P rob lem  S o lv in g  vs. 

P rob lem  F ram ing

D efine criter ia  and  

co n stra in ts  o f  

challenge. D elay  

decision s until 

critical e lem en ts o f  

challenge  are  

grasped.

S ta te  criter ia  and  

co n stra in ts  from  

design  brief in 

o n e ’s ow n words: 

D escrib e how  

preferred design  

so lu tio n  should  

fun ction  and  

behave; R efia in e  

u n d erstan d in g  of 

problem  based  on  

in v estig a tin g  

so lu tio n s

T reat design  task  

as a w ell-d efined , 

straightforw ard  

problem  that th ey  

prem aturely  

attem p t to  solve.

D elay  m aking  

d esign  decision s in 

order t o explore, 

com preh en d  and  

fram e th e  problem  

better .

th a t can take many hours to interj)ret for a single subject. It is difficult to  imagine how an 

instructor could jjroduce d a ta  th a t could be meaningfully comparc'd to such results in real 

tim e and for multiple students.

Crism ond and Adams (2012) propose a more detailed set of guidelines for educators 

based on the results of design research. The Informed Design Teaching and Learning M atrix 

consists of nine elements of the design process, including “Generate Ideas” and “Conduct 

Experim ents.” The m atrix  compares the characteristic behaviours of novices engaged in each 

task with those of experts, and outlines learning goals and teaching strategies intended to 

help learners develop expert-like behaviours. Table 1.1 contains the entries for an example 

taak.

O f the supporting tools for educators discussed in this section. Crismond and A dam s’s 

m atrix  is the  most detailed, and the only one th a t provides explicit links between re.search 

results and practice. However, there are a num ber of shortcomings in its design. F irst, there 

are no explicit links drawn betw'een the m atrix  and any pedagogical princijjles or learning 

theories. As discu.ssed previously, this jjresents a risk of misapplication. Second, the focus 

of the  m atrix  is solely on behaviour, and in particular on imi)roving the behaviour of novice
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designers. Ironically, this residts in the  m atrix  apparently contradicting findings from the 

research literature. For example. Crisniond and Adams suggest th a t students should learn 

th a t design requires “lots of ideas, and the wider the range of ideas, the b e tte r” (p. 755). This 

suggestion is indeed supported by psychological studies of creativity which have correlated 

idea quality with cjuantity (e.g.. Pauhis et al.. 2011). However, such studies take a very 

narrow' focus of creativity, and typically involve im dergraduate psychology students engaged 

in essentially meaningless tasks. Their implications for design are c}uestionable. Fricke (1996) 

compared design strategies and found th a t either generating a very large m nnber of ideas or 

a very small nvnnber of ideas had a negative impact on the quality of the resulting design. 

He suggests tha t designers nuist instead follow' a “balanced search.” In contrast, studies 

of experienced mechanical engineers and architects have found tha t often designers do not 

generate any alternatives, focusing on one solution and modifying it in response to emerging 

problems (Rowe. 1987; Ullman et al.. 1988). Clearly, the results on this toj)ic are somewhat 

inconsistent.

In fact, designers’ behaviour is in many wavs characteriz('d by inconsistency. This is due 

to the contingent, context-dependent nature  of design. R ather than  following a consistent 

approach to solving problems, designers select between a variety of strategies based on the 

particular details of the problem at hand. The development of a “repertoire” of strategies is 

therefore one of the most im portant parts  of becoming a sviccessful designer (Lawson. 2004). 

This highlights a fundam ental issue with focusing on behaviour. Crisniond and A dam s’s 

(2012) m atrix  provides a single “correct” strategy th a t design students should be taught to 

follow in all situations, thereby underm ining the goal of suj)porting students in developing a 

repertoire of context-dependent strategies.

This brief review of the field of design education has dem onstrated th a t there is a paucity 

of research aligning design education, design practice, and learning theories. Such an align

ment would support educators in designing, evaluating, and improving learning environments. 

Thus, the objective of this thesis is to  develop a pedagogical framework which combines re

sults from research on design cognition and practice, learning theories from the fields of 

educational psychology and social anthropology, and pertinent features of learning environ

m ents identified through empirical exploration of project-based engineering design courses. 

The objective is not to  define a rigid tem plate or a collection of particular learning m aterials 

and activities, bu t rather to  define a set of broad principles. By linking broad learning objec-
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fives, pedagogical principles, and practical details, the aim is to address the issues identific'd 

above, for examjile by supjjcjrting the accjuisition of design pedagogical content knowledge. 

In addition to its role in supporting educators, the framework is intended to function as a 

theoretical foundation for design education researchers.

The CDIO syllabus focuses on high-level planning of ciuricular topics, hut provides no 

details of how these topics sho\dd be taught or how course efficacy should be evaluated. The 

Informed Design Teaching and Learning M atrix prescribes specific activities and provides 

sTiggestions for evaluating the performance of students, however it does not provide any 

guidance on the context in which these activities should take place. The framework developc'd 

in this thesis targets an interm ediate level between these two. by focusing on jiaram eters th a t 

define the learning environm ents of project-based design courses. As discussed above, the 

thesis focuses on OATPB courses and the framework is therefore intended primarily for use in 

those contexts. However, it may provide a foundation for similar research in other educational 

settings.

The framework is developed initially through a review of design research and echicational 

theories. This residts in a set of learning objectives and guiding princi{)les for OATPB courses. 

The framework is then u.sed to explore the experiences of students and educators in OATPB 

courses at two institutions. The res\ilts of the research are in tu rn  added to  the framework 

to  record jjroblematic aspects of OATPB k'arning environments. This process is repeated in 

two subsc'quent phases of research. In each phase, modifications are m ade to  the learning 

environments in an attem pt to address, and to  gain a deeper understanding of. the issues 

identified. The framework and the learning environm ents therefore evolve in i)arallel.

1.3 Research C ontributions

The work presc'iited in tliis thesis makes several contributions. The first contribution is the 

pairing of fundam ental aspects of design knowledge w ith apposite learning theories. Four 

categories of es.sential design knowledge are identified: strategies and processes, models, 

knowledge reuse, and the social nature of design. For each category, learning objectives 

are identified and as]>ec ts of social constructivist and situated  learning theories are selectc'd 

as ])otential sources of guidance in ac'hieving those objectives. Linking objectives to theory 

is intendc'd as a means of addressing the issue of “fidelity of im plem entation” (Palincsar.
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2005). Reference to  the framework may thus act as a tool to  enable more effective sharing of 

teaching m ethods between educators.

The second contribiition is the  identification of features of the learning environm ents 

th a t support the learning objectives. These features are identified through the three phases 

of research in OATPB courses. They constitu te the th ird  element of the framework, with 

each feature representing a guideline associated with a learning objective and learning the

ory pair. For example, the review of the design research literature identifies an objective 

of exposing students to a “fiexible-methodical” design process, which involves following a 

generally m ethodical ]>roblem solving process but rem aining flexible in deviating from this 

process when necessary (Fricke. 1996). The framework relates this to cognitive apprenticeship 

tho»ory. which provides guidance on m aking processes and strategies explicit. Research in the 

courses identifies a teaching model which supports a fiexible-methodical process: the use of 

regular milestones to provide a methodical, top-down, breadth-first problem solving process, 

and regular design review meetings to provide opportunities to  guide students in deviating 

from this m ethodical process where approjiriate.

The th ird  contribution is the identification of fundam ental obstacles and recurring issues 

in OATPB courses, iii particular; the prevalence of task  optim ization strategies vmdermining 

both  learning and design goals; the need for. and difficulty of. achieving the apj>ropriate 

balance between the flexible and m ethodical aspects of the design process; a lack of access to 

detail design precedents for mechanical design; and a lack of access to  engineering connnunities 

of practice. Each of these issues is explored in depth  and its root causes are identified.

Task optim ization strategies, which students use to  focus efforts on inm iediate deliveral^les 

to  the detrim ent of long-term goals, are found to  be closely related to  difficulties balancing 

the  flexible and m ethodical aspects of the  design process. Both are caiised by a variety of 

environm ental cues including: a lack of clarity about the overall course process, frequent 

quantitative grading of student deliverables, and a lack of explicit permission to  deviate from 

the  m ethodical process when appropriate. The thesis identifies two categories of design prece

dent, or previous examjjles of design work, th a t are required by students in OATPB courses: 

concept precedents, which are high-level descriptions of existing devices, and detail prece

dents, which provide in-depth inform ation on particu lar means of implementing concepts. 

Insufficient access to detail design precedents is found to be closely related to  a lack of access 

to  engineering communities of practice.
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The fourth contribution is a dem onstration of an approach to  providing a database of 

detail design precedent knowledge for mechanical design. Similar resources for electronic 

and software design are accessible to students, but the nature of mechanical design presents 

challenges in capturing and sharing the type of information required by novices. The j)rocess 

followed in this thesis involves using observations of expert-novice interactions to identify the 

types of knowledge being shared, collaborating with experts to docm nent th a t knowledge, and 

conducting user tests to ensure the clarity of the docum entation. The thesis also proposes 

a model for populating and sustaining the database, by framing it as a tool to su{)port 

technology researchers in sharing knowledge and dissem inating research.

Further contributions include an initial dem onstration of an instrum ent for m easuring 

aspects of design know'ledge. The instrum ent is developed as a d a ta  collection tool. However, 

initial results indicate that the approach taken could be used to  m easure changes in student 

understanding over time, thereby j)roviding feedback to  educators so th a t they can adjust 

teaching m ethods or address common misconceptions.

1.4 Thesis Structure

The rem ainder of this thesis is structured as follows:

C h a p te r  2 considers paradigm atic and methodological issues in order to define the proce

dure followed in the thesis. A pragm atist paradigm  and a design-based research methodology 

are selected ivs appro{)riate for use in this research. The d a ta  gathering m ethods, da ta  analysis 

approach, and ethical issues related to  research in educational settings are discussed.

C h a p te r  3 reviews the literature on design cognition and practice, followed l>y a dis

cussion of the learning theories identified as appropriate for inclusion in the framework. An 

initial embodiment of the framework is presented, consisting of learning objectives for OATPB 

courses and related learning theories.

C h a p te r  4 describes an exploratory research study conducted in three OATPB courses. 

The experiences of students and educators are described and interj^reted in term s of the 

knowledge types and theories tha t comprise the theoretical framework. The results are then 

used to expand the framework to  record the pertinent aspects of learniiig envirom nents stud 

ied.

C h a p te r  5 describes the second pha.se of research, which was carried out in two OATPB 

courses. The learning environm ents of each are m odihed based on the framework, and the
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effects of these modifications are investigated. Again, the framework is used to interpret the 

results, and is further expanded to  account for these resuhs.

C h a p te r  6 describes the development of a database of detail design precedent knowledge 

in order to address the problems of access identified dining previous phases. The develop

ment of a collection of open-ended conceptual q\iestions for use as a da ta  gathering tool is 

also described. Both resources are pilot tested and the results are used to guide further 

developm ent.

C h a p te r  7 describes the th ird  and final phase of research in one OATPB course. The 

resources developed in the previous chajiter are deployed in the course and the effects on 

studen ts’ activities and experiences are observed. As in previous phases, the framew'ork is 

used to guide the research, and the results are used to  expand the framework

C h a p te r  8 concludes the thesis by summ arizing the research and presenting the complete 

version of the framework developed throughout the previous cha{)ters. Lim itations of the 

research and opportunities for future work are discussed.
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The objective of this thesis is to  develop a pedagogical framework for open-ended, au

thentic. team - and project-based (OATPB) engineering design courses. The previous chapter 

described the context in whic'h this research takes place, in particular the increase in jiroject- 

based engineering design courses and the paucity of research linking teaching practice with 

research in this area. This chapter discusses the methodological foundations of the re.search. 

The choice of a guiding research paradigm  has implications for the type of da ta  collected 

and how the results are interpreted. The chapter begins by reviewing the dom inant research 

paradigms. Pragm atism  is selected as an appropriate paradigm  for the research in this the

sis. Research methodologies are then  discus.sed. and design-based research is identified as a 

methodok)gical approach th a t aligns with the goals of this thesis. The m ethods used to collect 

and analyse data , as well as the measures taken to  ensure trustw orthy resvdts. are descritjed. 

The chapter concludes v/ith a discussion of the ethical issues related to the research.

2.1 R esearch Paradigm s

A paradigm  is a set of beliefs tha t defines the natu re  of reality (ontology), knowledge (epis- 

temology). and vahie (axiology). Paradigm s deal w ith first principles; m etaphysical assinnp- 

tions th a t cannot be proven or disproven but must be accepted on faith. Research paradigms 

define the  scope of legitim ate research questions, the types of m ethods th a t may be used to 

answer those questions, and how da ta  should be interpreted (G uba and Lincoln. 1994). In the 

natural sciences the guiding paradigm  is typically implicitly clear (postpositivism ). However, 

when studying the thoughts and behaviours of hum an subjects, researchers nuist explicitly 

define their paradigm atic assum ptions. Doing so is essential in order to avoid contradictions in 

da ta  analysis, and to assist readers in interpreting and evaluating the research (Giddings and 

G rant, 2006). Furtherm ore, the choice of paradigm  is particularly  im portant in educational 

research as it influences both the practice of research and the practice of teaching.

The paradigm  adopted in this thesis is based on pragm atism , a school of philosophy 

originally developed in the United States in the  late 19th Century. As a research paradigm , 

jiragm atism  draws on other philosophical traditions, and is in some respects a compromise 

between the m ajor com peting paradigm s in social science research. This section begins by 

describing and comparing two such paradigms, postpositivism  and interpretivism , to  provide 

background for the subsequent discussion of pragm atism . M ultiple alternative paradigm s 

exist, including critical theory, postm odernism , feminism, and participatory  inquiry, but
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these are often considered particular instances of interpretivisni. and as such will not be 

discussed here.

2.1.1 P ostp osit iv ism

Post positivism is closely related to  the positivist view of science th a t dom inated from the 

Enlightenment until the 20th Century. Positivism (or empiricism) emerged in response to 

the acceptance of religion and superstition as credible sources of tru th , and positivists m ain

tained tha t scientific experiments and observation were the only means of understanding the 

universe. Positivism was based on a correspondence theory of tru th , whicli held tha t the 

knowledge obtained through scientific experim entation corresponded exactly with objective 

reality. D ata was to be collected and analysed objectively, w ithout any preconceived beliefs, 

and then used to develop tlu^ory (Willis. 2007). The business of science was seen â i the ac

cumulation of universal facts, with each experiment as part of a gradual progression towards 

a complete understanding of the world.

W hen the social .sciences emerged as disciplines in the 19th Century, the successes of the 

na tm al sciences, in particular physics, contribute'd to  a view th a t a similar scientific m ethod 

should be used to  explain social systems. The field of psychology, which would eventually 

exert a m ajor influence on research in both design and education, placed a particular emphasis 

on the scientific m ethod (Christopher et al.. 2003). O bjectivity and controlled experiments 

were seen as inherently sni)erior to snbjf'ctivity and everyday practice. Positivist social 

sciences were concerned with develoj)ing rigorous approaches to d a ta  collection and analysis, 

separating facts from value, and discovering fundam ental social laws. Inherent in this view 

was an accej)tance of Descartes’s duality of mind and body, which implied th a t the subjective 

feelings and opinions of individuals could be separated from the real, physical world (Willis. 

2007. p. 43). W hile there w'cre objections to  positivism from within the social sciences, the 

most devastating critiques stennned. ironically, from results in the natural sciences.

In the 20th Century. i)hilosoi)hers of science such as Karl Poj)per began to  question the 

positivist paradigm, in particular the correspondence theory of tru th . These critiques were 

in part a response to discoveries in relativity and quantum  mechanics which midermined 

fundam ental “facts” of physics th a t had been accei)ted as universal for centuries. Popper’s 

(1937) posti)ositivisni reframed science in term s of “falsification.” Now. the business of sci

ence was to  develop theory by making conjectures th a t they could be falsified experimentally. 

A tlu'orv could be disproven. but never j)roven definitively. Doubt could never be eliminated
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completely as a future experim ent could disprove current theories. Kuliu (1962) fvuther un

derm ined positivism by dem onstrating tha t tlie history of science was not in fact the gradual 

accunuilation of facts, hu t was characterized by cycles of revolution (in which new worldviews 

displace old ones) and “normal science” (in which scientists refine the dom inant worldview to 

explain a range of phenomena). Postpositivism  acknowledges th a t da ta  collection can never 

be free of preconceived theory, and the aim of experim entation is in fact to test and refine 

existing theories and worldviews.

Postpositivism  has largely replaced positivism in the social sciences (Willis. 2007. p. 73). 

Beyond the changed view of the relationships between theory and d a ta  and between theory 

and reality, postpositivism  retains most of the assm nptions of its i)redecessor. All meaningful 

problems can and should be framed in a clear-cut. unambiguous way (Newell and Simon. 

1972). Objective inquiry, based on time- and context-independent observations, and leading 

to the identification of universal cause and effect relationshij)s. is both possible and desirable 

(Johnson and Onwuegbuzie. 2004). Q uantitative da ta  is inherently superior; while qualitative 

data  is permissible it nuist be analysed in a reductive and system atic m anner with an emphasis 

on cause and effect (Creswell. 2007). In keeping with Popper’s theory-first model, specific 

hypotheses must be developed in advance and ick'ally the entire study  should be planned 

in detail before d a ta  is collected. Elements of social activity should be isolated from their 

context and studied in controlled environm ents and subjectivity is to be avoided at all costs 

(Willis. 2007. p. 77). In o ther words, i^ostpositivist social science continues the trad ition  of 

seeking to  enuilate the  m ethods and values of the natu ra l sciences.

2.1.2 Interpretivism

While positivism and postpositivism  dom inated the social sciences for most of the 20th Cen

tury. the idea th a t the m ethods and values of the natural sciences co\ild or should be enm lated 

has not gone imchallenged. A lternative paradigms, many of which have been grouped under 

the term  ‘Interpretiv ism ” have always been a feature of the social sciences, and have become 

more prom inent in recent decades.

A view of reality as socially constructed is core to the in terpretivist paradigm . W hile 

interpretivists do not deny the existence of an objective, physical reality, they do deny the 

possibility of direct access to th a t reality. All research d a ta  has been filtered through socially 

constructed beliefs, theories, and languages, and can therefore not be trea ted  as objective. 

Interpretivists argue th a t natu ral scientists and social scientists work in different realms, and
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reject the s\iggestion that the m ethods of the former are sufficient to  address the research 

problems of the latter. N atural scientists impose meaning on an external world of m atter, 

whereas the social w'orld contains meaning th a t social scientists nnist interpret (Silverman. 

1970). W hile jihysicists may be able to identify the cause-and-effect relationships defining the 

behaviour of billiard balls, social systems are “composed of a m ultitude of unique, idiosyn

cratic agents endowed with intentionality” wdio are self-aw^are and can therefore transcend 

supposedly determ inistic laws governing their behaviour (Fendt et al.. 2008).

The aim of interpretivist research is to  draw' on the subjective meanings already present 

in the social world, to  accurately represent them , and to use them  as building blocks in 

developing tlie'ory (Goldkidil. 2012). In contrast to  the posit iv ist/post posit ivist view' that 

phenomena should be isolated from their context and th a t systems should be studied in 

term s of their constituent parts, interpretivists argue th a t an understanding of social systems 

recjuires a holistic view' tha t can only be obtained in real contexts. Universal knowledge is 

deem])hasized in favom- of understanding a particular situation from the subjective view'points 

of its participants (Schutz. 1970; Weber. 1978). For interpretivists. the postpositivist belief 

th a t results from a sami)le may be generali.sed to the w'ider population does not account for 

the variety of hmnan responses to environm ental situations and assmnes a determ inistic view 

of hmnan nature.

W here postj)ositivists advoc ate a rigorous, imiform scientific m ethod (e.g. Carnap. 1934). 

interpretivists believe there is no particular correct pa th  to know'ledge. Both cjuantitative and 

qualitative d a ta  are acceptable, as are reflective analyses in wdiich the researcher is also the 

subject (Willis. 2007. p. 100). U nderstanding the context in w'hich research is conducted 

is critical to  interpreting the d a ta  and evaluating the quality of research, and as such re

searchers should provide explicit and detailed contextual information when reporting their 

results. Given the interjiretivist rejection of the objective m ethods, “trustw orthiness” should 

be a tta ined  through explicit acknow'ledgement of potential biases, and through practices such 

as triangulation and peer review'.

2.1 .3  M ixed  M eth od s R esearch

\ \ ’hile debates betw'een the tw'o paradigm s described above have tended to focus on their 

differences, a pluralist jierspective has emerged which view's the two paradigm s as comple

mentary. Mix('d m ethods research, as the term  suggests, combines cjuantitative. “objective” 

m ethods with qualitative, “subjc'ctive” a])])roaches in an attcnnpt to c:>btain a w'ell-rouncled
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viii(ierstaiidiiig of the phenomena being studied. Mixed m ethods researchers have argued that 

“either-or” conceptions of research paradigm s impoverish scientific inquiry, as an luiderstand- 

ing of complex social systems requires a range of perspectives and approaches. Since there 

is no legitim ate way of asserting with absolute confidence tha t one paradigm  is be tter than  

another (Willis. 2007). the pluralist approach a ttem pts to acconnnodate both  traditions and 

draw on the strengths of each as appropriate to jjarticular research settings. In seeking a 

middle ground, pluralist researchers seek to avoid “the arrogance of m odernist empiricism 

[positivism] and the angst of postm odern deconstructions [interpretivism]” (Dillon et al.. 

2000. p. 2,5).

Mixed m ethod research tends to  focus on practical issues of how to combine aspects of 

quantitative and qualitative approaches rather than  philosophical claims. Critics have ob

jected tha t th is results in a lack of ontological and epistemological foim dations (Lincoln. 

2010) and have warned tha t an uncritical adoption of mixed m ethods often am ounts to  pay

ing lip service to  interpretivist concerns while m aintaining a postpositivist stance (Giddings 

and G rant. 2006). To address this perceived lack of paradigm atic foundations, many mixed 

m ethods researchers have turned to  pragm atism , a school of philosophy based on the w rit

ings of Charles Stewart Peirce. William Jam es, and John Dewey. P ragm atism ’s influence on 

mixed m ethods research has typically been implicit but recent efforts have sought to make 

its role as a research paradigm  explicit (e.g. Goldkuhl. 2012; Hall. 2013; Morgan, in press). 

The following section provides an overview of pragm atist philosojihy and its implications for 

research.

2.1.4 P ragm atism

Pragm atism  is a philosophy th a t emphasizes the link between action and tru th , arguing th a t 

the u ltim ate meaning of a concept or theory is its practical consequences (Dewey. 1920; Dillon 

et al.. 2000; Fendt et al.. 2008; Peirce. 1878). If. in a given situation, adopting either of two 

opposing m etaphysical views would lead to  the same practical outcomes, then to  a pragm atist 

both views “mean practically the same thing, and all dispute is idle” (Jam es. 1907). In 

situations where adopting one paradigm  or the other would result in different outcomes, the 

choice should be made based on suitability to  the problem at hand. Pragm atism  thus offers a 

philosophical and methodological middle position between the dom inant jjaradigms. rejecting 

the view th a t the  two are incom patible (Fendt et al.. 2008; Johnson and Onw'uegbuzie. 2004).
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This does not mean a lack of episteniology. However, rather than  focusing on undecidable 

metaphysical debates, pragm atists jjropose to “change the subject” to focus on practical 

implications (Rorty. 1983). M eaning is seen as inseparable from lunnan experience and 

therefore actions and outcomes are the prim ary source of understanding (Dillon et al.. 2000; 

Fendt et al.. 2008). In this view, researchers “should be content to act without the privilege of 

basing their decisions on secure and universally valid knowledge” (Friedrichs and Kratochwil. 

2009. p. 711).

P ragm atists see action and tru th  as at the service of each other through constant cycles 

of incjuiry. which involve iteration back and forth betwt'en beliefs (concepts and theories) 

and action (im plem entation and observation) (Morgan, in press). However, this stance could 

lead to a view that “whatever works is true” if taken to an extrem e (Dillon et al.. 2000). 

Consensus within and between research connnunities nnist be used as a check on such “cr\ide 

instrum entalism ” (Friedrichs and Kratochwil. 2009). Results from previous research and 

theories developed by others should be used to  guide inquiry. This is in contrast to  some 

interpretivist approaches such as groundcxl thc'ory. in which theory is derived solely from the 

situation being studic'd and i)redefined theoretical stances are to  be avoick'd (Strauss and 

Corbin. 1994).

Pragm atist incjuiry emphasizes change. P ragm atists deny neither the c'xistence of an 

external world, nor the socially constructc'd nature  of our understanding of tha t world, but 

for them  both the world and oiir understanding of it is constantly changing as a result of 

human actions (Goldkuhl. 2004). The consequences of action are to l)e usc'd to determ ine 

the m erit of thcw ies and. im portantly, to helj) in deciding which action to take next in 

a ttem pting  to better understand real-world phenomena (Johnson and Onwuegbuzie. 2004). 

The knowledge resulting from this process consists of "w'arranted assertions” (Dewey. 1941). 

understandings tha t can be used to guide future action but are recognized as fallible due to 

the constantly changing nature  of reality (Morgan, in press).

There is nothing revolutionary in this point of view, and in fact Jam es (1907) viewc'd 

pragm atism  as “a new name for some old ways of thinking.” For pragm atists, the philosoi)hy 

reflects the reality of research as it is practiced. Many exem plary studies from the dom inant 

paradigm atic traditions actually transcend the supposc'cl divisions. Educational research 

conducted by W axman and Huang (1996) is firmly rooted in the jiostpositivist paradigm  

but they use their results to argue for more constructivist, subjective teaching and learning
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environments. Ironside (2003) uses both qualitative and quantita tive  d a ta  in her pedagogical 

research, treating  inconsistencies between the findings from each as a means of highlighting 

tensions and issues. In the field of design education research, the protocol analysis studies 

conducted by Cynthia A tm an and her colleagues are prim arily based on a postpositivist and 

quantitative approach to coding (e.g. A tm an et al.. 2007). but they have also interpreted 

the  same da ta  from an open-ended, qualitative perspective (Krause et al.. 2013). These 

examples illustrate the potential for pragm atic, mixed m ethods approaches to explore research 

ciuestious in novel and illum inatiug ways (Giddings and G rant. 2006). Pragm atism  alkw s a 

place for both positivist and interpretivist knowledge, and suggests th a t phu’alism is be tter 

at producing tru th  in complex, ill-defined situations (Fendt et al.. 2008).

For those coming from a postpositivist perspective, jiragm atism  has been seen as a way 

to acknowledge the differences between “Popperian fantasies” about idealized scientific pro

cedures and the way research actually proceeds w ithout embracing relativism, which is often 

seen as an a ttack  on science itself (Friedrichs and Kratochwil. 2009). For interpretivists. 

pragm atism  has been viewed as a way to  move tieyond interpretive description to produce 

“constructive knowledge” th a t can be used to  gtiide change, without embracing the concept 

of universal and objective predictions (Goldkuhl. 2004. 2012).

This thesis takes a pragm atic approach to research. l>ased prim arily within the interpre- 

tivist tradition  but occasionally drawing on postpositivist approaches (such as psychometric 

theory) in order to  augment the qualitative da ta  by probing particular aspects of the research 

context. In reviewing the literature to  identify pedagogical principles for OATPB courses, re

sults from all paradigm atic traditions are considered, including qualitative studies conducted 

in everyday contexts and quantita tive  experim ents based in laboratory settings. The research 

presented in this thesis takes place in particular contexts with specific participants. However, 

by drawing on a wide range of results from design and education research, and by studying 

learning environm ents in two comitries and involving multiple cohorts of students, it is hoped 

th a t lessons c;an be draw n which transcend those specific classrooms and provide guidance 

for the development of o ther OATPB courses. P ragm atism  acknowledges the existence of 

general patterns of activity and experience, but recognizes th a t these are subject to  change 

over time. Thus, models of social systems can apply “m ost of the tim e” unless the hum an 

participants underm ine and change them  (Feilzer. 2010). Any model of a process involv

ing nndtiple actors, such as th a t of a design team  or a classroom, is assumed to  be at best
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incomplete and capable of being invalidated by future members of the social group (Fendt 

et al.. 2008). The pedagogical framework developed in this thesis is thus intended as a set of 

principles tha t may require adaptation  by educators and researchers in response to  changing 

contexts.

2.2 M ethodology

The m ethodology of a study is the general strategy th a t guides the research design, the 

selection of subjects, the procedures for da ta  collection and analysis, and the  in terpretation 

of results (Willis. 2007). The selection of a methodology is influenced by the paradigm  within 

which research is conducted; certain paradigm s perm it some methodologies wdiile excluding 

others. Even pragm atism , which is intended as a broadly acconnnodating paradigm, aligns 

more closely with some methodological a])i5roaches than  others.

The research presented in this thesis is an example of design-based research, an edu

cation research methodology originally proposed by Brown (1992) and Collins (1992). This 

methodological approach seeks to increa.se the impact of education researc h on teaching prac

tice (Anderson and Sliattuck. 2012). Design-based research trea ts  learning environm ents as 

complex systems whose behaviour is definc'd by a large nmnber of param eters. R ather than  

attem pting  to identify and control all variables, the researcher w'orks with educators and st\i- 

dents to conduct a series of intervention.s in the environment, with the consequences of each 

intervention used to  guide future iterations. Interventions might include new learning ac

tivities. changes in technology, or alternative approaches to assessment. These interventions 

take i)lace in real educational contexts ra ther than  in laboratory settings (Brow'u. 1992). An 

essential aspect of the methodology is th a t these interventions are used not ju st to improve an 

educational setting, but also to  develop theory (Brown. 1992; DBRC. 2003; Pahncsar. 2005). 

This is the feature tha t differentiates design-based research from similar methodologies such 

as action researcli and formative evaluation studies (Anderson and Shattuck. 2012; B arab 

and Squire. 2004). The resulting theories are not intended as universal timeless laws, but 

domain-specific guiding j)rinciples on W'hich coiu’se models or particular learning activities 

can be developed (Cobb et al.. 2003).

Collins et al. (2004. pj). 19 21) compare design-based research to three connnon types of 

educational research approaches: laboratory studies. ethnograj)hic research, and large-scale 

studies. Laboratory (j^ostpositivist) studie's observe learners undertaking tasks, for a brief
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period of time, in isolation from contam inating effects. E thnographic (interpretivist) research 

takes place in real settings and observes learners over a longer period of time, but it does not 

a ttem pt to  modify the environment. Large-scale (typically postpositivist) studies a ttem pt 

to  evaluate the efi'ect of a program or intervention, bu t rely on standardized measures that 

do not provide the detailed information usually required to refine a design. Collins et al. 

propo.se design-based research as a fourth alternative th a t draws on elements of the other 

approaches in combination with its own unique features, and by doing .so “fills a niche in the 

array of experim ental m ethods th a t is needed to improve educational i)ractice.”

W hile neither Brown nor Collins identified a paradigm atic foundation for design-based 

research, an affinity with pragm atist philosophies is clear (Barab and Squire. 2004. pp. 6 - 

7; Cole. 2005. p. 3). In particular, the  methodological approach is closely related to the 

pragm atist concept of “abductive reasoning” (Peirce. 1965). W hereas deduction involves 

applying an abstract theoretical tem plate to  particular situations, and induction involves 

inferring general theory from particular facts, abduction involves reasoning at an interm ediate 

level (.lohnson and Onwuegl)uzie. 2004: Friedrichs and Kratochwil. 2009. p. 711). Theory is 

used to guide actions, and the resulting observations are converted into theory (Morgan. 2007. 

j). 71). Action and theory refine each other. Friedrichs and Kratochwil (2009) propo.sed tha t 

abductive rea.soning is particularly suited to exploratory studies, in which re.searchers are 

interested in a set of phenom ena for which they lack applicable theories. In these situations, 

following an abductive approach involves collecting pertinent observations while ap{)lying 

concepts from other fields of knowledge, rejecting and refining conce]>ts as necessary while 

also redefining the boundaries of the class of phenomena under study.

Design-based research does not specify a particular set of methods to  be used in collecting 

and analysing data, but a m ixed-m ethods approach combining qualitative and quantitative 

d a ta  is common (Anderson and Shattuck, 2012). In keeping w ith the pragm atist paradigm, 

the d a ta  collection and analysis m ethods are continually adapted throughout the research, 

both  during and between interventions (Collins et al.. 2004. p. 34). These adaptations, 

and the reasons for them , should be docum ented as part of the d a ta  set. D ata  collection and 

analysis should a ttend  to multiple aspects of the learning environm ent, including the cognitive 

understanding of individual students, the interpersonal interactions between students and 

educators, the classroom structure, the resources available to students, and the relationship 

of the classroom to  external communities (Collins et al.. 2004. p. 35).
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2,3 Methods

This section describes the m ethods used in this thesis to collect and analyse data. The 

research progressed through three {)hases of intervention and observation. Each phase had 

three objectives:

1. Explore the learning environm ents nsing the pedagogical framework as a guide;

2. Improve the pedagogical framework based on the results of each exploration; and

3. Use the improved framework to redesign the learning environm ents in subsequent 

phases.

Figure 2.1 is a graphical rei>resentation of the process followed. The first two pliases of 

research relied prim arily upon ciualitative data. During the th ird  phase, both qualitative 

and (juantitative data  were used to explore previously identified issues in greater depth. The 

data  collection m ethods u.sed throughout the research evolved in parallel with the framework 

and the learning environments. This cyclical process, in which research m ethods, teaching 

practice, and guiding theory evolve in parallel, is the essence of design-ba.sed research and 

the ])ragmatist model of incjuiry.

2.3 .1  D a ta  C o lle c t io n

The prim ary m ethod of da ta  collection throughout the three research phases was participant 

observation. The researcher participated in all courses as a teaching assistant, a role which 

involved m entoring student team s, delivering lectures, and organizing learning activities. In 

participant observation research, the researcher is the instrum ent (C uba and Lincoln. 1981). 

The background and biases of the researcher are therefore relevant in interpreting and evalu

ating the results. In the case of this thesis, the researcher came from a mechanical engineering 

background and therefore m iderstood most of the  technical content of the  courses. W hile this 

enabled in terpretation of the language us(>d by course participants, it may also have resulted 

in unwarranted assum ptions about studen ts’ understanding of technical subject m atter. Tacit 

knowledge of a domain can l)oth sui)port and impede interj)retive research. Furtherm ore, the 

researcher ]>articipated in a variety of design courses, workshops, and sunnner program s in 

parallel to those described in the thesis. The researcher’s role in these activities wa-s prim arily 

th a t of teaching assistant or student mentor.
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F igu re  2.1: The research procedure followed in this thesis.
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Participation in these additional activities m ay have exerted unexamined influence on 

the research conducted and the in terpretation of events. The research in this thesis draws 

prim arily upon the interpretivist tradition, which contends th a t elim inating such subjective 

factors in research is impossible. However, m easures may be taken to decrease their influence, 

and thereby increase the trustw orthiness of the results. W allendorf and Belk (1989) recom

mend a range of procedures to  increase trustw orthiness in j)articipant observations research, 

including;

• Prolonged engagement and persistent ob.servation: Developing an understanding of the 

broad context of a study is necessary before focusing on particular aspects or themes. 

The duration of observation rer|uired to  develop this understanding varies by context. 

Anthropologists studying an unfamiliar cultiu’e often spend at least a year immersed in 

the setting. Researchers conducting fieldwork in more familiar contexts may focus on 

particular aspects more quickly.

• Triaugulation of som'ces. m ethods, and researchers: Trustw orthiness is enhanced through 

interaction w ith multiple participants and preferal)ly with nuiltiple types of partici

pant. Triangulation of m ethods involves including data  gathered using nuiltiple m eth

ods rather than  relying .solely \ipon j^ersonal observation. The involvement of multiple 

researchers studying the same context allows interpretations to be compared and re- 

finc'd.

•  Negative case analysis: Seeking out examples and cases th a t contradict a general pattern  

enables the interjiretation to  be refined, by highlighting sim ilarities and differences 

Ix'tween participants and contexts.

•  Debriefing by peers: Researchers should periodically meet with peers who are not 

researchers on the project but may offer an external perspective on the m ethods used 

and the resulting interpretation.

• Member checks: Sharing emerging in terpreta tions with research participants allows the 

researcher to  receive feedback from the m em bers of the group being studied. This 

fe'edback may result in a revision of the in terpretation  or may provide further insight 

into the trends observed.
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• Em ergent research design: A dapting d a ta  collection m ethods in response to observed 

phenomena or evolving in terpretations allows the research approach to be refined, and 

these adajjtations may signal a need for modifications to  the guiding theory.

• Explanation of change: R eturning to sites over an extended period of tim e provides an 

opportunity  to identify changes in the phenomena being studied and enables improve

ment of the  interpretation to accomit for this change.

Some of these procedures, such as using an emergent research design and attem pting  

to record and exj)lain changes, are essential aspects of the pragm atist model of inquiry as 

discussed previously, and are therefore an inherent feature of the research procedure used in 

this thesis. The following sections describe the jiarticular da ta  collection m ethods used in 

the research and discuss the application of W allendorf and Belk’s reconunendations in order 

to increase the trustw orthiness of the results.

F ie ld n otes

Participant observer fieldnotes were the  prim ary form of d a ta  collected througlunit the three 

phases. Fieldnotes were recorded during all course activities, including lectures, labs, student 

presentations, and design review meetings. Informal interactions w ith students outside of 

scheduled course activities were also recorded. Particular attention was paid to both  for- 

nral and informal m eetings of design team s as these provided opport\m ities to  examine the 

participan ts’ thought processes. As highlighted by Lloyd et al. (2007). “design meetings not 

only allow design activity to take place, bu t also force explanation of wdiat is happening at a 

particular point, helping to externalise decision-making.”

It was not always possible to  prod\ice detailed fieldnotes during co\irse activities, and 

reflective fieldnotes were thus used to  record events in greater detail. These were generated 

as soon as possible after a particular episode, typically but not always w’ithin the  same 

day. In generating these fieldnotes the observations recorded during the episode were first 

reviewed and any details and events th a t had been om itted were noted. The observations 

were then elaborated in greater detail and descriptions of om itted events were added. A 

“roll-call” technique was used to  exam ine the  fieldnotes and ensure th a t  each partic ipan t’s 

name appeared and th a t the events or discussions involving th a t participant were recorded 

(Joseph. 2000. p. 124).
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The researcher’s role as a teaching assistant enabled prolonged engagement and persistent 

observation. In OATPB courses teaching assistants must interact regularly with students to 

provide m entoring and assistance with design tasks. Throughout the three phases of research, 

data  was collected on all observed student activities rather than  focusing exclusively on par

ticular types of events, thereby ensuring th a t the d a ta  included contextual and environm ental 

information. The degree of engagement with each team  depended to a large extent upon the 

size of the student cohort and the logistics of the course, particularly  the frequency and du

ration of scheduled contact time. In the courses with a smaller m unber of students (Courses 

A and C). substantial engagement was possible on an almost daily basis.

Triangulation of sources was achieved by observing m ultiple students team s in a variety 

of contexts. In to tal. 35 team s composed of 156 students were observed. Triangulation 

across researchers is only feasible in projects involving research teams, and was therefore 

inapplicaljle in this research. On occ:asion. o ther menil)ers of teaching staff were asked to 

record their own observations in design review meetings. \ \ ’hile these observations tended 

to agree with those produced by the prim ary re.searcher. they were not sufficiently detailed 

to  serve as a source of triangulation. Debriefing by peers was achieved through periodic 

consultation with design educ'ators and with researchers from the fields of education and 

psychology. These interactions served to refine the in terpretation of da ta  and to  provide 

guidance on the evolving research design. Finally, triangulation of m ethods was achieved 

using the da ta  gathering ai)proaches described in the following sections.

A rtefacts

Artefacts jjroduc'ed by student team s served as a source of d a ta  triangidation. Students in 

all courses prodticed regular docum entation describing their design activities and explaining 

their rationales for selecting i)articular concepts or procedvires. Design projects afford a 

rich collection of docum entation, and the student-produced artefacts collected during the 

research include meeting agendas, meeting minutes, presentation slides, w ritten reports, video 

docum entation of tests. CAD files, and software source code. Photograj^hs of whiteboard 

sketches and prototypes were also recorded in the d a ta  set. During d a ta  analysis, many 

of these artefacts were used to im derstand events recorded in the fieldnotes. For example, 

discussions during design meetings often contained references to {)articular CAD models or 

sketches, and referring to these artefacts enabkxl an understanding of the to})ic of discus.sion.
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Q uestionnaires

Questionnaires were used to  provide insight into the perspectives and experiences of students 

and thereby triangulate the  participant observation data. The design and use of question

naires evolved throughout the research, partly  in response to  an evolving research focus and 

partly  due to identified shortcom ing in the questionnaires themselves. For example, diiring 

the first phase of research in Course A. an approach inspired by the Delphi M ethod was used 

(Hasson et al.. 2000). This involved using a sequence of questionnaires, with the design of 

each informed by the results from the previous. Initially, open-ended questions were used to 

identify the frustrations and obstacles faced by the students. Their resj)onses were used to 

identify categories of difficulties faced during the course, and the subsequent cjuestionnaire 

asked students to  ra te  the significance of each difficulty based on their experienc'e. The fi

nal cjuestionnaire presented the five difficulties tha t were rated  most significant and asked 

students to  explain how they had a ttem pted  to overcome each, and identify ways in which 

teaching staff could have supported these efforts. Apjjendix A contains the three rjuestion- 

naires used.

W hile the results yielded some insights into st>idents’ experiences, the approach suffered 

from a num ber of flaws. Primarily, the secjuenc'e of cjuestionnaires assumed th a t stiident 

experience was somewhat stable throughout the course, when in reality it changed from 

one week to the next. A difficulty faced by students during concept design activities may 

have been irrelevant dviring later stages of their projects. Furtherm ore, the open-ended 

nature of the course resulted in a wide variety of experiences, and a given team ’s difficulties 

were typically related to the partic\ilar details of their project. Thus, a ttem pting  to  achieve 

consensus on the most significant issues via questionnaires was a flawed approach.

It was observed th a t  the most informative res\ilts from these questionnaires were the 

responses to the open-ended questions about the difficulties each student faced. In subsequent 

courses it was therefore decided to  focus on the use of this type of questionnaire. The 

instrum ent presented in Appendix B was used in three of the contexts studied. The design 

of the instrum ent was inspired by the concept of “nuiddiest po in t” cards, which ask students 

to identify aspects of a course th a t are unclear (Hall et al.. 2002). Students were asked to 

indicate the prim ary difficulty or frustration they faced in their projects and any aspect of 

the course or process th a t they found unclear. By collecting s tuden ts’ responses periodically 

throughout the courses, it was possible to identify recurring issues as well a.s observe changes
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over tim e. The results obtained were used to guide subsequent participant observation data  

gathering by identifying issues to  exi)lore in greater depth.

One of the objectives of the th ird  phase of research was to understand the role that 

particu lar aspects of the learning environm ent played in supporting s tuden ts’ design projects. 

Thus, studen ts were asked to j)rovide weekly ratings of how helpful they found each of 12 

aspects of the learning environment during the preceding week (Appendix C). The results of 

these cjuestionnaires were used to gain insight into both the activities of students throughout 

the course and the relationship between aspects of the learning environm ent and jjarticular 

types of student jirojects. As before, the results were also used to inform stibsequent data  

gathering. During this pha.se a quantitative pre- and post-test was used to  examine aspects 

of studen ts ' design knowledge. C hapter 6 contains a detailed description of the develoi)ment 

of the test instrum ent.

In terv iew s

Interviews with students were \ise'd as a further m ethod of da ta  triangulation and as a means of 

conducting member chec'ks. Two types of interview's were conducted: contextual interviews 

and exit interviews. Contextual interviews involve observing subjects engaged in normal 

activities wdiile asking questions about those activities (Beyer and H oltzblatt. 1997). The 

use of contextual interviews was found to be particularly  appropriate and m iobtrusive for 

the research presented here, as the procedure is essentially indistinguishable from the type 

of teaching activities required in OATPB courses. Teaching assistants in these courses often 

observe student work while asking questions to  elicit thought processes. Recording detailed 

fieldnotes and including questions about emerging research them es thereby enabled teaching 

activities to  also serve as da ta  gathering and member checks. C ontextual interviews w'ere 

prim arily informal and opportunistic, although a small m unber were scheduled in advance.

During the second and th ird  research phases, exit interviews were conducted with students 

in Course A. These interviews took place upon completion of the course and after grades had 

been assigned, in order to jMevent concerns about course grades from influencing the studen ts’ 

responses. The interviews focused on s tuden ts’ experiences in the course and were used to 

explore their opinions on particular episodes from the observation da ta  and on aspects of the 

learning environm ent.
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2.3.2 D ata  Analysis

Analysis of the quahtative d a ta  gathered using the m ethods described above was guided 

by the hermeneutic tradition . The term  “herm eneutics” originally referred to the study and 

in terpretation of religions texts, but its meaning has expanded to  refer to the in terpretation of 

any hum an activity in context, or rather, the definition of the term  “tex t” has been expandc'd 

to include social structures, cultural artefacts, and any other hinnan product (Prasad. 2002). 

There are many variations of hermeneutics, bu t the feature common to all is an emphasis on 

the im portance of language and context as a frame for m iderstanding (Willis. 2007. j). 104).

Hermeneutics, and in particular the  concept of the herm eneutic circle, has been identified 

as particularly approj^riate to  a pragm atist, abductive approach to  research (Friedrichs and 

Kratochwil. 2009; Polkinghorne. 2000). The concept of the herm eneutic circle suggests tha t 

an understanding of a text is based on the relationshij) between the parts and the whole. 

Gadam er (1976) illustrates the concept through the example of a sentence being translated  

from one language to another. U nderstanding of the meaning of each individual word is 

necessary but not sufficient for this task. Instead, preserving the meaning requires constant 

l)ack-and-forth switching of a tten tion  between the individual words and the overall sentence, 

or between the parts and the whole.

D ata  analysis m ethods based on the concept of the herm eneutic circle are typically holistic 

rather than  atom istic. Atomistic approaches involve decomi)osing the data  into segments, 

applying codes or labels to  each segment, and examining the relationship between codes (e.g. 

Miles and Huberm an. 1994). In contrast, holistic approaches trea t the da ta  as a whole, and 

tend “to emphasize th a t meaning m ust be derived [from] a contextual reading of the data  

ra ther than  the extraction of da ta  segments for detailed analysis” (Willis. 2007. p. 297). The 

d a ta  analysis in this thesis followed a holistic approach, as the prim ary aim of the research 

was to  understand the experiences of participants in the context of the learning environment. 

In particular, van M anen’s (1997) selective approach was used to identify them atic elements 

of the  data. The selective, or highlighting, approach involves searching the da ta  for the 

episodes and statem ents th a t reveal the meaning of the events described. For van Manen, 

qualitative d a ta  cannot be understood through a rule-based, algorithm ic approach to  analysis, 

bu t requires to researcher to actively engage in identifying meaning.

The d a ta  collected through participant observation, interviews, and open-ended ques

tionnaires was analysed using the following procedure. Q ualitative d a ta  analysis software
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(ATLAS.ti) was used to examine the d a ta  and record notes. Analysis began during data  col

lection in order to  identify emergent them es and guide further exploration. The d a ta  collected 

during each course was revisited and analysed in more depth  after the course had completed. 

In each case, the  data  associated with the entire student cohort, such as observations from 

lectui'es or anonymous questionnaire responses, w'as first read through several times to  gain 

an understanding of the overall context. The d a ta  set for each team  was then considered in 

isolation. All fieldnotes. artefacts, and interviews associated with a given team  were com

bined and examined in chronological order several times while notes were taken. W hen an 

understanding had been established of the team ’s experiences during the course, the d a ta  set 

was again explored to identify key episodes or cjuotes th a t were essential in explaining these 

experiences. These elements of the da ta  represented emergent themes. The procedure was 

repeated for each team  and the emergent themes were compared. P atterns of sim ilarity and 

difference between the team s were noted, and the overall class d a ta  was again examined to 

identify related episodes and rjuotes. This process resulted in a set of them es for each student 

cohort represented by illustrative events and student (juotes. The them es for each course 

were then  compared to each other, again to identify patterns of sim ilarity and difference.

Negative ca-se analysis was an im portant aspect of this procedure. Student team s whose 

experiences were unusual (compared to their classmates) were treated  as negative cases, and 

the key episodes describing their experiences were examinc'd in order to  identify features that 

explained these anomalies. Particular attention was paid to team s who encountered greater 

difficulties than  other students, mider the assum ption th a t the experiences of such team s may 

highlight sul)tle problems in the learning environment.

During the th ird  j^hase of research, quantitative measures were used to  probe particular 

aspects of the learning environm ent. Friedrichs and Kratochwil (2009) advise th a t simjile de

scriptive sta tistics should be used when combining quantitative measures with a hermeneutic 

analysis of cjualitative data, particularly  if the aim of the research is to inform practic-e. The 

quantita tive  da ta  consisted of student ratings of the helj)fuhiess of aspects of the learning 

environm ent, their scores on the pre-test and the post-test, and website analytics da ta  record

ing student use of a learning resource. The analysis of this d a ta  was straightforw ard. The 

analytics data, consisting of weekly counts of website visits and average visit chiration. was 

])lotted to  identify patterns in student use of the resource throughout the course. Similarly, 

the mean hel{)fulness rating fV>r each aspect of the learning enviroimient was j)lotted to  iden-
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tify trends. Finally, the pre-test and post-test scores were compared using a Welch’s t-test 

and a P-vahie <  0.05 w'as considered significant (Welch. 1947).

2.3.3 Ethics

Informed consent w'as obtained from all students whose experiences are described in this thesis 

(Appendix D). At the beginning of each course, the nat\ire  and jwrpose of the research was 

explained to students. The data  gathering m ethods were described and the likely impact 

of these m ethods on their experiences in the course were discussed. The research did not 

involve exposing the participants to any risks, nor did it require deceiving or m anipulating 

the participants in any way. However, in any research involving hum an subjects it is essential 

to  consider ethical issues and this is particularly  true  in educational settings, w'here there 

often exists a power imbalance between the educator and the learner. In cases where the 

researcher is also a member of teaching staff, as in this thesis, any real or perceived power 

imbalance can negatively affect both the da ta  and the learners’ experiences. The prim ary 

ethical concern is tha t students may have felt coerced into participation in the research, 

under the assum ption th a t refusing to  partici])ate wo\ild negatively affect their grades or 

their experience in the course.

In order to i>revent any perceived coercion, the researcher and other members of teaching 

staff were unaware of s tuden ts’ participation or non-participation during the course. Consent 

forms were d istribu ted  and collected by graduate students and faculty members unconnected 

with the research, and the signed forms were stored in a sealed envelope until the course 

was completed. Participation in the questionnaires, most of which w'ere anonymous, was 

voluntary. The only questionnaire which recorded any identifying information was th a t used 

during the th ird  phase of research, which asked students to  indicate the project team  of w'hich 

they w'ere a member. These questionnaires were collected by a research intern who retained 

the identifying inform ation until completion of the course. The results of questionnaires 

with the team  identifiers removed were shared with the ])riniary researcher in order to  guide 

subsequent d a ta  collection. As discussed above, the participant observation research was 

conducted as a part of normal course activities. Therefore, this aspect of d a ta  collection did 

not rely upon knowledge of whether a particu lar student was particijm ting in the  research. 

Upon completion of the course, the consent forms were reviewed so th a t observation d a ta  

related to  any student who did not wish to  participate could be removed from the d a ta  set. 

However, almost every student provided informed consent and the am ount of d a ta  removed
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was niininial. This procedure was approved by the Harvard University Com m ittee on the 

Use of Hm nan Subjects.

A further ethical concern relates to  the privacy of the participants. The thesis discusses 

difficulties faced by the student team s and this could result in discomfort for those involved 

were their identities to be revealed. Concerns about j)rivacy could also have prevented s tu 

dents from participating in the research. Thus, the privacy of all participants was assured. 

Prior to  analysis, all personal information was removed from the data  set. Team identifiers 

were nm intained to allow d a ta  to  be associated with particular projects. However, many 

of the  student team s have subsequently published articles or subm itted patent ajjplications 

related to  the work conducted during the courses. Therefore, w'ere project details to  be pro

vided in the thesis it would be possible for a reader to link res\ilts with particular individuals. 

In order to  protect participants' privacy, the student designs are not described in any detail. 

In particular, where the experiences of a particular team  arc discussed, no details of their 

design jjroject are provided.

2.4 Summary

This chapter has discussc'd the paradigm atic and methodological foundations of the work 

presented in this thesis. W hen conducting research in complex social environm ents it is 

essential to make fundam ental assiunptions explicit in order to  avoid contradictions in the 

c'ollection or analysis of data. The objective of this thesis is to contribute to teaching practice 

by linking theoretical foundations to empirical results. A pragm atist paradigm  was selected as 

apjjropriate to this objective. Pragm atism  emphasises the connection between research and 

practice, and evahiates knowledge in term s of its practical implications. Design-based research 

is an educational research m ethodology th a t embodies many of the principles of pragm atism . 

The thesis structure  reflects a design-based approach, in w'hicli teaching practice and learning 

theory evolve in parallel through successive phases of research.

The research m ethods used in the thesis are prim arily ciualitative and consist of participant 

observation, student questionnaires, and interviews. The analysis of the qualitative data  is 

guided l)v hermeneutic philosophy, and in j>articular the concei)t of the herm eneutic circle. A 

holistic, rather than atom istic, approach is used to identify them es in the data . The chapter 

concluded with a descri])tion of ethical issues related to  the research as well as measures taken 

to  address these issues.



M ETH ODO LO GY 2.4. SUMMARY

T he following chapter describes the initial development of a pedagogical framework for 

OATPB courses. The framework is developed through a review of the literature on design 

cognition as well as a review of learning theories. In subsequent chapters, th is framework is 

usod to guide the research and to  inform modifications to learning environments. The results 

from each phase of research are used to  further develop the framework, which in turn  informs 

subsequent phases of teaching and d a ta  collection.
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LITERATURE REVIEW 3.1. BACKGROUND

The objec tive of this thesis is to  develop a pedagogical framework for open-ended, au

thentic. team - and project-based (OATPB) engineering design courses. The previous chapter 

described the paradigm atic and methodological basis of the research. An approach informed 

by design-based research, grounded in pragm atist philosophy, was selected as appropriate for 

the research objective. As outlined in Chapter 2. the procedure followed in the thesis consists 

of successive j)hases of research conducted in educational settings, with the interpretation of 

the research both  guided by and contributing to an evolving pedagogical framework. The 

aim of this chapter is to define the initial version of this framework through a review of the 

literature from the  fields of design studies and educational research.

The chapter begins with a brief overview of historical trends in both design and educa

tion research. Parallels between the two fields. intt\ienced in large part by developments in 

j)sychological theory, are described in order to j>rovide context for the sulisequent discussion 

of themes. Studies of expertise have informed research in both fields and are therefore briefly 

discu.ssed. The subsequent section reviews research on four as{>ects of design cognition; pro

cesses and strategies, models, knowledge reuse, and the social nature of design. The types 

of knowledge identified are proposed as learning objectives for OATPB courses. The work of 

educational p.sychologists and social anthropologists is then used to identify a set of learning 

theories tha t address many of the topics raised in relation to design knowledge. These theories 

may therefore provide guidance in achieving the j)roposed learning objectives. The chapter 

concludes by defining the initial framework, in which each essential aspect of design knowl

edge is paired w ith a theoretical perspective on knowledge and learning. Subsequent chapters 

will draw on th is framework to  interpret the results of research and to guide improvements 

to learning environm ents.

3.1 Background

3.1.1 Trends in P sych olog ica l R esearch

This chapter is concerned with the  literature  in two broad research fields: design studies and 

educational research. Both fields are concerned with the activities and thought processes 

of hum an subjects, and as a result have been heavily influenced by changing theories and 

research paradigm s in psychology. This section jjresents a brief history of the three fields 

since the 1960s. highlighting parallel trends tha t have defined current theory and practice.
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The aim of this section is to provide backgromid information to contextuahze the subsequent 

discussions, which explore many of the topics mentioned here in greater depth.

Behaviourism was the dominant theory of human psychology for most of the 20th century. 

It was gromided in positivism, and held that the only legitimate object of investigation was 

the study of observable behaviours. Internal mental structures and processes could not be 

observed objectively, and therefore could not be studied. From a behaviourist perspective, 

learning was seen as changes in behaviour and the aim of education was to condition the 

correct behaviour rather than to enhance knowledge (Murphy et al.. 2012; Palincsar. 1998). 

In design research, the “design methods movement” of the 1960s had the aim of identifying a 

“correct.” rigorous design method to match the scientific method (Cross. 1999. 2001b. 2007a; 

Cross et al.. 1981; Simon. 1969). The assumption wa.s that typical design practice, with its 

reliance on intuition and individual creativity, was miscientific and therefore unsound. In 

both fields, behaviourism’s influence was evident in the view that the aim of science should 

be to correct human behaviom' boused on objective measures of merit.

The '“cognitive revohition." which \)egau in the 1950s. was a reaction to behaviourism that 

manifested as a gradual change of focus from external behaviours to internal mental struc

tures. Cognitive psychology and information {processing theories rejected the behaviourist 

claim that mental states and processes cotdd not be studied (Duit and Treagust. 1998; Mur

phy et al.. 2012). From the cognitivist perspective, the objective of psychological research 

was the identification and analysis of the ways in which knowledge is stored and j)rocessed. 

All cognitivist theories were to some extent “constructivist.” which is to say they viewed 

knowledge and knowledge structures as individually constructed through interpretation of 

experience (Palinc'sar. 1998). However, there was a broad spectrum of theories within con

structivism. from those that focused on whether the resulting mental structures were “correct” 

to those that held that there was no objectively correct knowledge.

Design and education research was heavily influenced by cognitive psychology theories. In 

both fields the objective of research became miderstanding the cognitive strategies of subjects, 

and the use of protocol analysis, in which subjects “think aloud” while completing a task, 

became connnon (e.g.. Bereiter and Bird. 1985; Cross et al.. 1996; Davey. 1983). The focus 

of nmch educational research was on learning strategies and metacognition (Brown. 1992). 

Metacognition refers to the ability to reason about one’s own knowledge, and researchers 

attem pted to identify the metacognitive strategies of excej)tional students and use these
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to tra in  other learners. In design studies, much of the research attem pted  to  model the 

m ental structures and thought ]>rocesses of designers, often with the  aim of constructing 

com putational models of design cognition (e.g.. Gero. 1990; Guindon. 1990). During the 

1980s. researchers in both  helds came to accept as valid cognitive strategies th a t had once 

been considered inadequate. The strategies of “ordinary” students were recognized as efficient 

and effective responses to features of the learning environment (Scardam alia et al.. 1994. 

pj). 203-204). R ather than  being defined in relation to  science, design came to be viewed in 

its own right, with its own knowledge and “its own ways of knowing” (Cro.ss. 2007b. p. 3).

The focus of both l)ehaviourism and cognitive psychology was on the individual, and re

search was conducted thro\igh laboratory-based experim ents tha t attenij)ted to  remove social 

and contextual influences on cognition. D ining the 1980s and 1990s. theories emphasizing 

the im portance of social interactions and everyday contexts became more influential. So

cial constructivism  vie'ws learning as a social process: new knowledge arises through .social 

interactions with others and is gradually internalized by the individual (Sclmh and Barab. 

2008). S ituated cognition theory asserts tha t knowledge is inseparable from its context of ap

plication; the theory rejjresented a challenge to the decontextualized settings in which most 

psychological experim ents are conducted (e.g.. Lave. 1988). In reaction to these theories, 

the focus of nnich educational re.search became observations of real classroom settings, and 

interventions aimed at increasing the am ount of social interaction in these classrooms (e.g.. 

Brown. 1992; CTGV. 1994). In parallel, observational studies of designers in real contexts 

began to exert more influence in the field of design research (Bucciarelli. 1994; Schon. 1983). 

During the 2000s. the dominance of protocol analysis studies in design research waned as 

a wider variety of m ethods emerged, m any of which focused on social and situated  activity 

(Lloyd et al., 2007).

This section has presented a brief overview of three broad research fields. Any such 

review is by necessity an oversimplification. In reality the trends presented here could be 

decomposed into multiple com peting theories and schools of thought. Research in both 

design and education continues to draw on a m ixture of cognitivist. social constructivist, and 

situated  theories. In keeping with a pragm atist a])proach, this chapter will draw on results 

from all of these paradigms.
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3.1.2 E xpertise

The study of expertise has received significant a tten tion  from cognitive psychologists, un

der the assum ption tha t understanding the cognitive processes of experts would shed light 

on the nature of cognition more generally (Bransford et al.. 2000). This research has in- 

finenced the development of theory in both design and education; thus, this section briefly 

summarizes some of the m ajor findings on expertise. C ontrary to  common assum ptions, ex

pert performance appears to be largely unrelated to innate talent, and is instead acquired 

through years of experience. A remarkalily consistent result th a t emerges from studies of 

expertise in a variety of domains is that it takes ten years of practice to  develop expertise 

(Ericsson and Charness. 1994). However, experience alone is not sufficient; it must involve 

regular, deliberate practice. T hat is. the learner nuist be engaged in m onitoring and directing 

her learning process, by identifying shortcomings in her current ability and concentrating on 

making aj)propriate improvements (Ericsson and Towne. 2010).

Much of the research on exiiertise has sought to  compare experts to  novices. The earliest 

of such studies dem onstrated tha t experts and novices perceive the sam e information differ

ently. For example, chess m asters do not conduct a more thorough search of possible moves 

than  less experienc:ed players, but recognize features of a situation th a t suggest the most 

promising set of solutions to  consider (De Groot. 1965). Furtherm ore, chess m asters demon

stra te  better recall of chess piece locations than  novices wdien briefly shown examples of chess 

games. However, when shown random  board configurations th a t could not arise in an actual 

game, both groups perform equally poorly (Chase and Simon. 1973). Similar results have 

been ob.served in architecture, where experts aj)pear to  see architecture drawings in term s 

of meaningful “clnuiks of information (Akin. 1979). The implication is th a t it is not be tter 

memory or more extensive search strategies th a t allow experts to identify better solutions. 

Rather, through their experience of hmidreds of precedent examples they  are better able to 

recognize salient features of a given situation.

Discussing expertise requires differentiating between types of knowledge. Declarative 

knowledge refers to factual information and is necessary but not sufhcient for expert per

formance. More imj)ortant seems to be procedural knowdedge. which is the organization of 

factual information into domain-specific strategies for in terpreting contexts and solving prob

lems (Akin. 1990; Alexander and .ludy. 1988). For example, the analysis of m athem atical 

models relies on declarative knowledge of fundam ental concepts and ])rincii)les. but proce-
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ciural knowledge is required to judge the level of detail appropriate for modelling a design 

lja.sed on the particular context or stage of the process (Bucciarelli. 2001). A lthough experts 

have m astered the  content of their domain, they are not necessarily capable of teaching it; 

much of the ex p ert’s proced\iral knowledge is tacit, or difficult to  express explicitly. E xperts’ 

m iderstanding of subject m atter is fundam entally different from novices, m aking them  less 

likely to understand learners’ mi.sconceptions and needs (Bransford et al.. 2000; N athan and 

Petrosino. 2003).

A particular type of j)rocedural knowledge th a t has received nnich attention is the ap- 

j)roach to understanding and solving jjroblems. Studies of physics (Dufresne et al.. 1992). 

medical diagnosis (Johnson et al.. 1981). software debugging (Rasnnissen and Jensen. 1974). 

and electronic systems repair (Gitom er. 1984) have shown a consistent difference lietween 

experts and novices. Experts typically follow' a top-down, breadth-first approach, in which 

the expert first a ttem p ts to  fully understand the problem, before considering and evaluating 

a range of potential sohition aj)proaches. and only then purs\iing the selected ap])roach in 

depth. Novice problem-solving tends to  be characterized by a depth-first or trial-and-error 

approach which involves less a tten tion  paid to  understanding the problem and a tendency to 

focus on a single potential solution. A lternative solutions are considered only if the preferred 

approach fails.

The consistency wdth which th is difference between experts and novices was observed in 

a range of dom ains led to assum ptions th a t this approach to  fjroblem-solving was a general, 

dom ain-independent problem-solving stra tegy  (Guindon. 1990). However, most of the studies 

th a t observed this result focused on the solution of relatively well-defined, closed-ended prob

lems for which a single correct answer conld be identified. The following section describes 

difficulties in applying this problem-solving approach to  open-ended, ill-defined problems such 

as those encountered in design.

3.2 D esign Studies

A ttem pts to  define a system atic design m ethod have often been inspired by results from 

general studies of expertise and by a “logical analysis of design tasks” (Ball et al.. 1997). 

Such models typically prescribe idealized procedures th a t designers should follow to  deter- 

niinistically solve problems (e.g.. Hubka. 1982; Pahl et al.. 1984; Pugh. 1991). However, the 

rigid prescriptions of these m ethods do not seem to have been adopted in practice and many
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designers resent the portrayal of design as a determ inistic, algorithmic process (Cross. 2001a; 

Darke. 1979; Goldschmidt. 2001; Stauffer and Ullman. 1988). Designers who claim to be 

following a structured process are often observed to deviate from th a t process in response 

to  emerging ideas and difficulties (Cross and Clayburn Cross. 1995; Visser. 1990). As noted 

by Stemi)fle and Badke-Schaub (2002). even under ideal conditions in laboratory settings, 

designers who have been trained in m ethodical approaches do not rigidly adhere to  them 

(e.g.. Giinther and Ehrlenspiel. 1999).

The current consensus among design researchers and theorists is th a t design is fundam en

tally different from other disciplines and involves “activities th a t are not readily characterized 

by formal procedures” (Candy and Edmonds. 1996; Cross. 2001a. 2007a; Cross and Clayburn 

Cross. 1998). Spiro et al. (1992. p. 61) note the differences between well-structiu’ed and 

ill-structured problem-solving:

Engineering employs basic physical science princii)les tha t are orderly and regular 

in the abstract and for textl)ook applications... How'ever. the ai)i)lication of these 

more w ell-structm ed concepts from jihysics to  “messy" real-w'orld cases is another 

m atter. The nature of each engineering case (e.g.. features of terrain, climate, 

available m aterials, cost, etc.) is so complex and differs so much from other cases 

tha t it is difficult to categorize it m ider any single principle, and any kind of case 

(e.g.. building a bridge) is likely to involve different patterns of principles from 

instance to instance.

R ather than  im porting prescriptive problem-solving strategies from other domains, many 

design researchers have focused on studying design as it is really practiced. This section 

reviews the results of such studies carried out in a wide range of design discij)lines and u.sing 

a variety of research m ethods including j)rotocol analysis studies, participant observation 

and ethnographic research, retrospective studies, interviews, surveys, historical studies of 

technology development, and diary studies.

3.2.1 D esign  P rocesses and Strateg ies

One feature of design th a t has emerged from this research and tha t differentiates design from 

well-structured jiroblem-solving is the coevolution of problem and solution. Designers do not 

first try  to understand the problem completely before considering potential solutions, and the 

problem is not treated  as stable throughout the process. It is not just th a t potential solutions
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are used to gain a be tter understanding of the problem as given, although this is certainly a 

factor (Maher and Poon. 1996). Designers actually redefine the problem in light of potential 

solutions, for example by expanding or narrowing the scope, or changing, eliminating, or 

adding constraints (Maher and Tang. 2001; W iltschnig et al.. 2013). This updated problem 

is then used to reformulate potential solutions, and in this sense the problem and the solution 

are said to  co-evolve. Designers do not just synthesize solutions to  meet given requirements: 

they also create their own requirem ents and ])roblems to  l)e solved (Suwa et al.. 2000). In other 

domains this would be considered extrem ely "ill-behaved” problem solving, but it appears to 

be a common element of all forms of design (Cross. 2001a).

Dorst and Cross (2001) propose the following model to explain i)roblem-solution coevo

lution. An initial exploration of the jjroblem is used to  identify features of a partial solution. 

This partial solution is then develope-d and related constraints are transferred back to  the 

problem space, where the im plications of the partial solution are u.sed to  further structure  

the problem. This iterative process continues, with the eventual aim of creating “a matching 

solution-concept })air.” In o ther ww ds. the problem is ‘‘created” in parallel with the solution.

Problem -solution coevolution has been observed in the process, sketches, and decisions 

of individual designers (Schon and W iggins. 1992). in the discussions between designers and 

clients (Snnilders et al.. 2009), and in the activities of collaborative team s (W iltschnig et al.. 

2013). Engaging in coevolution appears to  be a strategy to  m anage the uncertain ty  inherent 

in design. There is no way of determ ining “the correct answer” for a design problem, and 

any given problem could have a large num ber of valid in terpretations and solutions. Initial 

ideas are therefore used as a “prim ary generator” (Darke. 1979). a s tarting  point from which 

to restrict the range of alternative solution concepts and frame the problem from a particular 

perspective (Schon. 1984).

As noted, uncertainty is an inherent feature of design, and each of the  topics disc\issed 

in this review relate to  ways of reducing or managing it. Another common response to un

certainty tha t emerges from the  research is the combination of breadth-first and depth-first 

problem-solving strategies. Design engineers generally follow a breadth-first approach, but 

engage in opportunistic deviations from this when deemed appropriate. For exanij)le. Visser 

(1990) carried out a longitudinal study  of an experienced mechanical engineer engaged in 

a design task. W hile the engineer claimed to  be following a structured  plan, results of the 

study indicated tha t he often abandone^d his plan to pursue interesting ideas as they emerged.
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Guindon (1990) observed similar behaviour in a study of software designers and concluded 

th a t “these results cannot be accounted for by a model of the design process... where the 

design solution is elaborated at successively greater levels of detail in a top-down m anjier.” 

The observed designers did not fully specify the problem before considering potential solu

tions. and often opportunistically jum ped from considering potential solutions in l)readth to 

pursuing particular partial solutions in depth.

Ball et al. (1997) st\ulied experienced electronic engineers carrying out design tasks and 

proposed the following explanation for their observations. Through their experience of nmlti- 

j)le design projects, expert designers develop a num ber of stratf'gies. one of which is conducting 

a breadth-first exploration of the solution space with minimal connnitm ent to develoi>ing any 

particular solution. This is possible due to their extensive, well-organised knowledge of anal

ogous problems and solutions, which enables them  to identify those concepts th a t are most 

fea^sible. However, when faced with a j)roblem for which their knowledge of j)revious cases 

is insufficient, the engineers revert to a depth-first exploration of .solution concefjts in order 

to  assess their viability. In other words, when necessary the expert will engage in “tria l and 

error" to gain an understanding of potential solutions.

While some have claimed tha t the work of a designer re.sembles tha t of an artist, unguided 

by any particular methodology (e.g.. Schon. 1983). these results do not imply tha t design 

should be approached as a chaotic, completely unstructured  process. Ball and Orm erod 

(1995) did not regard deviations into depth-first explorations of potential solutions as an 

abandonm ent of a structured approach, and proposc'd th a t a top-down, breadth-first s tra t

egy was the default mode of ])roblem solving, with dejjth-first explorations as a strategic 

response to unfamiliar contexts. Guindon (1990) saw such Ijehaviour as “a natural conse

quence of the ill-structuredness of problems in the early stages of design.” Furtherm ore, 

there is evidence to suggest tha t following a senii-structured process th a t leaves room for 

opportunism  is particularly effective in solving design problems. Fricke (1996) compared the 

designs resulting from different strategies and found th a t a “flexible-methodical procedure” 

j)roduced better results than  either rigid adherence to a metliodical approach or a completely 

unsystem atic approach. The im portant point here is th a t an im derstanding of when and how 

to switch between the breadth-first and depth-first modes ai){)ears to  be an essential aspect 

of expert designers’ strategic knowk'dge.
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The results discussed thus far have iinphcatious for design education. F irst, in contrast to 

analysis-focused engineering science courses, students in project-based design courses must 

not be required to  trea t the problem as “given” and stable, and should not be expected to 

fully define the problem, constraints, and requirem ents in advance of considering solutions. 

For the OATPB courses explored in this thesis, this does not imply tha t students should 

not focus initially on \inderstandiug user needs and creating the  project brief. b\it th a t they 

should be free to  revisit and redefine these as necessary throughout the process. It should 

also be noted th a t embracing problem-solution coevolutiou does not suggest th a t initial ideas 

should necessarily be retained. Sm ith and T jandra (1998) observed student design team s 

and found th a t a willingness to  discard initial ideas correlated positively with eventual design 

quality.

Second, students must be exposed to a flexible-methodical design process, and must reflect 

on the process and on their own thinking. Knowledge and understanding of a range of design 

strategies, what Reid and Ret'd (2005) call a “metaknowledge of design i)rocess." differentiates 

experts from novices (AhnuHl et al.. 2003; Ball et al.. 1997: Guindon. 1990). Stempfle and 

Badke-Schaub (2002) assert tha t this metaknowledge and the relat('d strategic flexibility 

“cannot be taught, bu t must be learned through experience and self-reflection.”

3.2.2 D esign  M odels

Uncertainty in design may be reduced or m anaged with the use of models. Designers make 

use of a variety of representations of the design product and process including sketches, 

prototypes, m ental models, schematics, decision niatric:es. flow charts, and analytical and 

numerical models (Juhl and Lindegaard. 2013; Petre. 2004; Roy. 1993; Ulhnan et al.. 1990). 

Knowledge of m athem atical and scientific models is assumed to  be the fundam ental aim of 

engineering education, and most undergraduate {)roblem-solving relates to  the analysis of 

equations describing physical systems. This knowledge is indeed im portant, as m athem atical 

analysis can be used to  evaluate and refine design concepts (Roy. 1993). Design engineers 

often use an understanding of fundam ental physical principles as the “prim ary generator” 

which guides the  exploration of problem and solution spaces (e.g.. Cross. 2011). However, 

the assumed prim acy of m athem atical modelling in engineering practice, wdiich often results 

in graphical and three-dimensional models being neglected in engineering education, may be 

unfounded (Buur and Andreasen. 1989). In a study of experienced mechanical designers.
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Ullniaii et al. (1988) foiiud that the subjects constructed very few mathematical models. 

PergTison (1992) warns that;

[A] system of engineering education that ignores nonverbal thinking will jiroduce 

engineers wlio are dangerously ignorant of the many ways in which the real world 

differs from the mathematical models constructed in academic minds.

Project-based courses provide an opportunity to address this gap. This section reviews 

research related to the role of sketching, drafting, and prototyping in design.

Sketching may play a smaller role in engineering design than in other design disciplines 

such as architecture (Lloyd and Busby. 2001). but it is an essential one. A consistent result 

in studies of design is the view of drawing and sketching as part of the process, rather than 

simply docmiientation of that process (Ullman et al.. 1990). Drawing is more than creating 

external representations of images held in the mind; rather it is an essential part of generating 

new ideas (Goldschmidt. 1991). A design concept is reinterpreted and modified while being 

externalized (Purcell and Gero. 1998). For Schdn and Wiggins (1992). the act of sketching is a 

type of experimentation in which the internal and external representations evolve in parallel: 

the designer sketches, recognizes new meaning in the sketch, and uses that to guide further 

sketching. Schon (1983) refers to this process as “the designer having a conversation with 

the drawing." The advantage of sketches over other representations such as prototypes and 

technical drawings is that sketches are inherently ambiguous and therefore allow for creative 

reinterpretation (Suwa et al.. 2001).

Of course, more formal drafting, and in partic\ilar computer-aided drafting (CAD), is a 

core ac tivity in engineering design. Robinson (2012) found that over 12% of design engineers’ 

time was sjient using CAD software, and Yang (2008) observed a correlation between the 

number of detailed, dimensioned drawings produced in tlie first half of the design process 

and the resulting design quality. However. Kav'akli et al. (1998) claim that CAD models 

should not replace freehand sketching during the early stages of design. Similarly. Eisentraut 

and Gunther (1997) and Ullman et al. (1990) w'arn that CAD training should not replace 

freehand drawing and sketching in design education. Instead, the two should l>e learned in 

parallel.

Mock-ups and prototypes aUow' designers to explore and evaluate potential solutions 

and thereby reduce uncertainty. Physical prototypes can yield greater insight into three- 

dimensional systems than sketches or drawings, while providing a wider range of sensory
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feedback (Christensen and Schunn. 2009). Buur and Andreasen (1989) suggest th a t proto

typing can have valuable side benefits such as learning about new technologies, about practical 

m aterials considerations, and about aspects of m anufacturing. Accomplished design engineer 

Alexander M oulton (ciuoted in Roy. 1993) s\icciuctly o\itlines the im portance of prototyping 

in engineering design:

Ideas and calculations nuist be transla ted  into drawings and sketches... draw'ings 

nnist be m ade into hardware as soon as possible, so th a t reality can be tested and 

analysed. This is the  most im i)ortant part of the development cycle.

Peter et al. (2013) conducted experim ents in which pairs of students w'ere asked to solve 

a design task using either sketching or one of three physical prototyping media. Their results 

indicate th a t prototyping encourages a more collaborative process th an  sketching. Youmans 

(2011) found th a t access to jn’ototyping m aterials resulted in b e tte r designs coni{)ared to 

sketching alone. Often in engineering design cour.ses the emphasis is on creating high-fidelity 

“final" prototypes rather than  building rough exploratory models. However, creating rapid, 

low-fidelity prototypes during the initial stages of the process can support early evaluation of 

design concepts. Rapid prototypes provide a low-risk and low'-commitnient means of reducing 

inicertainty. Gerber and Carroll (2012) fomid tha t these early prototypes allow designers to 

acxept the failiu’e of an idea, and to  view failure a.s a learning oj)portunity. They ahso fomid 

th a t creating low-fidelity prototypes can increase designers’ confidence in their ow'u creative 

abilities.

Clearly, representations play an essential role in design, and project-based design courses 

should therefore encourage students to engage in sketching, drafting, and prototyping through

out the process. Given the emphasis on m athem atical models and the  production of formal 

docinnentation (such as lab reports) in engineering education, effort should be made to high

light the role of informal, nonverbal and non-scientific modes of thought during project-based 

courses. These activities should be fram ed as more than  mere docum entation of ideas; s tu 

dents shoiild learn to  value them  as a necessary part of the creative process.

3.2 .3  D esign  K now ledge R eu se

In addition to  the strategic knowledge discussed above, designers rely upon an extensive 

knowledge of previous problems and solutions to  guide concept generation and evaluation
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(Lawson. 2004). Reference to  prece'dents snjjports a breadth-first approach by allowing de

signers to evaluate solutions through analogy to  previous examples and decide whether a given 

solution is worth pursuing in more depth (Ahmed et al.. 2003; Ball et al.. 1997). Bardasz and 

Zeid (1992) claim th a t the m ajority of mechanical design activities relate to modifying prece

dents to fit new problems. Among the characteristics of design expertise identified by Lawson 

(2004) is the ability to make analogies between past experiences and current problems and to 

use tha t knowledge to  generate new solutions. Comparisons of expert and novice designers 

have confirmed this; experts are more likely to  refer to previous designs than  novices (Ahmed 

et al.. 2003).

Design knowledge reuse is not a m atter of simply copying a design from one situation 

to  another. Precedents can be used to generate novel sohitions. for example by combin

ing aspects of existing designs into new configurations, or by modifying existing designs to 

incorporate new’ features (Gero. 1994). Successfully revising design knowledge requires an 

im derstanding of the similarities and differences between the current and jjrevious contexts, 

and an ability to  use th a t understanding to identify potential issues tha t nuist be addressed 

(Ahmed and Christensen. 2009; Deken et al.. 2012; Demian and Fruchter. 2006). Bviccia- 

relli (2001) argues th a t this tyj>e of context-dependent judgem ent is miderserved by current 

engineering ('flucation. with its focus on abstraction and generality.

Engaging in this type of anak)gical thinking is another strategy for reducing uncertainty 

(Ball and Christensen. 200!)). Precedents can provide guidance with which to avoid “reinvent

ing the wheel” (Akin et al.. 1997). Knowledge of particular production processes, m aterials, 

and technologies can serve as the “prim ary generator” discussed in Section 3.2.1. framing the 

problem in term s of j^ast designs tha t have proven successful (Roy. 1993). Lloyd and Scott 

(1994) found th a t design engineers with experience in the specific problem domain were more 

likely to  adopt this solution-focused ap[)roach to  design.

A potential concern with the use of precedents is the risk of “fixation.” th a t is. attachm ent 

to  a particular concejjt w’hich prevents alternatives being considered. Jansson and Smith 

(1991) fomid th a t engineers who w'ere shown an example solution to  a design problem were 

more likely to  produce solutions containing features of example than  a control group who were 

not shown an example. They proposed tha t this type of fixation may have negative effects if 

it prevents designers from considering novel solutions. However, subsequent experim ents have 

fo\md th a t dom ain knowledge, th a t is. exj^erience with the type of problem being soKx'd. can
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in fact reduce or even elim inate fixation (Purcell and Gero. 1998; Viswanathan and Linsey. 

2013). and improve the qtiality or practicality  of designs (Rietzschel et al.. 2007; W ard. 2008). 

Fm therm ore. as Cross (20()la) notes “it is not clear th a t fixation is necessarily a bad thing 

in design.”

A more troubling view of issues related to  design knowledge reuse emerges from a study 

of reuse failure, th a t is. cases of designers not using existing designs in situations where doing 

so may have reduced cost and risk. Busby and Lloyd (1999) examined 170 such cases, and 

found th a t each case had complex explanations. For example, in many cases reuse failure 

was a result of idiosyncratic opinions based on m isinterpretations of j)rior exjjerience. This 

may be related to some connnon p.sychological tendencies, such as the “availability heuristic” 

(Tversky and Kalmeman. 1973). which is the tendency to judge the likelihood of an event 

based on how eavSy it is to recall a previous instance. People are more likely to  remember 

unusual events, such as a single failure of a previous design, and therefore overestim ate the 

likelihood of th a t event reoccurring in future. Confirm ation bias, the tendency to  favoiu' 

information that confirms beliefs, may compound this effect. Busby and Lloyd conclude that 

the interpretation of experience can be problem atic, and th a t designers should be encouraged 

to reflect critically on their experiences and evaluate their opinions.

Design reuse is a complex issue, bu t it is an essential element of engineering design (Court 

et al., 1997; Roy. 1993; Zack. 1999). Thus, students in project-ba,sed courses should be 

provided w ith examples on which to  draw , and encouraged to  engage in reasoning with and 

about precedents. The use of precedents is not intended to  simply increase s tuden ts’ domain 

knowledge or to  improve the quality of their designs, although it has been shown to have 

tha t efiFect (Casakin. 2010). R ather, it is an opportim ity for learners to  rehearse the type of 

analogical reasoning required for creative problem solving. Furtherm ore, engaging students 

in critical self-refiection on their in terp reta tion  and use of precedents may produce engineers 

less likely to exhibit the problem atic behaviours identified by Busby and Lloyd (1999).

However, access to  docum entation of previous designs may not be suflficient. Studies of 

design knowledge transfer in industry  have shown the  im portance of social networks; engi

neers, in particular novices, require social interactions to support design reuse (Deken et al.. 

2012; Demian and Fruchter. 2006). Interactions with more experienced peers are necessary 

to understand the context and rationale related to previous designs, and im portan t knowl

edge about the current design context is actually created through discourse between design
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engineers with varying levels of experience. The significance of social relationships and in ter

actions for design is discvissed in the following section.

3.2 .4  T h e Social N atu re  o f D esign

Among the shortcomings of idealized models of the design process is the  portrayal of design 

as a purely technical process. In reality, design is a complex, inherently social activity, and 

this is perhaps more true of engineering design than  of other domains such as architecture or 

gra]:)hic design (Lloyd. 2()00). Engineering design projects typically involve multiple team s, 

departm ents, and stakeholders. T hat design requires effective team work and connnunication 

is a trivial observation. A growing body of work has dem onstrated more fundam ental and 

profomid aspects of the social nature of engineering design.

Bucciarelli’s (1988. 1991) ethnographic studies were seminal in highlighting the central 

im portance of social processes in engineering design. According to  Bucciarelli. while m arket

place needs and scientific law are ingredients of the design process, the more fmidaniental 

components are the .social norms and practices through which a consensus is reached between 

the nmltij)le participants and j)erspectives involved in designing. In addition to  a team  of 

engineers, a typical design project may involve m arketing staff, lab technicians. i)urchasing 

agents, inventory controllers, and many other roles, each of whicli brings a valid jjerspective 

to  the project. The design cannot be split into separate tasks tha t address each of the.se 

perspectives independently, “it recjuires instead the continuous engagement of. and exchange 

among, individuals schooled and trained in a range of disciplines” (Bucciarelli. 1994. p. 186). 

Design does not simply rely upon social agreements in order to proceed; design is the act 

of creating social agreements (Lloyd. 2000). The designed product is an em bodiment of the 

variovis agreements created during the process.

Language therefore {)lays a central role in engineering design. Design decisions are based as 

nmch on rhetorical factors as on objective or technical rea.soning (Lloyd and Busby. 2001). As 

mentioned in Section 3.2.2. graphical rejiresentations may play a larger role in non-engineering 

design disciplines s\ich as architecture. It seems tha t design engineers rely more heavily on 

discourse to  model and explore potential solutions and their consequences, which is in terest

ing given the connnon view of engineers as more technical and perhaps less socially adept 

conij)ared to other types of designers. This is not to deny the im portance of the models 

di.scus.sed previously. The j)oint to  note is th a t "verljal sketching” skills are central to  suc

cessful engineering practice (Lloyd and Busby. 2001). Design team s tend to  construct a
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language specific to  particular projects; the creation and use of shorthand term s for design 

concepts, shared assum ptions, and j)revious experiences enables team  members to engage in 

more efficient and effective collaborative discussions (Bucciarelli. 1994: Lloyd. 2000). Again, 

for Bucciarelli this language creation is not an incidental activity. Labels carry meaning for 

designers: they contain analogies and m etaphorical implications tha t will influence the design. 

Thus, '‘naming is designing” (Bucciarelli. 1994. p. 174).

Design requires skill in the use and m anipulation of language. During team  interactions, 

expert design engineers have strategies for using language in s\ich a way as to signal openness 

to alternative ideas and to  defer disagreement so as not to  impede overall j)rogress (Cross 

and Clayburn Cross. 1995; McDonnell. 2012). For example, team s may defer juilgment on 

contentious issues through nonconnnittal agreements, or by agreeing to  disagree until a more 

convincing argum ent or evidence can decide the m atter. This allows the overall project to 

progress by focusing on other issues. Expert and standard  practices or fundam ental theories 

and principles are often used to depersonalize del)ate and resolve disagreements (Brereton 

et al.. 199(i).

In a professional environm ent, we may expect th a t most roles and relationships will he 

formally established. However, w ithin design team s certain roles can emerge and dissolve 

more informally, often based on different styles of working. Brereton et al. (1996) describe the 

different working styles observed by two team  members from a well-known i)rotocol analysis 

study. One member repeatedly tried to “pin down” part of the solution from an early stage 

by focusing on previous designs, w'hile another participant seeks to “i)reserve am biguity” for 

as long as possible. Cross (2011. p. 117) suggests th a t having these two perspectives within 

a team  could be complementary, as long as the disagreem ents can be managed to  achieve a 

constructive outcome. Successful team s spend a significant am ount of tim e reflecting upon 

their progress and organizing their design process (Lahti et al.. 2004; Olson et al.. 1992).

The im portance of social interactions in design extends beyond individual team s. In any 

complex engineering project, no single individual or team  possesses all of the knowledge re

lated to the design. R ather, it is d istribu ted  within and between organizations, a phenomenon 

known as “distributed cognition” (Saloman. 1993). Difficulties in sharing knowledge can lead 

to errors in design. Busby (2001) studied errors in the design of complex process plants which 

were due to  failures of d istribu ted  cognition. Difficulties inchuk^d understanding when. how. 

and with whom knowledge should be shared, and adhering to  bo th  formal and informal
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norms. Busby suggests collective reflection on failure as a potential remedy, and proposes 

tha t designers could benefit from framing design tasks in term s of d istributed cognition.

Recognition of the social aspects of design has implications for engineering design edu

cation. Project-based courses tend to involve students working in team s, and accreditation 

criteria typically require team -based experiences as part of engineering programs. How^ever. 

simply requiring students to collaborate may not be sufficient. There is often no guidance on 

teamwork available to  students, and assistance with group dynamics is a connnon student re- 

cjuest (Brereton et al.. 1996). Furtherm ore, requirem ents for educators to provide team -based 

experiences typically provide little guidance on what form these experiences should take, and 

what support should be provided to students. The research reviewed here indicates some 

potential guidelines. Learners should be required to com m unicate and defend their decisions 

and rationales as often as possible, in order to  practice rhetorical skills. A ttention should be 

drawn to the im portance of language and discourse in design. Doing so may help students 

to  become more aware of the factors tha t infiuence their decisions (Lloyd and Busby. 2001). 

It woidd also encourage the type of reflection th a t has been highlighted in previous sections.

3.3 Learning Theories

The previous section identified aspects of design knowledge th a t are essential for successful 

liractice. and th a t should therefore .serve us learning objectives for OATPD courses. However, 

an awareness of these types of knowledge alone does not provide nnich by way of guidanc:e for 

educators and researchers seeking to m iderstand or improve learning environments. Thus, 

th is section reviews a range of learning theories th a t may provide a theoretical perspective on 

m ethods of supporting students in developing “designerly ways of know'ing” (Cross. 1982). 

The im portance of recognizing the strategic, contingent, and social nature  of design knowledge 

has been highlighted. Similarly, the theories selected for review in this section represent 

perspectives on the strategic, context-dependent, and social natu re  of learning. The section 

begins with three theories tha t are more descriptive than  prescriptive, in th a t they  seek to 

understand the nature  of learning rather than  prescribing specific teaching m ethods. How'ever. 

they have insi)ired particular approaches to  teaching nevertheless, and the rem ainder of the 

section descril)es some of these prc'scriptive teaching models.
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3.3.1 T he S trategic N ature o f Learning

During the 1970s and 1980s. nnich educational psycliology research focused on the role of cog

nitive strategies, in particular the strategies th a t learners use when completing educational 

tasks. The objective of this type of research was to  address the proljleni of “passive learning” 

(Brown. 1992. 1997). Students who performed poorly in school were viewed as not engag

ing in intentional, self-directed action to improve their knowledge. Re.searchers a ttem pted  

to identify the strategies th a t differentiated exceptional students from “ordinary” students. 

These strategies involve metacognitive rea.soning. and include:

• Noticing and form ulating comprehension difficulties as problems;

• Summarizing what has been understood so far;

• Reconsidering j)revious conclusions;

• Drawing nonobvious inferences; and

• Explicitly connecting new information with prior knowledge. (Bereiter and Bird. 1985;

Scardam alia et al.. 1994)

The performance of average and below-average students was characterized by an absence 

of these strategies. These results informed training studies, which attem i)ted to teach such 

students about the use of effective learning strategies (Brown. 1978. 1992). The objective of 

the research was to  explore whether such students w^ere simply unaware of these strategies, 

or if they were aware l)ut incapable of using them . There was evidence tha t such training 

w'orked. in tha t participants in experim ents were able to apply the strategies to  solve tasks. 

However, there was no evidence of retention beyond the experim ent (Brown. 1992).

Eventually, the assum ption th a t ordinary students were lacking in effective strategies 

changed. It was recognized tha t in fact students possess sophisticated strategies th a t tackle 

the task a t hand (Wellman et al.. 1975). For example, in a study of how students summarize 

texts, schoolchildren were observed to  \ise a “cojiy-delete” strategy, which involves evalu

ating sentences one by one. copying those they  judge im portant and ignoring those judged 

unim portant (Scardam alia et al.. 1994). College students completing the same task first a t

tem pted to comprehend the entire text before producing a summary. The la tte r approach is 

clearly a more effective strategy if comprehension is the goal of the activity. However, the
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schoolchilcireii’s strategy was extremely effective at creating a sununary tha t largely agrees 

with tha t of adults while requiring minimal effort of the student. In o ther words, the strategy 

resulted in the desired prodvict. but underm ined the educational goal. The implication was 

tha t students, rather than  lacking strategies, have adopted effective strategies in response 

to the school environm ent’s focus on deliverable products. This realization led to a growing 

interest in adapting the learning environment rather than  attem pting  to  directly intervene in 

the cognitive processes of the students. One such attem pt is discussed in Section 3.3.6.

3.3.2 C onstructiv ism  and Social C onstrvictivisni

Constructivism  is closely related to  interpretivism . and in fact the two term s are often used 

interchangeably. Constructivist learning theories view education not a.s the transm ission of 

knowledge from experts to  learners, but as the active construction, on the  part of the learner, 

of a conceptual framewwk based on experiences (Hruby and Roegiers. 2013). W hen faced 

with new experiences, the learner either integrates the resulting knowledge w ithin her existing 

conceptual framework, or modifies her framework to make sense of the  knowledge (Piaget 

et al.. 1977). A connnon feature of the various constructivist learning theories is the influence 

of John Dewey, whose work was discussed in C hapter 2.

The as])ect of constructivism  that has had the most influence on teaching practice is the 

concept of “discovery learning” (Bruner. 1961). which involves self-direx'ted. active learning 

in which students discover knowledge for themselves (Anthony. 1973). However, discovery 

learning has often been implemented in a “minimally guided" approach, in which students are 

presented with problems and expected to direct their own problem-solving activities. This 

approach has been shown to be ineffective (Kirschner et al.. 2006). Brown and Campione 

(1994) note th a t students are adept at “discovering” misconceptions and propose as more 

effective an environment of “guided discovery.” in which the educator acts as facilitator and 

adopts a more traditional teaching role when necessary.

Social constructivism  (or sociocultural theory) extends constructivism  to take accomit of 

the role of social and cultural interactions upon learning. There is a broad spectrum  of social 

constructivist theories, all of which are based in some way upon the work of Lev Vygotsky. 

Vygotsky was a Soviet contem porary of Dewey, but his work only came to prominence outside 

of Russia four decades after his death. Vygotsky rejected the idea th a t learning and knowledge 

could be isolated from social or cultural influences. For Vygotsky, learning was a process in 

which an external operation was tran.sformed into an internal one (K aptelinin and Nardi.
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2006. p. 42). This inteniahzation is not a transfer of the external processes into a pre

existing internal structure; the m ental structure  is created through internalization (Leontiev. 

1978). Vygotsky also held tha t the individual could not be considered separately from their 

social environment (Kaptelinin and Nardi. 2006. pp. 46 47).

One of the most influential aspects of Vygotsky’s work has been the concept of the ‘‘zone of 

proximal developm ent” (ZPD). which was an alternative solution to the problem of m atching 

instruction to the current ability of the learner. The typical apj^roach is to evaluate the ability 

of the individual learner, for example using an exam. For Vygotsky, this approach resulted in 

learning lagging behind the development of the child. Instead it is necessary to consider the 

difference between two measures: the ability of the child acting alone, and the aljility of the 

child acting with assistanc:e from another. This difference is the zone of proximal development 

(Vygotsky. 1978). For example, consider two students th a t dem onstrate the same arithm etic 

ability when acting alone. If the same external assistance is subsequently provided to both 

students and thej' perform differently on more advanced problems, then each student has 

a different ZPD (Kaptelinin and Nardi. 2006. p. 49). The ZPD thus reflects the s tu d en t’s 

iunnediate learning potential, and instruction would best be aimed at meeting this potential 

(Palinc:sar. 1998). External assistance can include educators, peers with varying experience, 

or even artefacts such as books or com puter systems.

The concejjt of the ZPD led researchers and educators to  consider the need for learning 

environments to  have nuiltiple zones of proximal development, thereby accom modating a wide 

range of learning potentials. A ttem pts to  create such an environm ent have often inv^olved the 

restructuring of classrooms to  encourage more social interaction between peers of different 

abilities (e.g.. Brown and Canipione. 1994) or developing compviter environm ents to  act as 

adaptive assisting agents (e.g.. Salomon and Perkins. 1998).

3.3.3 Situated Learning

Situated learning theory highlights the im portance of the context in which learning takes 

place, and is prim arily based on the work of Jean Lave and Etienne Wenger. Lave (1988) 

compared the arithm etic abilities of adults in exam-style situations and in everyday con

tex ts such as shopping for groceries, or budgeting calories when dieting. She found th a t 

the performance of the same subjects in either context bore little relation to  each other. In 

particular, participants who struggled to  complete arithm etic problems in an exam setting 

were extrem ely proficient a t performing m ental calculations using personal m ethods during
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everyciay activities. Lave's work w'as an attack  on many asjjects of cognitive psychology, in

cluding the belief th a t psychological expe'rinients which isolate participants from the context 

in which cognitive activities take place are more valid than  research carried out in the field 

(Pea. 1991). Her work also underm ined a foundational assm nption of formal education, tha t 

“knowledge acciuired in context-free circum stances is supposed to  be available for general 

application in all contexts, widely transportab le but relatively impervious to change in the 

co\u'se. and by the process, of travel and use” (Lave. 1988. p. 9). In other words, a guiding 

principle of fcjrmal education is tha t by removing learners from everyday contexts and pre

senting them  with abstract, generalized knowledge, they will be be tte r able to  transfer that 

knowledge to  a wide range of situations. For Lave, this assum ption is flawed; the contexts 

of api)lication are an essential part of any cognitive activity, and a ttem pts to  elim inate tha t 

context are flawed.

In subsecpient work. Lave and Wenger (1991) explored cases of informal learning, in 

particular ai^prenticeshij) programs, and u.sed the results to develoj) a general model of how 

learning takes place. In this mod('l. learning was viewed as participation in a “comnm nity of 

practice” (CoP). a grouj) who share a domain of interest and engage in and identify with a 

connuon practice (Dennen and Burner. 2007; Wenger. 1998). Connnunities of practice may 

be either formally or informally bomided. and any individual is usually a member of nniltiple 

such connnunities. An example might be a group of engineers working on similar problems. 

Learning occurs through interactions with the CoP. in particular through participating in 

tasks and observing the actions of others. Knowledge is thus co-constructed by the group, 

rather than  transm itted  from one person to another (Billett. 1996). Education is the means 

by which the conummity reproduces itself, by creating a new generation of practitioners. 

However, learners' roles in this process are not passive; the connmm ity and its practice are 

changed as a result of newcomers’ involvement (Lave and Wenger. 1991. pp. 113-117).

A conmion m isinterpretation of this work is th a t informal, situated  learning is “b e tte r” 

than  traditional schooling. However, for Lave and Wenger, all learning is situated . The 

classroom is as much a real setting as the factory floor (Lave and Wenger. 1991. pp. 39 41). 

Their theory was intended as a description of all types of learning rather than  a prescrijjtion 

for a specific type of education. The implication of the theory is tha t in order to understand 

learning, a tten tion  nnist be paid to the tyj)e of setting  in which learning takes place, and 

the type of conmnm ity in which learners are participating. In this view, it w'as no longer
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ap p ro p ria te  to  th in k  of classroom s as som ehow n eu tra l and  th e  learning th a t takes place in 

classroom s as ab s tra c t and  available for universal application.

S itu a ted  learn ing  theo ry  m ay be p articu la rly  relevant to  engineering design education  due 

to  th e  decline of w orkplace-based appren ticesh ip  program s for novice engineers. Difficulties 

accessing engineering connnunities of p ractice have had  a negative im pact on learning o ppor

tu n ities  for new' designers (C arkett. 2004). As s ta ted , s itu a ted  learning is not a p rescrip tive 

theory. However, any learning theo ry  represen ts a p a rticu la r perspective on education , and  

inevitab ly  influences m odels of teaching. T h e  following th ree  sections will review teaching 

m odels th a t  have been influenced by s itu a ted  learn ing  and  social construc tiv ist theories.

3.3.4 C ognitive A pprenticeship

O ne in te rp re ta tio n  of s itu a ted  learn ing  th eo ry  is th a t  all e th ication involves some form  of 

ap])renticeship betw een a  m aster and  a novice. From  th is  i)ersiH'ctive. teachers are  th e  ex p e rts  

in a p a rticu la r dom ain, such as calculus or m anufactu ring  science, from w hom  s tu d en ts  learn 

p rocedural knowledge. T his is in fact th e  basis of m ost un iversity  teaching. However, as 

discussed in Section 3.1.2. ex p e rts  do not necessarily m ake good teachers. A condition  of 

expertise  is th a t  knowledge has becom e in ternalized  to  th e  ex ten t th a t  it is tac it and  in tu itive; 

as a result ex p e rts  m ay not u n d erstan d  th e  m isconceptions of learners and  m ay have difficulty 

m aking their know ledge explicit.

C ognitive app ren ticesh ip  th eo ry  is a pedagogical m odel, inspired  by s itu a ted  learning th e 

ory. which a tte m p ts  to  address th e  challenge of m aking expert knowledge explicit (Hennessy. 

1993). T he aim  of cognitive appren ticesh ip  is to  go beyond teaching  facts and  concepts and  

also teach th e  s tra teg ic  knowledge required  for expert perform ance, including the  types of 

m etacognitive s tra teg ies  th a t  have been identified as im p o rtan t for design and  for learning 

in general (W edelin and  Adawi. 2014). T h e  theo ry  draw s on construc tiv ism  and  social con

structiv ism . and  advocates th a t learn ing  should  consist of guided p a rtic ip a tio n  in ac tiv ities  

ap p ro p ria te  to  th e  lea rn er’s ZPD  (D ennen and  B urner. 2007). T h e  m odel has been applied  

a t b o th  school (e.g. S cardam alia  and  B ereiter. 1985) and  university  (e.g. Liu. 2005) levels.

C ognitive app ren ticesh ip  th eo ry  does n o t p rescribe specific learn ing  activ ities, b u t ou tlines 

m ethods w hich m ay be in co rp o ra ted  in to  th e  learn ing  environm ent. T hese include:

•  Modelling  involves th e  s tu d en t observ ing  th e  ex p ert or peers d em o n stra tin g  aspects of 

a task  (C olhns et al.. 1991).
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•  Coaching involves providing feedback, guidance, and  h in ts while th e  s tu d en t com pletes 

tasks or tackles problem s (W^'delin and  Adawi, 2014).

•  Articulation  requires s tu d en ts  to  explain th e ir tho u g h t processes and  m ake th e ir  knowl

edge explicit (IVIcLellan. 1994).

•  Reflection involves encouraging s tu d en ts  to  analyse th e ir previous activ ities. T h e  role 

of th e  educato r is to  assist the learner in com paring  th e ir process to  th a t  of th e  expert 

or of o ther s tu d en ts  (Ghefaili. 2003).

As an explicit theory, cognitive ai)prenticeship  is a relatively  recent developm ent. However 

th e  activ ities it prescribes are core features of trad itio n a l stud io -based  design education . 

S tuden t arch itects  p rim arily  work on p ro jec ts  w ith  coaching from  tu to rs , who m ay intervene 

and  m odel aspects of the  design jirocess w hen required  (e.g. Schon. 1983). T h e  “group 

c r it .” a critica l review of work by peers, provides regu lar o p p o rtu n itie s  for a rticu la tio n  and 

reflection (H orton. 2007). However, th is  ap{)roach is ra re  in engineering education , [partly due 

to  large s tu d en t-teach er ra tio s  and  heavy course loads w hich restric t th e  am ount of tim e th a t 

s tu d en ts  and  faculty  can ded ica te  to  design p ro jects. T hus, cognitive app ren ticesh ip  theory, 

w ith  its focus on applying these m ethods in classroom s settings, m ay provide som e guidance.

3.3.5 C ognitive Flexib ility  Theory

C ognitive fiexii)ility theo ry  is an in s tru c tio n al m odel th a t  focuses on the  n a tu re  o f lean iing  

in com plex and  ill-s tructu red  dom ains, such as design. Solving ])robIems in ill-struct\ired  

dom ains requires using th e  sam e knowledge in different ways depending  on th e  p a rticu la r 

d etails  of a problem , and m ethods of a])plying knowledge often  cannot be know n in advance 

(Spiro et al.. 1992). Thus, cognitive flexibility theo ry  em phasizes th e  im p o rtan ce  of enabling  

learners to  ad a p t th e ir knowledge to  new situations. R a th e r th an  focusing on th e  re ten tion  

and  retrieval of pre-ex isting  knowledge s tru c tin es . cognitiv^e flexibility “stresses th e  flexible 

reassem bly of pre-existing knowledge to  adap tive ly  fit th e  needs of a new s itu a tio n ” (Spiro 

et al.. 1992. p. 59). T he aim  is to  enable s tu d en ts  to  m an ip u la te  th e ir problem -solving 

knowledge in response to  con tex tua l clues.

In the  approach  to  learning ob jected  to  by Lave (1988). problem s and  so lu tions are ty p i

cally strip i)ed  of th e ir contex t w ith  th e  aim  of m aking th e  lessons m ore generally  applicable. 

An exam ple from m echanical engineering education  is th e  i)redom inant focnis on th e  analysis

57



LITERATURE REVIEW 3.3. LEARNING TH EORIES

of disembodied, idealized machine elements. From the cognitive flexibility perspective, this 

approach is misguided. Instead, specific and rich contextual inform ation shoiild be jjrovided. 

The objective is to  expose students to  the ways in which a given j)rinciple or procedure is 

enacted in real situations. Furtherm ore, content should be viewed from nniltiple perspectives 

and in nm ltiple contexts, thereby enabling transfer of knowledge from one situation to an

other (Bronnne and Stahl. 2002). Thus, the theory is prim arily concerned with the transfer 

of knowledge beyond its initial learning situation.

Cognitive flexibility theory proposes the following instructional principles (Jacobson and 

Spiro. 1993):

• Multiple knowledge representations: involves presenting nndtiple themes, multiple per

spectives. and multiple analogies

• Concepts liiiked to different case examples: illustrating general principles through par

ticular cases

• Early introduction of domain complexity: rather than  learning small conceptual units 

in isolation before combining them , m aintaining complexity throughout

• Emphasis on the interrelated nature of knowledge: dem onstrating the relation.ships 

between different concepts and cases

•  Encouragement of knowledge assembly: supporting learners in synthesizing aspects of 

previous case-specific knowledge for the problem at hand

W ith reference to design education, cognitive flexibility theory relates to the im portance of 

design precedents, and indicates the im portance of presenting contextual information relating 

to precedents. This need has also been highlighted in results from research on knowledge 

transfer w ithin design organizations (e.g. Deken et al.. 2012). The theory also suggests tha t 

multiple precedents should be used to  dem onstrate a particular principle, or th a t a given 

precedent be analysed from m ultiple perspectives, such as those of different stakeholders.

3.3.6 Learning C om m u n ities

Over the past two decades one of the most conmion topics of education research has been the 

study of connminities of learning. This is partly  due to the influence of soc:ial constructivist 

and situated  learning theories, and partly  as a result of the emergence and growth of the
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Internet; studies of “virtual conununities” have been especially prevalent. However, there 

have been objections to  the widespread use of the term  “connnunity” with little consideration 

for what exactly constitutes a connnunity. As Grossman et al. (20U0) observe, “groups of 

people become communities, or .so it would seem, by the flourish of a researcher's pen.” Hewitt 

(2004) warns against “unwarranted optim ism ” about learning conununities in general, and 

f)roposes that research shovild focus on the design of particular connmmity models th a t best 

support learning. This section describes one such model which has a significant influence on 

the work j)resented in this thesis.

Fostering a Connnunity of Learners (FCL) is a model for teaching biology to schoolchil

dren. developed through a jirogram of design-based research (Brown. 1997; Brown and Cani- 

pione. 1994; Collins et al.. 2004). The model integrates many of the concejjts discussed in 

this chapter, including theories of strategic learning and the work of Vygotsky. Lave, and 

\\enger. FCL cla.ssrooms are framed as learning comnnniities in which students engage in 

guided discovery on a general theme, such as food chains. The class is divided into groups, 

with each group assigned to a particular aspect of the overall theme, for example, photo

synthesis. energy exchange, and so on. The groups cond\ict research on their a.ssigned topic, 

w ith each student specializing in a particular subtopic. Sharing of knowledge w ithin and 

Ijetween groups is encouraged and expected. At the end of the re.search cycle, the grovips 

comes together to  combine their knowledge in a “jigsaw” activity (Aron.son. 1978). There are 

three such research cycles per year, with each cycle lasting for weeks or months.

For Brown and Canipione (1994) the particular details of im plem entation were less im

portan t than the guiding theoretical principles developed during the research project. These 

principles include (Brown. 1997; Brown and Campione. 1994);

• Metacogmtion: FCL is designed as an environm ent tha t emphasizes the strategic nature 

of learning and requires students to  regularly reflect on their own knowledge and ways 

of improving it. As in cognitive apj)renticeship. students are required to make their 

tho\ight processes explicit.

•  Contextualized and situated: FCL emjihasizes the creation of classroom communities of 

practice engaged in a\ithentic tasks, and a ttem pts to  link school activities to  outside 

activities. The classrooms are modelled on conummities of scientists, and provide stu 

dents with opportunities to })ractice being a researcher or a teacher at various points 

in the cyck'.
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• Dialogic base: The prim ary activity in FCL classrooms is dialogue on m ultiple levels, 

between teani members, between team s, between students and educators, and between 

the class and external experts.

•  Distributed expertise: Individual students specialize in particular topics, and the teacher 

is no longer the sole classroom expert. In order to complete their projects the students 

nuist consult peer “experts” and share knowledge. (The term  expertise is u.sed cjuite 

broadly in FCL, in contrast to the studies of expertise discussed above.) Furtherm ore, 

the boundaries of the learning conununity are extended by j)roviding access to  domain 

experts including biological researchers: these experts visit the classroom to take part 

in discussions, and the students are encouraged to continue the dialogue via email or 

telephone.

• Multiple zones of proximal development: The distribution of knowledge throughout the 

classroom, and the extension of the learning conununity beyond the school. supj)orts 

varying levels of learning jjotential. As each individual is an “exj)ert" in a particular 

topic, there are more opportunities for learners to receive j>eer assistance rather than  

relying solely upon the teacher.

The FCL model seems relevant for the study of OATPB coiirses. On the surface, the 

two share many features; both inv'olve classrooms composed of student team s working on 

somewhat self-directed projects with guidance from educators. However, where OATPB 

courses generally lack a clear theoretical basis, the FCL model is the result of 30 years of 

rigorous educational research (Collins et al.. 2004). The guiding principles of the  FCL model 

address many of the issues raised in relation to  design, inchiding the central im portance of 

language, the role of distribvited knowledge, the need to  engage with dom ain experts beyond 

the project team , and the requirem ent for effective cognitive strategies.

3.4 Towards a Pedagogical Framework

Based on the discussion of design research and learning theories contained in th is chapter, 

it is now possible to outline a pedagogical framework to  u.se in exploring and improving 

the learning environm ents of OATPB courses. This section summarizes the results of the 

literature review and pairs aspects of design knowledge with relevant learning theories. Table 

3.1 records the essential features of the framework.
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D esign  P r o cesses  and S tra teg ies

The most fundam ental aspect of design abihty is strategic knowledge. R ather than  following 

a single, nniversally optim al procedure, designers rely on a repertoire of strategies th a t allow 

them  to respond to  particular situations. These strategies may d icta te  the type of process 

to be followed, the .selection of an appropriate design model for a given proV>lem. or the 

interpretation of design precedents. In particular, designers require an understanding of 

whether and how to deviate from a m ethodical design process. Thus, a core objective of 

OATPB courses should be the develojnnent of strategic knowledge related to  the design 

process. Students should be supported in rehearsing strategies for managing uncertainty 

and balancing flexible and methodical approaches to problem-solving. This ac tivity should 

be su{)ported through elements of cognitive apprenticeshij) theory, such as coaching and 

modelling.

Developing dc^sign strategies in tu rn  reciuires effective learning strategies, which include 

reasoning about one's own understanding and taking measures to improve it. Learners should 

therefore be engaged in reflc^cting on thc’ir performance wliile rehearsing design strategies. 

Finally, the role tha t task optim ization strategies can jilay in imdermining educational ob

jectives should be rcx'ognized. Careful a tten tion  nuist be paid to  w hether assignments and 

o ther tasks align with the overall learniiig objectives from the i)c'rsi)ective of the students. Of 

l)articular c-oncern for OATPB courses is the risk of emphasizing the design produc't rather 

than  the process tha t was used to  create it.

D esig n  M od els

The use of design models relies on a particular type of strategic kncjwk'dge; the ability to 

judge the most approj)riate type of model for a given situation. In m any cases, analytical 

or numerical models are not the appropriate for the task  at hand, but engineering educa

tion emphasizes these over all others. Thus. OATPB courses should be used as a means of 

introduc ing students to the nonverbal and non-.scientific' aspects of engineering design knowl- 

('dge. Lc'arners should be encouragtHl to  experiment with alternative approaches as a way of 

discovering the strengths and weaknesses of each. However, this should not be an unguided 

process; princijiles of guickxl discov'ery should be uscxi to  assist the .students in con.sidering 

alternative approaches and to identify and correct any misconcej)tions. For example, visual
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representations should not l)e treated  as sta tic  docum entation of fully formed concepts but 

rather an essential activity in generating those concepts.

D esign K now ledge R euse

A substantial am ount of design activity involves identifying and synthesizing aspects of pre

vious solutions, or improving existing solutions through rc^design. Successful design reuse 

requires extensive declarative knowledge relating to  precedents as well as strategic knowledge 

about how to make use of those precedents. Transferring elements of a solution from one 

situation to  another requires an ability to identify the context-s{)ecific features of a precedent 

and reason about whether those features are appropriate for the problem at hand. Cross 

(201L p. 146) succinctly explains the implications for design education:

In order to  develop expertise it seems th a t a novice needs lots and lots of practice, 

guided by skilful teachers. The novice designer also needs exposure to many good 

examples of expert work in the area, and needs to learn to  perceive and retain 

these examples, or precedents, in term s of their underlying schem ata or organising 

principles. Like learning a language it is a m atter of innnersion and internalising 

different levels of understanding and achievement.

Cognitive flexibility theory is ideally suited to guiding efforts to provide the required prac

tice with and exposure to  precedents in OATPB courses. The theory was developed as an 

approach to teaching problem-solving in ill-structured dom ains such as engineering design. 

It prescribes the use of nniltii)le knowledge representations as a means of supporting analog

ical reasoning and transfer. Concepts, theories, and precedent cases should be examined in 

nm ltiple contexts and from nniltiple perspectives to allow students to reason about the role 

of context in solving ill-structured problems.

T he Social N ature o f D esign

Design is a process of achieving consensus among a range of requirem ents, domains, and 

participants. This is especially true  in engineering compared to other design disciplines. The 

role of language and rhetoric is thus fundam ental to engineering design. In sufficiently com

plex projects, no individ\ial possesses a comprehensive m iderstanding of the entire design or 

the ability to accomplish all required tasks. Thus, design relies on distributed cognition and 

designers nuist understand when and how to share knowledge. S ituated learning theory and
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the principles underlying the “Fostering a Com nm nity of Learners” classroom model pro

vide guidance on how these aspects of design knowledge could be incorporated into OATPB 

courses. In particiilar. learning activities should be framed as participation in communities 

of practice, and attention must be paid to the types of coninumities in which learners are 

participating.
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T able 3.1: Pedagogical Framework for OATPB Courses

Design Knowledge___________________________ Guiding Theory

Strategies Strategic Nature o f  Learning
• Learning strategies • Metacognition
• Design strategies • Reflection
• Task optimization strategies • Alignment of tasks and learning goals

Process Cognitive Apprenticesliip
• Flexible-methodical process • Coaching
• Prohleni-sokition coevohition • Modelling
• Tolerating uncertainty • Articulation

• Reflection

.\IodeIs Social constructivism
• Sketching
• Prototyping

• Guided discovery

Design Knowledge Reuse Cognitive Flexibility Theory
• Precedents • Multiple representations
• Fixation • Contextual information

• Concepts linked to precedents
• Emphasis on interrelations
• Knowledge assembly

The Social Na ture o f Design Fostering a Community o f  Learners
• Role of language • Dialogic base
• Team roles • Distributed expertise
• Inter-team communication • Conmiunities of practice
• Distributed cognition • Multiple zones of proximal development

• Instructor guidance
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3.5 C onclusions

This d iap te r lias identified essential aspects of engineering design knowledge and has paired 

these with relevant learning theories in order to create a pedagogical framew'ork for use 

in designing and evahiating OATPB courses. The framework is intended to a rt both as a 

theoretical lens through which to explore learning environm ents and as a set of guidelines 

to inform the development of learning activities and resources. In the  next chapter, three 

OATPB courses are explored using qualitative m ethods. The experiences of students and 

educators in these settings are described and interpreted in term s of the knowledge types 

around which the framework is organized. The framework provides a means of identifying and 

understanding problem atic aspects of the learning environments. In sulxseqiient chapters, the 

framework indicates potential approaches to solving these problems. However, the framework 

is not treated  as stable or unchangeable. It is intende'd to evolve in parallel to the research 

and the learning contexts. Each of the chapters describing empirical research in OATPB 

courses conclude by revisiting the framework, making additions as approj^riate and drawing 

attention to  aspects of the framework that rec^ihre further atten tion . This coevolution of 

theory and practice is the essence of the abductive. pragm atist philosophy m iderpinning this 

thesis.





Chapter 4

Research Phase 1
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The objective of th is thesis is to  develop a pedagogical framework for open-ended, au then

tic. team - and project-based (OATPB) courses. The previous chapter reviewed the literature 

on design practice and theories of learning. Based on this review, an initial version of the 

framework was developed, consisting of essential aspects of design knowledge tha t may serve 

as objectives guiding the development of learning environments. For each aspect of design 

knowledge a corresponding learning theory was identified; these theories are intended to 

provide guidance on ac'hieving the learning objectives.

The rem ainder of this thesis focuses on using the pedagogical framework to improve learn

ing environments in OATPB courses, and to  use observations of teaching and learning in these 

courses to  further develop the  framework. This reciprocal relationshij) between theorj^ and 

practice is fundam ental to the pragm atist jjhilosophy and design-based research m ethodology 

adopted in the thesis. This chapter describes the first of three phases of empirical research in 

educational settings. Three very different instances of OATPB courses are explored through 

(lualitative participant observer studies. The chapter begins with a description of each of these 

contexts, followed by an overview of the  research m ethods used in each. The experiences of 

students and learning staff are then reported and interpreted in term s of the pedagogical 

franiewx)rk. This discussion is s tructu red  around the fmidamental aspects of design know'l- 

edge identified in the previous chapter. This chapter conc ludes by expanding the framework 

to  reflect the results of the research and identify topics of focus for subsequent phases.

4.1 C ontext

This section describes each of the three courses investigated in this chapter, which took place 

in the School of Engineering at Trinity College Dublin (TCD) and the School of Engineering 

and Applied Sciences a t H arvard University. A m ajor difference between the two institutions 

is th a t in Harvard a class is not typically composed of a persistent student cohort. Course 

participants may include students from a variety of levels, including both  \m dergraduate 

and graduate, and from a range of disciplines. In contrast, the  m ajority  of undergraduate 

engineering courses at TCD are delivered to  students at the same level and with the same 

disciplinary background. B oth schools traditionally  emphasized the engineering sciences but 

have introduced project-based design experiences for students throughout their programs, in 

particular during the past decade. Each of the courses explored in this chapter was a recent 

addition to  the school or had been significantly altered in recent years. All were nominally
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T a b le  4.1: Overview of courses

Course code Al B1 Cl

Academic Year 2011-2012 2012-2013 2012-2013

Level Mixed Undergraduate Graduate

Types of projects Electromechanical
Mechanical, 
electronic, and 
software

Software

Duration of project 15 weeks 15 weeks 31 weeks

Number of students IG 46 4 ( -4)

Xiiiiiber of teams 4 10 1

Team codes 1.1-1.4 1.5-1.14 1.15

nieclianical design courses but their open-ended nature  resulted in some projects focusing on 

electronic or software design. Table 4.1 provides an overview of the courses studied, and the 

following sections descril)o each in more detail.

4.1.1 Course A l

Course A l was an electromechanical design course at H arvard focused on medical device 

development. In advance of the course, clinicians were invited to sulnnit project proposals 

o\itlining unm et clinical needs. A shortlist of eight such proposals was chosen and presented 

to students a t the beginning of the course. Each student was reqtiired to  select three jireferred 

projects, and these selections w'ere used to form team s around the four projects to be p\irsued 

in the course. Each team worked directly with the relevant clinician, as well as consulting 

other stakeholders and conducting bac'kgroimd research, to  be tter understand the medical 

problem. Prior art searches were used to identify gaps and oj)portimities in the m arket. 

Based on this initial work each team  defined its own brief in the  form of a mission statem ent 

and .set of functional requirements. Regular class presentations and docum entary deliverables 

were used as milestones to  provide structure  to the course, leading the students through a top- 

down. breadth-first j)rocess. Each student team  was provided with a “wiki” webpage hosted 

on H arvard’s virtual learning environment, and were expected to  use this to docum ent their 

project. The second half of the course was dedicated to  detail design, prototyping, and testing.
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Each team was provided with a budget of $2,500 and expected to work with external vendors 

to produce a high-qnality functioning j)rototype. The course culminated in a showcase in 

which students presented their designs to an invited audience. In addition to the working 

prototype and final presentation, each team was req\iired to submit a p\iblication-quality 

article describing their project.

The weekly course activities included two 90-minute lectures and a three-hour lal) period. 

The lecture time was dedicated to discussion of mechanical design topics such as machine 

element design and material selection, as w'ell as student presentations and guest lectures 

from medical device industry professionals. In the initial weeks the labs were used to provide 

training on j^rototyping equipment including CNC mills and laser cutters. For the majority of 

the course the lab was dedicated to self-directed project work with assistance from members 

of the teaching staff. In addition to the lectures and labs, each team met with the teaching 

staff for a oue-hour weekly design review meeting. These meetings were ustxi to update 

the teaching staff on rec’ent progress and to receive guidance and advice on the project. 

During the meetings, the students were required to engage in metacognitive reasoning by 

describing and defending the decisions they made during the preceding week. The labs and 

meetings took jjlace in a dedicated course room located adjacent to the workshop containing 

the prototyping equipment. Only course students and teaching staff had access to this room 

and each team was assigned a desk and storage space.

The class was composed of eight undergraduate and eight graduate students from a range 

of science and engineering disciplines. Enrolment in the course recjuired previovis design and 

prototyping experience; all of the enrolled midergrad\iates were either “junior” (3rd year) or 

“senior” (4th year) st\idents. The course w'as first offered in the 2011-2012 academic year; 

the observations reported in this chapter describe the second iteration of the course.

4.1 .2  C ourse B1

Course B1 was a mechanical design course delivered to 3rd year students at TCD. In contrast 

to Course A l. all participants were mechanical engineering students at the same academic 

level. Course B1 was a complex course spread over two semesters and composed of multiple 

elements including CAD training, practical activities focused on control system design, me

chanical di.ssection activities (Sheppard. 1992). a module on finite element method (FEM) 

analysis, and a team-based design project. The weekly course activities consisted of two 

ccmsecutive 50-minute lect\ires and two 2-hour lab jieriods. The labs were occasionally used
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for design review sessions, but were prim arily dedicated to course activities unrelated to the 

design project.

The observations rej)orted here focus solely on the project element of the course. The 

them e of th is project-based comi)onent was imiversal design, or the design of devices and 

services th a t are accessible to peoj^le with as wide a range of physical and cognitive abilities 

as possible. Student t<‘auis weie required to  recruit their own user groups and conduct 

“needfinding” (Patnaik and Becker. 1999) research to identify a j)roduct to redesign witli 

accessibility in mind. On two occasions during the course, a group of design advisors from 

the National Coimcil for the Blind of Ireland (NCBI) acted as consultants representing the 

perspective of visually impaired technology users, answering student questions and providing 

feedback on j)roposed design solutions.

The structu re  of the cour.se was sim ilar to  th a t of Course A l. with presentations and 

assignm ents used to  guide students through a top-down, breadth-first process. The course 

also culm inated in presentations and a showcase at which students dem onstrated proof-of- 

concept prototypes. However, the students in Course B1 did not have a significant prototyping 

budget or access to dedicated course worksi>ace. The process in Course B l was also slightly 

less structured, with fewer project-related milestones overall. The overall course has existed 

in various form ats for many years. However, the open-ended, user-focused design project was 

a rec^ent addition.

4.1.3 Course C l

Course C l was a graduate-level product design and innovation course delivered at TCD 

in partnership  with Stanford University. The course was part of an international network 

involving universities from eight comitries. Each team  was composed of students from two 

institu tions who collaborated remotely to  design a sohition to meet the needs of an industry 

spon.sor. The problems set by spon.sors were typically ill-defined and open-ended, and required 

the students to conduct needfinding research to define the project brief. Each half of the team 

was provided w'ith a prototyping budget of approxim ately € ’5.000.

As in both other courses, regular i)resentations and assignments were used to  structure the 

design process followed during the course. However, in contrast to the o ther courses described 

here. Course C l followed a more depth-first approach to  problem solving. Student team s were 

required to exj)lore potential solutions sequentially and in depth. ])roducing a prototype as 

part of each assignment. A guiding principle of the course was a com m itm ent to “j)reserving
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am biguity” in the design process (Carleton et al.. 2008). In term s of the course structm e. 

this principle was reahsed by withholding information from the  students about forthcoming 

assignments and the overall process being followed. During the course the student team s 

produced three reports siuiimarizing their design w'ork. and the  course culm inated in a show

case in Stanford attended by student team s and teaching staff from all institutions involved. 

The showcase consisted of formal presentations followed by dem onstrations of high-fidelity 

working prototypes.

The observations in this chapter focus on the experiences of the first team  of TCD  stu 

dents to  participate in the course. This team  was composed of four graduate students with 

backgrounds in mechanical engineering, civil engineering, and com puter science. They collab

orated with rem ote teannnates in another university and a nuiltiuational software firm acted 

as project sponsor. The w'eekly course activities included a two-ho\u’ lecture period, often 

used for disc\ission given the small “class” size, and a review' m eeting with teaching staff. 

As in Course A l. the weekly review meetings required the students to  engage in metacog- 

nitive reasoning. Unlike the other courses described in this chapter, the students observed 

in Course C l dedicated the m ajority  of their working tim e to the project: three of the four 

students were not enrolled in any other courses. The team  was provided with access to a 

design worksjjace which was also used by other courses and groups.

4.1.4 M eth od s

The d a ta  gathering in courses A l and C l consisted of participant observation, contextual 

interviews, artefact collection, and student questionnaires. The researcher’s role in each 

course was th a t of teaching assistant, which prim arily involved coaching students throughout 

their design projects. The degree to  which the researcher infiuenced the  design of each 

learning environm ent, in particular the course structu re  and logistics, was m inimal during 

this phase. Fieldnotes describing the  activities of each team  were collected from weekly review 

meetings between the team  and the teaching staff, internal team  m eetings outside of formal 

teaching hours, and lab sessions during udiich students worked on their projects with aid 

from teaching assistants. Informal contextual interviews were conducted on an opportunistic 

basis, and involved observing students carrying out tasks while asking questions. Both the 

observations and the contextual interviews took place in the context of teaching; there was 

essentially no difference between the  qviestions asked in an effort to  have students reflect on 

their activities as part of coaching and the  questions asked for research purposes. Artefacts
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consisted of docum entation produced by the students for the course, and photographs of 

w hiteboards and prototypes. Open-ended questionnaires asked students to  report on their 

experiences in the courses. The questionnaires used in Course A1 were based on the Delphi 

m ethod, and are contained in Apj)endix A. In Courses B1 and C l the questionnaires took 

the form of “muddiest j^oint” cards (Angelo and Cross. 1993). and asked students to  identify 

the prim ary difficulties they were facing in their projects th a t week and the main unanswered 

question they had about the course topics (Appendix B). Course B1 provided the fewest 

oi)portunities for direct interactions with students due to the lack of formal review’ meetings, 

and the lack of a dedicated course space where students worked on projects. The da ta  

prim arily consisted of student answers to the m uddiest point questionnaires combined with 

observations from student j)resentations and two design review’ meetings, as well as artefacts 

in the form of project docim ientation. Analysis of the d a ta  followed the approach outlined 

in Chaj)ter 2.

4.2 R esu lts  and D iscussion  

4.2.1 D esign  P rocesses and Strateg ies

A common approach in all three courses was to  use assignments and class presentations as a 

way of structuring  s tuden ts’ design processes. The use of c ourse-wide milestones required all 

student team s to progress through the same series of steps and at the same rate, a requirem ent 

th a t is not ideal given the nature of design. O pportunities for deviation from the prescribed 

script arose through guidance and feedback from the teaching staff to individual teams, 

largely in response to  studen ts’ performance on deliverables. There is an inherent tension 

here between the imposition of a regimented structure  and a ttem pts to guide the team s 

through a process best suited to their particular situation. However, there was no indication 

th a t this tension in itself was necessarily problematic; it may be an inevitable result of the 

need for a flexible-methodical process as specified in the pedagogical framework developed in 

C hapter 3.

However, while all courses eni[)loyed the same general tactic for structuring the s tuden ts’ 

design experiences, two very difl'erent types of process were observed. Courses A l and B1 

adhered to a generally top-down, breadth-first strategy, with students expected to  fociis 

initially on problem definition, before evaluating and selecting between a variety of potential 

solutions, and spending the rem ainder of the course on the detail design, prototyping, and
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testing of their preferred concept. In contrast. Course C l required students to very quickly 

move to prototyping a particular solution, and subsequently proceed through a series of cycles 

of designing, prototyping, and testing alternative concepts. Unlike in the other courses, at 

no point in Course C l were students required to  explicitly compare the alternative solutions 

and present a rationale for their choice of final design.

A common complaint from students in Course B1 and C l was a lack of clarity about 

the process being followed in the course and expectations regarding deliverables. This issue 

was never m entioned by students in Course A l. The reason for this seems to  have been 

the provision of a detailed syllabus document in the la tte r course. This docmnent listed the 

course activities, project milestones, and general expectations for each week of the course. A 

condensed version of the doom ient is provided in Ap])endix E.

Com paring Courses A l and B l. the process followed in the former was more structured, 

as th a t course required its students to  produce a greater num ber of docum entary deliverables 

and milestone presentations. However. Course A l also provided more guidance for students in 

deviating from the  struct\u'c. due to  more regular and more in-depth design review meetings 

between the teaching staff and each team . As a result, the structu re  of Coiirse B l provided 

more opportunities for deviation from a m ethodical process, but less guidance on when and 

how such deviations might be pursued. In the early stages some students in both courses 

objected to the requirem ent to define their own brief, as they did not believe this type of 

activity constitu ted  engineering, and to the expectation to  consider and evaluate alternatives 

before pursuing them  in depth. Difficulties in evaluating alternative designs seemed related to 

studen ts’ disc:ornfort m anaging uncertainty, a to{)ic discussed later in this section. However, 

after these initial objections most team s appeared to  accept the overall structure  of each 

course, although the Course B l students continued to  find the process somewhat unclear as 

discussed above.

The structu re  of Course C l appeared to be designed to  emphasize those aspects of design 

practice th a t make it different to  the scientific, well-structured approach with which engineer

ing students typically have extensive experience. For example, the process followed m ade it 

impossible for students to avoid engaging in problem -solution coevolution, and stressed the 

role th a t in-depth exploration of potential solutions could play in better understanding the 

problem to be solved. However, in the case of the observed team  (team  1.15) the imposed 

process seemed to  have some negative consequences. In particular, the emphasis on repeated
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divergence, with each 2-to-4-week design cycle in the early stages of the course being followed 

by a requirement to generate an alternative concept, seemed to result in the team  becoming 

“stuck’’ in th a t mode of thinking. Towards the end of the coTirse. w'hen the team  should 

have been focused on designing and implementing the details of their final prototype, one 

half of the team  seemed discontent to settle on any decision. Even in week 30 of the project, 

days before the final showcase, some team  members strongly advocated a com plete change 

of direction for the [)roject. At least part of the reason for some team  m em bers’ inability 

to  converge on a solution may be due to  the coiu'se structure, which for m ost of the  pioject 

emphasized the generation of concepts and building of low-fidelity prototypes. As a result, 

the im portance, and difficulty, of detail design and high-fidelity prototyping seems not to 

have been made clear to some students.

A further issue with the Course C l s tructu re  seemed related to the a ttem pts to  preserve 

ambiguity regarding the overall course process while also assigning specific short-term  tasks. 

This combination of miclear goals and innnediate product-focused tasks seems ideally suited 

to provoking the tyj)e of local task optimizing strategies discussed in in C hapter 3. The 

following description from Scardam alia et al. (1994. p. 205) provides some background.

The typical school system... confronts [students] with an essentially endless se

ries of tasks to be done. Typically, the tim e constraints for com pleting a ta.sk 

are severe, wherefis tlu ' task requirem ents are quite liberal... Under these cir

cumstances. any adaj)tive organism will develop strategies th a t minimize tim e to 

complete tasks, and the most likely way to do this is by trinm iing away activities 

tha t do not directly yield the deliverable product. In the case of research papers, 

this means minimizing research... In the case of a reflective essay, th is means 

minimizing refiection.

In the case of coursework assignments in a design course, this may m ean minimizing 

a tten tion  to the overall project goals in order to  focus a tten tion  on the innnediate deliverable. 

Thus, the relationship betw'een a given task  and the overall process should be m ade clear to 

students. If it is not. for example if process details are deliberately withheld in the interest of 

preserving ambiguity, it seems inevitable th a t some students will fail to  make the  connection. 

In fact, this was a recurring problem for the team  1.15; individual assignm ents w'ere often 

completed with minimal attention paid to the overall project, and therefore often did not 

contribute to the develojiment of either the i)roject or the students ' im derstanding.
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It shovild be noted th a t these issues were observed among only some members of team  

1.15; their team m ates seemed more capable of adapting to the structu re  and imposing their 

overall project goals on the demands of imm ediate deliverables. Furtherm ore, the course 

coordinators indicated th a t the level of diffic\ilty faced by some of the team  members was lui- 

usual in comparison to  other team s and previous student cohorts. However, viewed from the 

perspective of the pedagogical framework developed here, these experiences may be unusual 

to the extent th a t they cast into sharp relief systemic tensions in the learning environment 

th a t are usually more subtle.

P ro b lem -S o lu tio n  C o ev o lu tio n

W hile problem-solution coevolution was a particularly obvious feature of Course C l. it was 

observed in all three cotirses. Requiring team s to define their own brief seemed an effective 

m ethod of dem onstrating the role of coevolution in design. The design brief both defines 

the problem to be solved and constrains potential solutions; creating the brief is therefore 

an exercise in problem-solution coevohition. The teaching staff in all courses coached the 

students to pay close attention to the language of the brief so tha t it did not frame the 

potential solution so exactly th a t subseq\ient exploration of a range of design concept wovild 

be difficult. T hat is, care was taken to  preserve ambiguity in the wording of the brief. W hile 

Courses A1 and B1 placed emphasis on understanding the problem or need in advance of 

exploring solutions, the team  briefs were not treated  as stable and were regularly revisited, 

for example to  modify mission statem ents or functional requirem ents.

Both design education and research on design practice often focus on the initial stages 

of the process, in particular on the concept design stage. As a result, most of the literature 

describing coevolution describes its prevalence during the early stages of concept development. 

However, it was clear from the da ta  gathered in these courses th a t coevolution ŵ as a feature 

of the studen ts’ activities throughout the entire duration of the projects. Constraints were 

modified in response to  lessons learned during detail design and the production of high-fidelity 

prototypes. This highlighted the im portance of including these activities in project-based 

design courses. It seemed relatively straightforw ard for students to  generate good ideas; the 

more interesting challenges and learning experiences typically arose as obstacles to making 

these ideas a reality. For example, the following quote from a student in Course A1 describes 

the experiences of many students.
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After spending many long days on looking for vendors, we basically changed many 

design ideas (and even discarded some of tlie functions) to adjust our models to 

the vendor capabilities... T h a t’s probably not the best way. We should deal with 

vendors much earlier...

Although the students had been advised m any times to consider m anufacturing capa

bilities when making design decisions, and the students believed they were doing so. many 

team s still found th a t their designs were unrealistic. These experiences provided valuable 

learning oi)portunities tha t would not exist in a com'se focused on concept design. However, 

the extent to which students benefited from these opportim ities is unclear from the data.

4 .2 .2  D e s ig n  M o d e ls

M od els  and M eth o d s for M anaging  U n certa in ty

U ncertainty is inherent in design but is often abs(>nt from the type of i)roblem-solving ad- 

dres.sed in engineering education. Engineering science courses tyjjically focus on analysis 

problems with clear correct answers, and one of the aims of the new design courses s tud 

ied here is to expose students to less well-defined problems. As would be expectecJ. many 

students struggled when faced with this uncertainty and expressed frustration at the lack of 

objective m ethods for making decisions. Deciding between alternative concej)ts was one of 

the most conmionly reported difficulties across the three coiuses. Table 4.2 contains a sample 

of survey responses from the concejjt design stage of the courses.

Design engineers use a range of approaches to reduce uncertainty, including drawing on 

precedents, prototyping, testing, and modelling and analysis. The team s were encouraged 

to  experiment with these m ethods but found their application difficult. W hile the students 

were confident at solving analysis problems involving fornnilas and equations, the application 

of these ecjuations to real physical systems proved problem atic. This was clue to difficulties 

making assum ptions and estim ates, another aspect of engineering th a t is typically ignored 

in analysis-focused courses (Dym et al.. 2005; Linder and Flowers. 2001; Shakeriu. 2006). In 

cases where students did engage in modelling and analysis, often this was done uncritically. 

For example one team  usc'd finite element m etliod (FEM ) analysis to evaluate the structural 

strength  of their design. W hen the results were presented at a review meeting the teaching 

staff could innnediately see th a t the graphical results looked “off.” probably due to incorrect 

boundary conditions. Another team  selcx ted a m otor based on analytically sound calculations
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T a b le  4.2: S tudent perspectives ou decision-making during the early stages of the courses

Course Al
Si: It is extremely difficult to take decision under uncertainty. It is really difficult to 
evaluate each possible design before going into extremely detailed designs. At the end of 
the day we choo.se strategies concepts guided by hunches or by the positions of the stars 
that night.

S2: As you know, oin- biggest issue right now is to decide between two very different 
concepts. Since both have very different pros and cons and |our clinician] does not have a 
clear preference either, we are probably going to decide on the base of an intuitive feeling. 
I think the difficvilt aspect about this decision is to e.stiniate the consequences that result 
from deciding on a concept,

Cour.se B1
Si: |The main difficulty is| being deci.sive and directing all efforts towards a specific 
problem. |\\'e're| trying to solve 50 problems instead of just focu.sing on one.

S2: (The main difficulty is] coming to an agreement with the rest of the group and 
getting a sense of direction as to what we are supposed to design.

Course Cl
SI: Trying to decide on what direction to take, or how to converge on a final solution is 
proving difficult.

S2: Should we choose a new idea for the next prototype or shotild we be revisiting the 
previous concepts?

of power requirem ents, but ignored the unfeasibly large gear reduction th a t would be required 

to  achieve the desired performance.

W hile these observations may seem troubling to engineering educators, in reality analysis 

of m athem atical models often plays a small role in engineering design (e.g. Ullman et al.. 

1988). Testing may be of greater im portance in guiding design decisions, and the observed 

team s performed tests whenever possible. However, engineering studen ts’ experience of con

ducting experim ents usually involves following a procedure designed by the instructor or 

teaching assistant. As a result, s tudents often struggled to  design their own experiments. 

The team s in Courses A l and C l were expected to produce an experim ental plan as a course 

assignment, bu t th is plan was often subsequently abandoned by the students. Some team s
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expressed frustration at a perceived lack of access to testing equipm ent or difficulty recruiting 

people to take part in user testing and feedback.

The students were introduced to tools and m ethods to aid them  in deciding between 

alternative solutions. An example is the Pugh M ethod, which prescribes the  use of a m atrix  

to  evaluate possible solutions against criteria defined by the design team  (Pugh. 1981). It is a 

group activity to be carried out during a meeting, and the m atrix  is intended as a visual aid 

to  guide discussion rather than as an objective decision-making tool. Many of the student 

team s made use of the Pugh M ethod or a variation of it. with mixed results (Table 4.3). 

For some students the m atrix  seemed to  work as intended, aiding team  members in making 

preferences and concerns explicit. O ther team s were more perfunctory in their use of the 

m ethod, and seemed to consider it something they were obliged to do. In the case of the 

la tte r teams. Pugh m atrices were often filled out by individuals for use in class presentations, 

rather than as part of a group discussion.

System atic apj)roaches to reducing uncertainty are an im portant part of engineering, but 

they do not replace the recjuireuK'nt for personal and intuitive judgm ent. This judgm ent is 

often based on reference to design j^recedents or to previous j>ersonal experiences, and the role 

of precedents in the observed courses will be discussed in detail in a subsequent section. Of 

interest heie is the role of intuition in guiding student deci.sions. It is clear from the responses 

in Table 4.2 tha t during the early stages of the process the students w'ere not comfortable 

basing their decisions on intuitive judgem ent. This observation is in line w ith conunonly 

held views of engineers such as the following quote from an acc'omplished i)roduct designer 

(quoted in Cross. 2011. p. 9).

A lot of engineering design is intuitive, based on subjective thinking. But an 

engineer is unhappy doing this. An engineer wants to  test; test and measure.

He’s [sic] been brought up this way and lie’s unhapi)y if he can ’t prove something.

However, there are some indications tha t, through their experiences in these project- 

based courses, tlie students became more willing to  tru s t their intuition. In the final weeks 

of Course A1 the students were asked to look back and describe how they dealt with im- 

certainty. Their responses often contained reference to  intuition even though this was not a 

topic explicitly discussed in the course (Table 4.3).
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T a b le  4.3: S tudent perspectives on decision-making during the later stages of Course A1

Dccision-inaking methods
SI: Pugh charts and group discussion was very important. We operated usually on a 
consensus model since voting in such a small group was hard. Having regular meetings 
worked out a lot of the kinks in evaluating different ideas and figuring out which worked 
best

S2: After taking a number of design classes, the ideas are rather clear. My main issues 
still lie in the downselect process I guess. Pugh charts always seem a little uninspired - 
but it may be due to a dearth of many other good ideas rather than the process itself

Dealing with uncertainty
S3: Usually, we started by consulting all the resources we could find, inchiding calling
oin doctor. Also, we gave ourselves time limits; if we didn't have a concrete rational|e| at 
the end of the time, then we just made a decision and moved forever.

S4: Choo.se what seems like the best option and going with it. If it ends up not being 
good, being flexible and going back.

S5: Follow our intuition and never look back!

S k etch in g  and P r o to ty p in g

Sketching played a significant role in all of the courses, and this appeared to  occur naturally; 

the role and benefits of sketching were never explicitly discussed by teaching staff. As would be 

expected, the use of sketches to  develop and explain concepts was particularly  prevalent in the 

early stages of the course, but was also a feature of student activity throughout detail design 

and prototyping. The use of whiteboards seemed particularly  im portan t to  the students, 

w ith recurring complaints from team s who had difficulty accessing w hiteboards during team  

meetings. This seems to  indicate th a t sketching was conducted collaboratively and as a 

means of comm unication rather th an  simply to support an individual in working through 

design concepts. This reliance on sketching as a comm unication tool during the initial stages 

of projects may have been related to  difficulties in expressing concepts verbally; as team s later 

developed their own project-specific term inology the reliance on explanatory sketching seemed 

to decrease, and collective drawings focused more on defining and recording details such as 

part dimensions (Figure 4.1). In addition to freehand drawing, students m ade extensive use
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F ig u re  4.1: A student team ’s detail design whiteboard sketches.

of software environm ents to c reate visualizations. This ranged from basic graphics programs 

to  create two-dimensional re{)resentations of concepts by combining simple geometric shapes 

to  sojihisticated three-dimensional CAD models and sinnilations. Of course, the use of these 

tools related to the nature  of the design. Teams working on mechanical devices relied heavily 

upon CAD. while those developing software prim arily used graphic:s programs to dem onstrate 

user interfaces or create flow charts desc ribing processes.

The production of low-fidelity prototypes during the initial stages of the courses seemed 

to  have an impact on the jjrocess followed by team s. In Courses A1 and C l. prototyping 

exercises at the s ta rt of the courses w'ere used to encourage students to build rapid low- 

fidelity prototypes \ising readily available m aterials such as cardboard, paper, and foam. In 

Course A l. these prototypes were referrc^d to  as sketch models, while prototypes referred 

to  relatively high-fidelity physical models. This terminology will be used henceforth in this 

thesis to differentiate between the two types of prototypes producc^d in the observed courses. 

The introductory sketch modelling exercises observc'd ranged from a 90-minute class ac tivity 

in which students were asked to build devic:es to transport a weight up an incline (CoiU'se 

A l) to a two-week mini-j)roject in which students built a “bike.” capable of transporting one 

of the team  members, using cardboard and other paper-bascnl m aterials (Course Cl ) .  These
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F ig u re  4.2: Student prototypes for a m inimally invasive surgical tool. Left: early sketch 
model. Right: Final prototype.

activities seemed to have a positive im pact on studen ts’ willingness to  subsequently engage 

in sketch modelling and prototyping as part of their design projects. Course B1 did not 

involve an equivalent exercise and the students in th a t course .seemed less likely to  engage 

in [)rototyping activity of any kind. Similarly, the previous cohort of students in Course A 

had not completed a sketch modelling activity and the course lecturer observed th a t they 

were also reluctant to  engage in physical modelling throughout their projects. In contrast, 

the team s in Course A1 built sketch models for each of their concepts throughout the course, 

and developed their final designs from initial cardboard models (Figure 4.2).

The learning opportunities provided by detail design activity and the production of high- 

quality prototypes were discussed in a previous section. Clearly, such activities rely upon 

access to  facilities, a factor th a t varied between the three courses. Students in Course A1 

appeared to  spend more of their tim e solving problems related to detail design and prototyp

ing. and these students also had more access to  facilities, equipm ent, and m aterials. Hand 

tools were useful in all courses but typically did not provide insights into principles of design 

for m anufacturability. S tudents’ skill w ith such tools was minimal, resulting in low-fidelity 

models tha t did not highlight detail design problems such as tolerancing. More sophisticated 

equipm ent, such as CNC machine tools, or access to a prototyping budget to  enable the use 

of external workshops, seemed crucial for mechanical design projects. A m ajor difficulty in 

providing facilities to  support student prototyping was identified: the open-ended nature of 

the courses m ade it impossible to  predict in advance the types of m achining operations, if 

any, th a t team s would need.
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Finally, the  im portance of ded icated  physical space was also highlighted . Typically, en

gineering s tu d en ts  do not have access to  personal work or sto rage space on cam pus, and  th is 

presents a significant obstacle  to  pro to typ ing . T h e  provision of a w orkspace ded ica ted  solely 

to  use by s tu d en ts  in C ourse A1 was ex trem ely  beneficial in encouraging  collective sketching 

and  draw ing, sketch m odelling, p ro to typ ing , and  testing .

4.2 .3  D esign  K now ledge R euse

T h e im portance of design precedents for design and  design education  was discussed in C h ap 

te r  3 . S tuden ts  require access to  design precedents for two reasons: becom ing a successful 

designer requires developing a reperto ire  of previous design problem s and  solutions; and cre

ative problem  solving relies upon  the  ab ility  to  engage in analogical th ink ing , which in tu rn  

relies upon soiu'ce m ateria l from  which to  transfer knowledge. T hus, th e  ob jective in pro

viding acce.ss to  precedents is to  develoj) l)oth declarative know ledge of previous cases, and 

j)rocedural knowledge of how to  mak(' use of these ciises.

S tu d en ts  were observed to  use two types of ])recedents. F irs t, in th e  in itia l stages of 

th e  p ro jec ts  existing devices were used to  b o th  fram e th e  problem  an d  to  genera te  po ten tia l 

solutions. For exam jjle. problem s were often fram ed so as to  circum vent ex isting  p a ten ts  

o r connnercially  available devices. However, these sam e p a ten ts  an d  devices were also used 

to  insj)ire ce rta in  principles of ope'ration. or synthesized w ith  aspects  of designs from o ther 

dom ains to  produce novel com binations. These precedents, p rim arily  used to  guide decisions 

d u rin g  the problem  definition and  concept design stages, are referred  tcj h ereafte r as “conce{)t 

p receden ts.” T h e  am ount of inform ation  th a t  team s required  a b o u t concept p recedents was 

m inim al. O ften, a p a ten t draw ing or descrip tion  from a com pany w ebsite was sufficient for 

s tu d en ts  to  u n d erstan d  th e  design and  reason ab o u t its  app licab ility  to  th e ir problem .

Concej)t precedents were typically  identified as p a r t of background research, prior art 

searches, or th ro u g h  in terac tions w ith  stakeholders or teaching  staff. A ssignm ents were useful 

in encouraging s tu d en ts  to  identify  these precedents. T he first assignm ents in C ourses A1 and 

C l required  team s to  docum ent th e  resu lts of benchm ark ing  research and  p rio r a rt searches. 

C ourse B1 did not include an  equivalent assignm ent, and  those s tu d en ts  seem ed less aw are 

of and  less likely to  draw  on precedents for concept design. However, w iien s tu d en ts  in 

all courses actively  sought in form ation  on concept j)recedents. th e  level of access to  th is 

in form ation  seemed sufficient.
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The second type of precedent used by student team s related prim arily to the detail design 

and prototyping stages of the projects, and was used to identify m ethods of realizing a 

given concept. The information required about these precedents was nnich more detailed, 

and included specific mechanisms, machine elements, morphologies, m aterials, m anufacturing 

processes, electronic circuit designs, software algorithms, and program ming techniques. These 

precedents are hereafter referred to as “detail precedents.” Detail precedents embody the type 

of domain-specific knowledge th a t novices nnist learn in order to become successful design 

engineers. A mechanical designer nuist understand the relationships between the dimensions 

of a part, the m aterial of which it is composed, and the processes >ised in its m anufacture. A 

software designer must understand the  reasons to use different search algorithm s in different 

situations.

In contrast to  concept precedents, all team s encovmtered significant difficulties in retriev

ing and using detail precedents. In some cases this was due to  poor strategy on the part 

of students. For example, some groups insisted on writing software code from scratch and 

through trial and error rather than  referring to  relevant and extensive docum entation online. 

W hile the studen ts’ approach may have improved their low-level progrannning skills, it rep

resents a lost opportunity  to compare a range of approaches to achieving the same task, or to 

practice modifying and synthesizing code snippets from other program s. In many other cases, 

the difficulties were due to studen ts’ lack of technical knowledge or terminology. Searching 

for information on a particular type of mechanism was challenging if a stvident was unaware 

of the relevant term , or even whether such a mechanism exists. This type of difficulty was 

usually overcome through discussion with more experienced peers or teaching staff.

However, the most significant and widespread difficulty related to  the  use of detail prece

dents. in particular for mechanical design problems, was tha t the required information was 

simply not available. The details th a t students needed are typically om itted from paten ts in 

order to  protect as wide a range of applications and instances of a design as possible. Infor

m ation about m anufacturing processes or m aterial selection is often guarded as trade  secrets. 

In o ther types of courses, experienced faculty may act as sources of knowhow, providing stu 

dents with knowledge not attainable from textbooks or other docum entary sources. However, 

in the open-ended courses considered here, in which each team  worked on a different problem 

involving different technologies across m ultiple domains, it is mifeasible th a t teaching staff
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would be capable of providing all of the re'quired detail precedent information regardless of 

their experience or expertise.

The effect of this issue is tha t much of studen ts’ tim e in these courses was dedicated to 

seeking basic information, rather than  acquiring knowledge about how to interpret, modify, 

and use th is information. This problem was so pervasive, and presented so significant an 

obstacle to the type of learning proposed as the objective of these courses, th a t it was identified 

as one of the prim ary issues to be investigated in subsequent research phases. The issue is 

closely related to  some of the social aspects of design, which will be discussed in the following 

section.

4 .2 .4  T h e  S oc ia l N a tu r e  o f  D es ig n

In a team -based course it would be expected th a t issues related to  teamwork, and in particular 

])roblems of “social loafing" (Latane et al.. 1979). would be among the more connnon student 

complaints. Sm’prisingly. this was not the case: teamwork issues were rarely reported in 

cjuestionnaire responses. This does not mean tha t teamwork was not an issue, and some 

students were observed to face substantial difficulties with teannnates. However, many of 

these students indicated that they preferre'd to address the issue internally rather than seeking 

external assistance. In the m ajority of cases these difficidties did not appear to impact 

negatively upon other asj)ects of the course. Teamwork issues appeared to  overshadow design 

work for only one team . W hen asked about their experience upon completion of the course, 

these students viewed the ])roject as a learning experience, although what exactly was learned 

is unclear.

W hether the overall experience of sharing work w'as positive or negative, all students 

engaged in rehearsals of aspects of teamwork and collaboration skills. M ultiple episodes of 

disagreement and resolution were observed during team  meetings. In many cases students 

adopted strategies described in the literature, such as deferring disagreement and reference 

to  standard  j)ractices or fundam ental theories. Students employed rhetorical skill to convince 

team m ates and teaching staff of the m erits of one approach over another. These strategies 

appeared to  emerge naturally, as none of the courses involved explicit coaching on them .

Invention of a Shared Language

As discussed in the previous chapter, the invention of a shared language is an essential 

part of engineering design discourse (Bucciarelli. 1988. 1994; Lloyd. 2000; Lloyd and Busby.
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2001). Ill the early stages of tlie observed courses, the students struggled to  make themselves 

understood when discussing their own ideas or existing devices, and relied heavily on non

verbal communication. As the projects progressed, all team s increasingly used their own 

term s for im portan t assum ptions and ideas. W hile this was evident in all courses, it seemed 

to be more prevalent in Courses A1 and C l. However, it is likely tha t this result relates to 

the am ount of direct contact between the researcher and students in Course B l, rather than  

a difference in student behaviour; fewer meetings and discussions were observed in the la tte r 

course and opportunities to  witness language creation were therefore minimal.

Table 4.4 contains extracts from team  1.1’s meetings showing the changes in how they 

talked about their design over time. In the early stage of the course (Week 4) the students 

rely heavily on non-verbal communication, using visual aids and gesturing to  explain both 

existing devices and solution concepts. W hen evaluating and selecting between alternative 

concepts three weeks later, the team  has adopted a more precise technical language to describe 

types of mechanisms ( “Sarrus linkiige” ) and aspects of the clinical problem ( “purse-string 

su ture” ). They are using common technical term s tha t w'ould be understood by clinicians 

and engineers, and have started  to  name their own ideas, such as “collapsing device.” During 

the detail design phase (Week 10). they have adopted their own project-specific vocabulary, 

with term s such as “slider” and “inner-shaft guides” referring to  particular morphologies and 

principles of operation. These term s function as shorthand for shared ideas and experiences, 

containing references to prototypes and tests. W hile visual aids continue to play a part, team  

com m unication is now prim arily verbal.

T he type of language adopted by team s seemed related to  the amount of domain expe

rience possessed by team  members. Each member of team  1.1 had extensive experience in 

either mechanical design or biomedical engineering, and as a result they tended to  apply 

technically accurate term s to  their concepts. In contrast, only one member of team  1.15 had 

experience in the  relevant problem and solution domains. This team  did invent a language 

to  discuss their ideas and the term s used, such as “Lil’ Jon” and '‘Tunnel Vision." tended to 

be less technical. While these term s are perhaps more imaginative, they seem to carry less 

m eaning for the team s and refer more to  surface features or wordplay than  to  principles or 

functions. For team  1.15. “Lil’ Jon” is a reference to the lyrics of a popular song which do not 

carry any particular implications for the  design. For team  1.1. the seemingly straightforw ard 

“slider m odule” term  implies references to  linear bearings and to  design concepts such as St.
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T ab le  4 .4 : Team discourse over tim e

Week 4
A team member (S4) is explaining the principle of operation of a device found during the 
prior art search. The explanation is largely non-verbal; S4 is standing beside a projector 
screen, pointing to parts of a patent application drawing, and using gestures to explain 
movement. Parts of the device are referred to as “this thing” and "this guy.”

Week 7
SI:  We could use a Sarrus linkage, but the joints would have to be super small. Would 
they be strong enough under force?
TSJ: For a collapsing device you’re going to have to insert a Foley catheter anyway.
Can you go down in French size?
TS2: They do use smaller catheters if you have a constriction or something

SI: Will clinicians be up.set if you create a constricture that might become permanent? 
S2: And if you have to tie the purse-string sutures you could be in trouble as the tissue 
won't re-expand.

Week 10
S2: For the slider module we thought injection molding would be best but it's  expensive.

I-I
Si:  Well we 3D printed a slider and rigid tube and it works well
S3: One thing we had talked about was the innnber of inner-shaft guides. We decided to 
have three .so as to constrain the slider.

Venant’s principle (Toupin. 1965). which guide their thinking on the ajipropriate constraints 

and aspect ratio for the part.

D is t r ib u te d  E x p e r tis e

The development of distributed expertise (in the FCL sense of the term ) seemed an inevitable 

consequence of the learning environments. Each team  tackled a different problem and there

fore acquired and constructed different knowledge. W ithin team s it was not possible for all 

members to share equally in all aspects of the project, and individiml students tended to 

assmne responsibility for particular activities and subproblems. In Courses A1 and C l. this 

tendency wa-s encouraged through coaching in the weekly review meetings. In each meeting, 

the students were asked to outline both their im m ediate and longer-term goals and to  identify 

tasks reqiured to  achieve those goals. The students then assigned the completion of these 

tasks to  partictUar team  members w-ith gtiidance from the teaching staff. Often these tasks
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were focused on im m ediate goals, and in the early stages of design the roles w ithin a team  

typically changed from week to week. As the courses progressed, each team  member tended 

to  assume a m anagerial role for some aspect of the project, such as CAD modelling or testing 

of prototypes. In most cases it was not clear whether and to  what extent students shared their 

specialized knowledge w ith their team m ates, although in review meetings stndents seemed 

capable of explaining and discussing the work in each o ther’s area of “expertise.”

Given the im portance of knowledge sharing between engineering design team s in industry, 

as discussed in C hapter 3. it would be valuable to encourage the student team s in a given 

course to  interact and pool knowledge where appropriate. However this did not seem to be 

a feature of any of the courses. For team  1.15. this is understandable as they were the only 

group of TCD students participating in Course C l. In an approxim ation of the “group crit” 

used in studio-based design education, students in Courses A1 and B1 regularly presented 

their work to their classmates, who were encouraged to provide critical feedback and share any 

insights from their own projects. However, the level of audience participation was minimal; 

w'hen pushed to respond to presentations the students typically asked for clarification on 

m inor details without m aking any suggestions or criticisms.

It is possible th a t informal knowledge-sharing between team s was a feature of these 

courses, as it would be expected th a t such interactions would prim arily occur outside of 

formal teaching settings. It is also reasonable to  expect th a t the variety of projects observed 

in the courses was an impedim ent to inter-team  comnnmication; while the team s were not in 

direct com petition, they also had little connnon ground on which to base such connnunication. 

However, in Course A1 it was observed th a t on several occasions students shared information 

w ith another team , by first sharing it with teaching staff members and suggesting tha t it 

could be of benefit to  another team . The weekly review meetings were often used to high

light similarities between problems being faced by one team  and a solution being considered 

by another, and students were regularly advised to make use of the specialized knowledge 

being developed by other teams. The reasons for studen ts’ reticence to engage in inter-team  

comnm nication. and their reliance on the teaching staff to in itiate  such interactions, were 

unclear. Interestingly, it seemed th a t some students would have welcomed more interaction 

w ith o ther team s, bu t felt th a t this should have been organised as a formal activity. The 

following quote from a student in Course A1 illustrates the point.
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Perhap.s having the opinions from people outside of our project [would be helpful].

It would be interesting to pair two groups for a day and do combined brainstorm 

ing to develop more ideas or variations. The presentations in class are nice, but 

they are not oriented to  a think tank. A day or two of doing large group think 

tanking would be an awesome experience.

C om m u n ities  o f  P ractice

From the perspective of situated learning theory, learning is participation in a comm unity of 

practice. In exploring a learning environment it is necessary to  ask what connmniity is Ijeing 

participated  in. and rei)roduced. by the learners. In the case of engineering design courses, 

a reasonable aspiration would be for learners to  participate in engineering conmuniities of 

practice, th a t is. groups of engineers of varying levels of experience working on similar prob

lems and sharing and co-constructing dom ain knowledge. If the aim of OATPB courses is 

to  support students in rehearsing designerly ways of knowing, access to such conmnniities 

would seem to be essential. However, all three courses were characterized by obstacles to 

participation in engineering connnunities of practice. In particular, students faced difhculties 

in accessing solution domain experti.se.

Students did have direct access to experts: in Course A l. each team  worked with an 

experienced clinician; Course B1 students consulted with design advisors from the NCBI; and 

the Course C l design team  worked closely w ith an industry sponsor. However, in each case 

these experts were sources of problem dom ain knowledge. Their role in the jjrojects was tha t 

of the client, and not that of fellow j)ractitioner. W hile these experts provided knowledge th a t 

was invaluable for the definition of problems and the framing of potential solutions, they did 

not provide the engineering knowledge required by students. These knowledge requirem ents 

typically arose in the later stages of the projects in response to difficulties in detail design, 

prototyping, and testing. Even in the case of Course C l. in which a software firm acted as 

sponsor for a software-focu.sed project, th is phenomenon was observed. The practical design 

knowledge of the sponsor seemed unavailable to  the students while they were implementing 

their design in code.

Problems of access to connnunities of practice were not due to ignorance or neglect of 

th is issue by teaching staff. As noted in Section 4.2.3. it is unfeasible for teaching staff to 

jjrovide the domain knowledge re(}uired by all student team s. The observation data  records 

nm ltiple examples of teaching staff a ttem pting  to  address this by connecting students with
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engineering researchers and professionals with experience relevant to  a team ’s project. This 

was typically done in an ad hoc fashion, with teaching staff' searching their social networks 

for candidate experts in response to emerging team  needs. This reactive, iniprovisational 

approach was necessary as it was not possible to predict in advance the type of domain 

knowledge a given team  would need. However, the tim e required to identify relevant experts 

and arrange meetings with the students, combined with the severe tim e constraints under 

which the students were working, often m eant tha t the c:onnections came too late. In some 

cases, the direction of a project had been altered by the tim e a meeting had been scheduled, 

rendering any potential interaction irrelevant.

There are clear parallels between this issue and tha t of design knowledge reuse: in both 

cases students have sufficient levels of access to support problem definition and concept de

sign activity, but face significant im pedim ents during the later stages of the projects. In 

fact, the two issues are interrelated. Studies of knowk'dge sharing in industry have found 

th a t when answering factual questions or clarifying tasks, designers refer to formal and doc

um entary knowledge soinces. However, during later design phases, and in particular when 

tackling diagnostic problems, the use of social sources is dom inant (Ellis and Haugan. 1997; 

Milewski. 2007). T hat is. designers access problem definition information and concept prece

dents through docum entary and other formal sources, but access detail precedents through 

informal social interactions with peers. Even when docinuentary sources of knowledge are 

available, novice designers require guidance from more experienced engineers to  interpret and 

make use of design precedents (Demian and Fruchter. 2006). The observed problems related 

to  studen ts’ lack of access to detail precedents may therefore be due to their lack of access to 

engineering communities of practice, and in particular to more experienced design engineers.

4.3 C onclusions

This chapter has described the first of three phases of research in OATPB courses. This 

phase of research was conducted in three courses at two institutions. The objective of the 

chapter was to  explore the experiences of students and teaching staff in these courses from the 

perspective of the pedagogical framework developed in C hapter 3. Particular a tten tion  was 

paid to the type of process followed in each course, the  use of design models, access to design 

precedent knowledge, and the opportunities available to students to engage in the types of 

social interactions th a t are fundam ental to  engineering design. A fundam ental issue evident
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in each of these topics was a tension betw'een the need for teaching staff to plan activities 

and support for students in advance on one hand, and the open-ended, unpredictable nature  

of the student projects on the other. The results from this chapter are summ arized here, 

and are used to further develop the pedagogical framework, which wull in tu rn  be used to 

modify the learning environments in future phases. A th ird  column has been added to  the 

framework in Table 4.5 to record features of the learning environment th a t relate to  the 

knowledge categories and theories. Problem atic aspects of the courses th a t require further 

a ttention in future research phases are highlighted in bold font.

D esign  P ro cesses  and S tra teg ies

All team s were observed rehearsing design behaviours described in C hapter 3. in particular 

j)roblem-solution coevolution and a ttem pts to manage uncertainty. Students appeared to 

become more comfortable using intuitive judgem ent as a result of their experiences in the 

courses. All courses used assignments to  guide students through a particular design process, 

combined with feedback and coaching to provide opportunities for flexibility w ithin those 

])rocesses. A fundam ental tension has been identified between the m ethodical and flexible 

aspects of the courses. In the observed Ccises. a top-down, breadth-first s tructu re  combined 

with regular design review meetings aj)peared to  align most closely w ith the objectives con- 

taine^d in the framework. Episodes of local task optim ization were observed, during which 

students focused their efforts on innnediate assigned tasks with little a tten tion  paid to their 

relationship to overall design or learning goals. This behaviour appeared to  be at least partly  

caused by problem atic aspects of the learning environment. Providing clear information 

about the process followed in the course, such as a detailed syllabus docum ent, was identified 

as a potential means of addressing this issue.

D esign  M od els

Students were observed to  engage in sketching and drawing w ithout being instructed or re

quired to do so. particularly during the early stages of the courses. However, the am ount of 

physical modelling undertaken by team s seemed to be related to  in troductory  sketch m od

elling activities during which students were encouraged to  build rapid low-fidelity prototypes 

using low-cost m aterials. The team s tha t participated in these activities appeared more likely 

to  sulxsequently engage in physical modelling throughout their projects. The use of such ex

ercises is therefore proposed as an addition to the pedagogical framework. The im portance
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T able 4.5: Pedagogical Framework for OATPB Courses

Design Knowledge_____________ Guiding Theory_______________ Learning Environment Feature

Strategies Strategic Xature o f Learning
• Learning strategies
• Design strategies
• Task optimization strategies

• Metacognition
• Reflection
• Alignment of tasks and 

learning goals

• Overview of course process

ProceAs Cognitive Appren ticeship
• Flexible-methodical process
• Frobleni-.solution coevolution
• Tolerating uncertainty

• Coaching
• Modelling
• Articulation
• Reflection

• Methodical: assiginnents and 
milestones

• Flexible: coaching via regular 
review meetings

Models Social constructivism
• Sketching
• Prototyping

• Guided discovery • Introductory sketch 
modelling exercise

• High-fidelity prototyping
• Facilities

Design Knowledge Reuse Cognitive FlexUnlity Theory
• Precedents
• Fixation

• Multiple representations
• Contextual information
• Concepts linked to 

precedents
• Emphasis on interrelations
• Knowledge a.ssembly

• Concept precedents
• Detail precedents

The Social Xature o f Design
Fostering a Community o f 
Learners

• Role of language
• Team roles
• Inter-team communication
• Distributed cognition

• Dialogic base
• Distributed expertise
• Communities of practice
• Multiple zones of proximal 

development
• Instructor guidance

• Regular meetings
• Assignment of individual 

responsibility
• Access to stakeholders
• Access to engineering 

commimities of practice
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of high-fidelity prototyping as a learning experience was identified. Supporting s tuden ts’ 

prototyping activities through providing access to the required m aterials and facilities was 

identified as a difficulty for teaching staff, in part due to the open-ended nature of the courses 

which made predicting resource needs in advance impossible.

D esign  K n ow led ge R eu se

Student team s made extensive use of design precedents during the problem definition and 

concept design stages of the courses, both to stiggest potential solution conc-ejits and to 

identify “com peting” designs to circumvent. These types of precedents are here term ed “con

cept precedents.” The am ount of informal ion th a t students needed about such precedents 

was minimal, and docum entary sources such as online patent databases appeared sufficient. 

However, during the later stages of their i)rojects the team s struggled to  access more detailed 

knowledge abo\it the design and m anufacture of precedents. This lack of access presented 

an obstacle to learning as it impeded studen ts’ ability to  rehearse analogical reasoning and 

transfer of knowledge from one context to another. The type of detailed knowledge required 

by students during these stages of the courses is here term ed “detail j)recedent” knowledge. 

S tudents’ difhculty in accessing detail i)recedents was closely relatc'd to a lack of access to  

engineering communities of ]:>ractice.

Socia l A sp ec ts  o f  th e  C ourses

All courses successfully provided opportm iities for students to rehearse the types of social 

interactions tha t are essential to design knowledge. Minimal guidance was required to encour

age team s to adopt behaviours observed in the literature, including deferral of disagreement 

and the invention of a shared language. The type of terminology adopted by teams, and 

the implications of th a t terminology for how they thought about their designs. aj)peared to 

be related to the studen ts’ level of domain experience. The courses also allowed learners to 

rehearse interacting with clients and stakeholders and to  learn about the role of such interac

tions in guiding the technical aspects of design. However, all courses were characterized by a 

lack of sufficient access to more experienced engineers, and in particular there were minimal 

opportunities to participate in engineering communities of practice. This issue was related to 

the open-endedness of the courses, which made it unfeasible for teaching staff to  predict the 

knowledge needs of students in advance. Finally, the am ount of inter-team  connnunication 

observed was minimal, and may be due to the w'ide variety of design problems and solutions
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tackled by students, which often meant th a t there was no direct link between one project 

and another.

N ex t S tep s

The following C hapter describes a ttem pts to  address m any of the issues raised during this 

chapter, in particular the problems of access to  design knowledge and experience. Project 

them es, closely related to  the work of local research groups, are introduced in Course A and 

Course B in an a ttem p t to connect students with more experienced designers and researchers. 

C hapter 5 also describes a ttem pts to apply aspects of the learning environments from Courses 

A and C to th a t of Course B. The chaj^ter thus explores the feasibility of transferring lessons 

from one context to another, and of scaling successful m ethods to meet the needs of larger 

student cohorts.
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The objective of this thesis is to  develop a pedagogical framework for open-ended, au

thentic. team - and project-leased (OATPB) engineering design courses. In Chapter 3. the 

initial em bodim ent of the framework was developed through a review of the literature on de

sign practice and theories of learning. The framework consists of essential aspects of design 

knowledge th a t may serve as objectives guiding the development of learning environments. 

For each aspect of design knowledge a corresponding learning theory was identified; these 

theories are intended to provide guidance on achieving the learning objectives. In Chapter 4. 

this framework was used to guide an exploration of three OATPB courses. The results of 

the research highlighted issues in the design of learning environments, in particular a tension 

between the flexible and m ethodical aspects of the design process, a lack of access to detail 

design precedent knowledge, and a lack of access to engineering connnimities of practice. The 

pedagogical framework was expanded to record features of the learning environm ents that 

appeared to  align w ith the learning objectives and theoiies. as well as to highlight issues tha t 

requiie fiu thcr attention.

This chapter describes the second of three phases of empirical research in educational 

settings. Two courses were selected for exploration in this phase. M odifications were made 

to the learning environm ent of each, guided by the pedagogical framework, and the results 

of these modifications were observed. The chapter begins by describing the changes to the 

learning environm ents as well as the research m ethods used in each context. In subsequent 

sections, the experiences of students and teaching staff are again described and interpreted 

in relation to  the pedagogical framework. Particular a tten tion  is paid to  those aspects of the 

courses th a t were identified as problem atic during the previous phase. The chapter conc ludes 

by further expanding the framework to reflect the results of the research, as well as identifying 

topics of focus for the th ird  phase of research.

5.1 C ontext

Courses A and B were selected as the research sites during this phase. The selection of courses 

was partly  one of convenience; these contexts offered opportvmities for greater influence to 

be exerted over aspects of the learning environment. However, the courses were also selected 

due to  their sim ilarities and differences. Both courses shared a similar teaching philosophy 

and course process, but they differed significantly in term s of num ber of students, available 

resources, and overall context. Thus, one of the research objectives was to  investigate whether
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T a b le  5.1: Overview of the courses

Course code A2 B2

Academic Year 2012-2013 2013-2014

Level Mixed Undergraduate

Type of projects Electromechanical
Mechanical, Electronic, and 
Software

Duration of project 15 weeks 21 weeks

Number of students IG 61

Number of teams 4 10

similar teaching approaches and learning activities, informed by the pedagogical framework, 

could be applied in two very different contexts. A second research objective was to explore the 

use of project them es as a means of providing acc'ess to engineering comnnuiities of practice. 

Them es linking student projects to  each other and to the work of engineering research groups 

were introduced in both courses. In doing so. the hope was tha t these research groups would 

serve as connnunities of practice in which the students could participate. The following 

sections describe the them e introduced in each course as well as other changes to the learning 

environments. Table 5.1 contains a sunnnary of inform ation about the courses.

5.1 .1  C ou rse  A2

During the second phase of research, the overall form at of Course A remained imchangc^d. 

Again, four team s of students w^orked with four clinicians to  dc'velop solutions to  unm et clin

ical needs. The class was composed of four graduate and twelve undergraduate students. 

A top-down, breadth-first process was imposed on the student projects through milestones 

and assignments, and the wc'ekly review meetings between each team  and the teaching staff 

provided opportunities for coached deviations from this process. As before, the course culmi

nated in a showcase at which students presented their designs and dem onstrated their final 

prototypes to  an invited audience.

The m ajor change in the learning environment of Course A during Phase 2 w'as the 

introduction of a technological theme. The focus of the course bec'ame medical applications of 

soft robotics technology. Soft robotics is a field of re.searcfi tha t studies the use of low-moclulus.

97



RESEARCH PHASE 2 5.1. CONTEXT

Inextensible layer 

Bottom layer

Main body mould Bottom layer mould

F ig u re  5.1: A variety of configurations of the PneuN ets soft pneum atic actuator: (a)
Schematic of an actuator and tlie moulds used in its fabrication; (b) A soft robotic grasper 
(Ilievski et al.. 2011); (c) An am bulatory quadruped (Shepherd et al.. 2011); (d) A robotic 
tentacle (M artinez et al.. 2013).

often hyperelastic, m aterials in the design of electromechanical devices. An example of a soft 

robotic component is shown in Figure 5.1. This fluidic actuato r consists of an elastomeric 

body with an embedded layer of inextensible but flexible m aterial. s\ich as paper or fabric. 

The body of the  actuator is formed using a 3D printed mould, and contains chambers linked 

by a central channel. W hen the air pressure inside these chambers is increased, they expand 

resulting in an elongation of the entire body. However, one side of the body is constrained 

from expanding by the inextensible m aterial, resulting in an overall bending motion. By 

varying the  morphology of the ac tuato r and the configuration of inextensible reinforcements, 

a variety of complex motions can be achieved using only air pressure as input. Figure 5.1 

shows four variations on the same type of actuator.

Soft robotics was selected as a them e in Course A2 for two reasons. F irst, soft robotics is 

of interest in medical applications as it enables compliance matching, or the design of devices 

th a t m atch the m aterial properties of hum an tissue, thereby potentially reducing traum a or 

discomfort. Second, soft robotics research is an active area of research at H arvard involving a 

large num ber of faculty, postdoctoral researchers, and graduate students. These researchers
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are spread across niultii)le groups and acacieniic disciplines and are involved in sharing knowl

edge across these boundaries. The selection of a soft robotics them e was intended to connect 

students with these researchers and thereby enable them  to participate in a large and active 

c'onmiunity of practice.

In order to accom modate this change the approach to  identifying candidate projects was 

modified. Instead of inviting clinicians to  propose projects, the teaching staff sought medical 

j)roblems related to tissue injury or patient discomfort. Clinicians in a variety of fields were 

consulted, including surgery, emergency medicine, and physical therapy. As before, eight 

candidate project-clinician pairs were identified and jiresented to the students, and team  

formation proceeded as before. The use of the them e was not intended to elim inate the 

open-ended aspect of the projects, and each student team  was again required to  define its 

own brief. Two of the team s pursued solutions th a t were not w ithin the original definition 

of soft robotics as understood by the teaching staff. The rem aining two team s made use of 

fluidic soft actuators, but did so in a way tha t was unexpected. Thus, the open-endedness of 

tlie com'se was maintainc'd.

A series of labs was added to the schedule to introduce aspects of soft robotics such as 

mould design and fabrication techniques. These labs took place in the initial weeks of the 

course, in parallel to the students conducting needfinding and j)rior art research. One of these 

labs focused on the assembly of a fluidic control board, consisting of a miniatvire pum p, a 

pressure regulator, solenoid valves, relays, a microcontroller, and pressure and flow sensors 

(Figm e 5.2). This board was caj)able of operating most types of fluidic actuators and was 

intended as a tool to suj)port prototyping and testing. Each team  assembled one board; this 

activity was intended as an opportunity  for students to  learn basic electronics skills and to 

enable them  to subsequently modify the board if required.

5.1.2 Course B2

Considerable changes were made to  the project-based component of Course B during Phase 2. 

The duration of the project was increased so th a t the students had almost the entire academic 

year to develop their designs in parallel to the other course com ponents discussed in C hapter 4. 

As before, the research focused solely on the project-based comj)onent of the course. To 

address the issues of clarity reported during Phase 1. a detailed syllabus docinnent describing 

the weekly course activities and project milestones was provided to  students. A condensed 

version of this syllabus is provided in Appendix F. An introductory sketch modelling exercise
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Solenoid valves

Manual valve control

Pressure regulator

Microcontroller

Pressure sensors

Flow sensor

Manual pressure control

F ig u re  5.2: The fluidic control board provided to  students in Course A2.

was used to encourage stu(ients to engage in physical modelling througliout their projects, and 

new m aterials and machine tools were made available to support high-fidelity prototyping. 

These tools included a CNC router, a hot wire foam cutter, and an acrylic strip  bender. New 

lab activities were introduced to tra in  students on the use of this equipm ent.

A project them e was also introduced in an effort to connect students with researchers. 

Student team s were required to  design solutions to  support successful ageing. Due to the 

phenomenon of population ageing in Europe, research to support successful ageing is a large 

and active field in Ireland. A variety of interdisciplinary research groups and centres are 

engaged in d a ta  collection and technology development aimed at improving quality of life for 

the  elderly. Trinity College Dublin is home to many of these groups, and is also involved in 

collaborative projects with o ther institutions. Thus, a focus on projects related to  successful 

ageing was intended to  facilitate students in interacting with a wide variety of domain experts. 

As before, team s were required to recruit a stakeholder group and work with them  to define 

a need. They were encouraged to  include domain experts in this group, and were provided 

with details of research groups both  a t TCD  and at other institutions.

More frequent milestones and deliverables were introduced in order to  support the me

thodical aspects of the  design process. To allow for flexibility w ithin the process, weekly 

review meetings were added. During these meetings, five team s provided updates on their 

projects to  the teaching staff and the other team s, who provided feedback on current progress
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and advice on subsequent tasks. Formal student presentations coincided w ith m ajor mile

stones throughout the course, culm inating in a public showcase during the final week.

5.1 .3  M ethods

D ata collection during Phase 2 relied on m ethods th a t were largely similar to  those used in 

Phase 1. As before, the role of the researcher in each course was th a t of teaching assistant. 

Fieldnotes were used to document weekly review meetings, lectures, lab activities, contextual 

interviews, and informal interactions with students. The new structure  of Course B2 allowed 

a much greater level of access to students than  was possible during the previous phase. 

Artefacts, including student docum entation as well as photographs of sketches and prototyjies. 

were collected. The “muddiest point" c}uestionnaires were again used in Course B2 as a means 

of monitoring student m iderstanding and identifying jjotential issues. Given the  small num ber 

of students and substantial am ount of contact tim e in Course A2. m onitoring understanding 

and issues direc'tly was possible. Thus, questionnaires were not used in th a t course, but 

were replaced with exit interviews with eight of the sixteen students, rej^resenting half of the 

members of each team . D ata analysis was conducted as describ('d in C hapter 2.

5.2 R esu lts  and D iscussion  

5.2.1 D esign  P rocesses and Strateg ies

W ith regards to the [)rocesses followed in the cours(\s. the prim ary difference between Phases 

1 and 2 were the changes to the structm ’e and delivery of Course B. The introduction of 

regular milestones, weekly review meetings, and a detailed syllabus docm nent were intended 

to  clarify the course process for the students, and to  address shortcomings in the am ount of 

coaching available to team s. In many respects these changes were based on the efficacy of 

m ethods observed in Courses A1 and C l. and an objective of the research in this phase was 

therefore to explore whether m ethods from particular courses c:ould transfer successfully to 

a very different context and a nmch bigger scale. Of course, this transfer involved m aking 

m any modifications to suit the new context: it is not claimed th a t teaching m ethods could 

be universal anti context-independent.

These changes appeared to  have a positive impact on the course. S tudents were nmch 

clearer about the design process being followed and teaching staff were b e tte r able to  m onitor 

each team ’s progrt'ss and provide regular feedback. Coaching on s\ich a scale was difficult.
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particularly given the lim ited tim e available in studen ts’ schedules. The simple weekly ques

tionnaires. originally intended p\irely as a d a ta  gathering instrum ent, were in fact used to 

support coaching. Recurring questions and difficulties reported in studen ts’ questionnaire 

responses were identified and addressed during subsequent lectures. This did not replace the 

need for direct coaching of individual team s, but by answering general logistical or process- 

related questions during lectures it was j)ossible to  sj)end more tim e discussing particular 

aspects of each project during the weekly reviews.

Questionnaire respon,ses were also used to guide adjustm ents to the learning environment 

during the course, and to  involve students in making those adjustm ents. For example, in 

the  early stages of tlie course it became clear th a t students w’ere dissatisfied with the format 

of the weekly review meetings. Initially, these meetings were structured  around informal 

presentations. Each team  presented updates on their progress during the previous week to 

the  teaching staff and fo\u' o ther team s. T he teaching staff responded to  each j>resentation 

and invited o ther students to contribute. The questionnaire responses highlighted some 

problems with this approach. For example, students felt th a t the format resulted in feedback 

focused on the quality of presentations ra ther than  the quality of jjroject work, and that 

a tten tion  was paid prinm rily to completed tasks rather than  future directions and decisions. 

Furtherm ore, students were uncom fortable with all discussion taking place in front of other 

team s, and rejiorted th a t they did not “want to  ask too nnich in front of everyone.” To address 

these problems, a class activity introducing concept generation and selection m ethods asked 

students to redesign the  weekly review meetings. The studen ts’ “designs” were collected 

and used to guide modifications to the m eeting format. The new format involved each team  

providing a two-m inute update  to  the entire group, followed by the teaching staff spending 

tim e with each team  individually. These c:hanges appeared to  address m any of the issues 

raised by the students.

G rading

Com paring between the  two courses studied in Phase 2. problems related to the tension 

between the flexible and m ethodical aspects of the course were particularly  prevalent in 

Course B2. There were many logistical and contextual differences between the two courses 

th a t  might ac'count for the contrasting observations. However, a Rm damental reason may 

be a seemingly subtle difference: the assignm ent of grades. In Course A2. students received 

a weekly qualitative “grade” sunnnarizing the teaching staff feedback on their progress. A
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“check minus’' indicated th a t team  needed improvement, a “check” meant th a t their work was 

satisfactory, and a “check phis” ŵ as awarded when the team  had made substantial progress 

during the ])receding week. These feedback summaries were not directly tied to  their final 

numerical grade for the course, which took account of their overall performance ra ther than  

a tally of weekly scores. In contrast, the team s in Course B2 were assigned numerical grades 

for each milestone, and these covmted towards their final grade. In both  cases the grades were 

intended to j^rovide regular feedback to  the team s and to allow the teaching staff to  keep a 

record of student performance throughout the course.

The seemingly nnnor difference between grading m ethods a])j)eared to  have a m ajor effect 

on student perceptions of tasks in each course. The survey and observation da ta  from Course 

B2 contain rej)eated references by students to  grades, while grades are never m entioned by 

Com'se A2. Tlie fact that numerical grades were the most visible aspect of feedback from the 

Course B2 teaching staff appc'ared to  signal to  students th a t the attainm ent of high scores 

was the prim ary objective in undertaking any individual task, thereby creating perverse 

incentives. From the students ' perspective grades aj)p(>ared to  be assigned almost every week 

based on adherence to the course process. This was an incentive to conform rigidly to th a t 

I>rocess and never deviate into exploring alternatives or taking creative risks, even if advised 

to  by teaching staff. The finality of being assigned an im m ediate grade for a task meant 

th a t students had no reason to revisit th a t task. For example, if the teaching staff felt that 

a team 's exj)loration of alternative solutions was insufficient, they would assign a low score 

for tha t week. For the students, the most im portant ])art of the task, the grade, had now- 

been decided and there was nothing to be gained from sjjending more tim e ex{)loring solution 

concepts. This is another example of the role of environm ental cues in fostering local task 

optim ization strategies among students. Thus, the d a ta  gathered during this phase appears 

to  indicate that rt'gular quantitative grading is poorly aligned with the learning objectives of 

OATPB courses, and tha t qualitative feedback is therefore preferable.

5.2.2 D esign  M odels

An additional change to Course B during this phase was the introduction of a sketch modelling 

exercise at the beginning of the course. Before connnencing their successful ageing projects, 

each team  was required to design a novel bike stand  and to build and docum ent rough 

models dem onstrating their design using household m aterials. The residts of this change 

ap{)ear to  confirm the observation during Phase 2 tha t introductory sketch modelling exercises

103



RESEARCH PHASE 2 5.2. RESULTS AND DISCUSSION

encourage students to engage in more modelling throughout their projects. The effect of 

such a simple exercise seems remarkal)le. Com pared to the previous student cohort. Course 

B2 students were more likely not only to engage in physical modelling, but also to create 

storyboards, produce videos, and incorporate music into i)resentations. It seems likely that 

such exercises signal permission to students to  engage in activities tha t are typically absent 

from engineering coursework. Many i)articipants in all observed com'ses had extracurricular 

interests in creative activities including digital art-m aking. j)hotography. and fihnmaking. 

Being encouraged to make rough models and freehand sketches apparently  encouraged them  

to integrate tliese activities into their design projects. T hat being said, many students in 

Courses A2 and B2 did not see vahie in sketch modelling exercises, considering them  “arts 

and crafts” and “not engineering.”

As hoped, increased access to  prototyping facilities and m aterials in both courses resulted 

in a greater m nnber of prototypes produced and more a tten tion  jiaid to detail design and man

ufacturing issues. The .selection of a technological them e for Course A2 allowed many of the 

team s’ m aterial and equipment needs to be predicted in advance and thereby addressed one 

of the previously identified obstacles to supporting student prototyping in OATPB courses. 

Fm therm ore. the provision of the fluidic control board was observed to  be beneficial for two 

of the four team s. Access to the board allowed these team s to  rapidly prototype and test a 

variety of ac tuato r designs, and allowed them  to focus on the development of their medical 

devices rather than  dedicating tim e to  designing and sourcing supi^orting hardware. However, 

the assembly of control boards by students did not appear to be a useful learning activity. 

Team members with practical electronics experience tended to  take responsibility for this 

task  and did not feel they benefited from it.

The addition of a lecture covering fundam ental mechanical design principles seemed to 

encourage some Course B2 students to engage in more approxim ate analysis; however, for 

m any team s in both  courses analysis was either unfeasible or inappropriate. In particular, 

modelling soft robotics components is difficult even for experienced researchers, due to  the 

use of liyperelastic m aterials with nonlinear behaviours (Lipson. 2013). As a result, only one 

team  in Course A2 used modelling and analysis to  guide their design. Some students felt 

th a t a lack of analysis m eant th a t their project was “not engineering.” again referring to 

“arts  and crafts.” The belief th a t all engineering projects rely on the use of m athem atical 

models is at odds with the reality of design, which often relies on prototyping and testing as a
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more efficient m ethod of giiiding decisions in situations where creating analytical or numerical 

models would be too complex or time-consuming. This belief is potentially a result of the 

empha^iis on analysis in engineering education. The misconception is troubling a.s it indicates 

tha t students are miaware tha t they are rehearsing engineering design knowledge, which is a 

barrier to the type of deliberate practice required for the development of expertise.

5.2.3 D esign  K now ledge R euse

The obj('Ctive of introducing course themes in both  settings was to increase access to design 

knowk'dge by enabling students to interact with engineering conununities of practice. Thus, 

s tuden ts’ retrieval and tis(' of design knowledge was prim arily a social activity, and is exjjlored 

in the following section. However. Phase 2 also provided an opportunity  to  further investi

gate studen ts’ a ttem pts to  access design knowledge from docum entary sources. This section 

describes some difficulties and successes encomitered by students a ttem pting  to retrieve and 

use information about detail precedents from online databases.

D eta il P reced en ts  for Softw are and E lec tron ic  D esign

During this research phase it was olxserved th a t st\ulents do in fact make extensive use of 

detail prc-cc'dents from docum entary sources when working on design tasks. However, these 

tasks are consistently relatc'd to software or electronic circuit design rather than  mechanical 

design. Software source code is typically a set of tex t files, while elc'ctronic wiring diagram s 

are pictorial representations. Text and image files tend to be platform -independent, in th a t 

they can be viewed and manij)ulated using most conij)uter platforms, and are therefore ideally 

suited to sharing via the Internet. Thus, an online culture of sharing code and circuit diagram s 

exists, and students draw on these exanii)les when prototyping their own designs. In the 

observc'd caaes of this activity, students did not seem to use such precedents for concept 

design or problem definition, but drew on them  solely when attem pting  to implement a 

design. In order to understand how students use such detail precedents, and what effect this 

might have on their learning, contextual interview's were conducted with students working 

on electronic or software design tasks. Excerpts from one such interview are presented here.

The student is trying to use an Arduino microcontroller to  read values from a flexion 

sensor, which exhil)its a change in resistance as a rc\sult of angular deflection. She wants to  

embed the sensor in a soft bending actuator in order to m onitor the ac tuato r's  deflection.
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but first she m ust figure out how to interfac:c the sensor to  the com puter, via the Arduino. 

She is using a booklet of example Arduino projects as a source of guidance.

R: Is there any project that seems relevant?

S; Yeah... th ere’s one for a force sensor with code and how to set it tip... there 

should be one for the sliding sensor which is similar to this guy...

R: Can you find th a t example in the book?

S: Not in this which is surprising as I know we built one in [an electionics course] 

last year using th is guide... Oh I th ink they changed it... It was a i)otentiometer...

They update  [the booklet] from year to year.

R: Are you following their diagram  for the force sensor example?

S; Yeah it seems like a good place to s tart. The LED brightness changes ba.sed 

on the pressure on the sensor, we could do the same for the fiex sensor... or we 

could just read in the value instead...

The student dem onstrates an m iderstanding of the basic operation of the sensor, and 

can draw an analogy with examples in the booklet which deals with other types of variable 

resistor ( “a force sensor” and “the sliding sensor” ). The booklet contains a  wiring diagram  

for connecting the sensor to  the m icrocontroller pins, and source code for reading the voltage 

a t the relevant pin. The student refers to  the wiring diagram  to connect her sensor, adapting 

it to  elim inate mmecessary components including an LED.

R: Which resistors are for the LED and which are for the sensor? Do you need 

these resistors?

S: Oh I th ink th a t ’s right. We can just go straight to  the pin.

The student connects the sensor to  the  Arduino. which is connected to  a com puter, and 

modifies the code in the booklet to  read in the sensor value and display it in the serial monitor. 

She compiles and runs the code but nothing happens, and she has trouble finding the serial 

m onitor window. She tries to figure out if there is som ething wrong with the circuit or the 

code, but cannot see a problem. Eventually she searches online for a solution and finds a 

website th a t explains how to open the serial monitor.
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S: T h a t’s iny procochire for any progranniiing language. Go on Google and search 

something and scroll through the results. It works be tte r for some languages than  

others... This is how I choose what language to use.

The student also searches for instructions on using a flexion sensor with Arduino. She 

finds an example wiring diagram  which includes the resistor th a t she earlier thought was 

unnecessary. By following the diagram  she is able to get the circuit and software working as 

intended.

R: hy is th a t n 'sistor necessary?

S; [Looks a t diagram, thinking] Well without the resistor the sensor is the only 

thing between the source and ground, so all the voltage has to drop over the 

sensor... You need another v'oltage drop between the sensor and groimd so tha t 

the drop over the sensor can vary.

This brief episode concerned a relatively simple task which was part of a project focused 

prim arily on the nn'chanical design and fabrication of soft robotic actuators; such electronic 

design tasks were a minor comj)onent of the studen t’s work. However, the episode dem on

stra tes some featiu’es of student use of detail precedents. The student considered herself 

a mechanical engineer with minimal practical electronics knowledge. However, she seemed 

confident in reasoning about precedents, drawing analogies between difi’erent typers of sen

sors and displaying no hesitation in adapting the precedent circuit to her ow'n needs. Her 

confidence seems to i)e based on her ex{)erience using similar approaches to  software design; 

she has a “procedure” for finding and using precedent knowledge and bases design decisions 

such as the choice of progrannning language on the availability of docum entation. Finally, 

she is capable of using pn'cedents combined with trial and error to understand fundam ental 

design j^rinciples; at the end of the episode she reasons about the requirem ent for the second 

resistor and arrives at an m iderstanding of the basic principle of operation of a voltage di

vider. However, it is unclear whether this reasoning would have occurred in the  absence of 

the researcher’s questions.

D eta il P reced en ts  for M ech an ica l D esign

The observations during Phase 2 indicate th a t students are comfortable using precedents in 

certain domains and are capable of learning design knowledge as a result. This is the case even
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when their experience in those domains is hm ited. as in the example above. An implication 

seems to  be th a t design precedents, in addition to  providing opportvniities for stvulents to  

rehearse analogizing and redesigning, can increase studen ts’ confidence to  engage in detail 

design tasks. However, there were no observed cases of students using online detail precedent 

information for mechanical design tasks. During Phase 1 it appeare'd th a t this was due to 

a lack of access to  the types of design knowledge required by students. In order to better 

understand st\idents’ yjerspectives on this issue, they were asked dtiring the exit interviews 

about their use of software and electronic design precedents from docum entary sources, and 

their experiences a ttem pting  to hnd similar docvnnentation for mechanical design.

All of the students interviewed had experience modifying and synthesizing code or circuit 

designs retrieved from online databases. All interviewees were initially unable to identify 

equivalent sources of knowledge for mechanical design. W hen asked about online libraries 

of CAD .solid model files, most students indicated th a t they were aware of such resources 

but did not consider them  eq\iivalent to  the sources of precedent knowledge for software 

and electronic design. Only one student reported using CAD files obtained online as part 

of his design project; an extrac't from his interview is contained in Table 5.2. The student 

reported prim arily using precedent CAD files not to  support design tasks, but to support 

the creation of docum entation. For example, when creating anim ations for use in a presen

tation . he retrieved examples th a t  inchided similar anim ations and used these to understand 

the anim ation procedure. R ather than  modelling an anatom ical shape for use in the same 

presentation, he used one retrieved online without modification. The student attem pted  to 

modify solid models but found it difficult, and many tim es resorted to building models from 

scratch, using the downloaded file as a guide.

S tudents’ a ttitudes to precedent CAD models are notably different to  their views on 

electronic and .software precedents. Most interviewees felt th a t access to  such precedents 

was of hm ited use in supporting detail design ta.sks. This is due to fundam ental differences 

between source code, wiring diagram s, and solid models. Logistically speaking, modifying 

source code is straightforw ard as it typically involves editing tex t files. Modifying a circuit 

design requires editing a two-dimensional representation, and can often be done mentally as 

in the  example above. This is not to  say th a t such tasks are conceptually easy or th a t the 

resulting products will function as intended, bu t the procedures involved in m aking changes 

are relatively straightforward.
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T able 5.2: Stiulent use of an online CAD library

R: W hat do you tend to use |the CAD hbrary| for? Like individual parts or more complex 
systems?

S: Lve only ever used it for motion studies or complex shapes. Not necessarily complex 
systems. For example when we were trying to find a liver shape and I didn’t want to make it 
myself. And I think the other thing was that animation with the device going down and then 
bending... Finding examples that had motion studies where parts would change shape during 
the motion rather than just relationships between parts changing during the motion.

R: And how would you use that, like you'd download it and open it in |the CAD software]
and try to see what they've

S: Yeah... yeah. The documentation there was not nearly as good as it is for a lot of computer 
science stuff.

R: T liat's what Lm wondering: do you actually go througli it and try to reverse engineer it 
or look for docmnents that explain the process?

S: Oh no usually Lll reverse engineer it.

R: How does tiiat work?

S: So for the motion study ones usually Lll start by going frame by frame through the study
and look at relationships that change. And then delete parts that I think are irrelevant until 
something breaks.

R: Have you ever taken anything and tried to modify it to a particular purpose?

S: Yeah I did that a couple of times for things for this course.

R: And how did you find trying to modify someone else's solid models?

S: I think i t ’s hard because I don't think [the CAD software] is very intuitive the way it 
builds parts... I t ’s harder I think to modify things in the process because you have to roll back 
until that specific part was created. And if there are relationships later on I think it's harder 
to change them. So a lot of times I'll try to reverse engineer and try to modify and if it doesn't 
work just recreate and just follow the steps as I roll back and then roll back in.

R: So kind of work from scratch as if that were

S: Yeah as if it were a tutorial.
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However, mociifying a solid model is logistically difficult. Solid models are created through 

sequential steps of adding and removing features. Each step relies on morphological charac

teristics of features created in jirevious steps. Editing one element of a model can therefore 

“break” the entire model, tha t is. break the docm nentation itself. As a resxilt. students felt 

th a t it was generally more straightforw ard to  create models from scratch rather than modify

ing precedents. However, some students believed th a t explanatory docm nentation accompa

nying a precedent solid model would assist with making modifications, as often understanding 

the reasons for features of the model is the main source of difficulty.

A further lim itation of solid models as design precedents is th a t they typically describe 

only the morphology of a design; inforuiatiou abo\it parts, m aterials, and m anufacturing 

processes used are om itted. The observed difficulties faced by students relate to precisely 

these details, and thus the availability of CAD files alone does not address the needs identified 

in Phase 1.

5.2.4 T he Social N ature  o f  D esign

Project themes were introduced to bo th  courses with the aim of connecting sttidents to engi

neering connmmities of practice. In Course A2. the them e related to the type of technology 

expected to be used in most projects, while in Course B2 the common them e was the section 

of society whose needs the projects aimed to address. In other words, the team s in Course A2 

shared a connnon solution domain, and the team s in Course B2 shared a connnon problem 

domain. This section compares the different types of project them e, and explores their effects 

on facilitating student-expert interactions.

In both courses, the use of them es was successful in connecting students with experts. 

In Course B2. eight of the ten student team s recruited at least one expert stakeholder, 

in addition to  their user group, to  provide input on their projects. These experts were 

typically clinicians with experience providing medical care for elderly patients. This was an 

improvement over Course B l. during which studen ts’ user groups consisted solely of non

experts. However, of interest here is the amount of interaction with engineering experts 

ra ther than  expert stakeholders. Four of the ten team s interacted with engineering researchers 

working in the area of successful ageing. Some of the students were extrem ely enthusiastic 

about the opportm iity to engage with more experienced engineers, w ith one team  travelling 

to  another county to visit a research group and tour their facility. However, while these 

interactions provided students with insight into the practice of engineering research, the
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exports consulted typically worked in the area of diagnostics and d a ta  gathering rather than  

design. As a result, their role in the student projects was closer to  th a t of expert stakeholders, 

and they typically provided guidance on problem definition, feedback on proposed solutions, 

and information about concept precedents. Lack of access to  detail precedents thus remained 

an obstacle for the teams. As in Phase 1. the students relied on the knowledge of teaching 

staff to acrjuire detail design knowledge, and the wide range of designs presented challenges 

for teaching staff in a ttem pting  to  connect team s with relevant domain experts.

In contrast, the technological them e used in Course A2 resulted in all team s interacting 

with engineering connnunities of practice engaged in designing technology relevant to the 

student projects. These connnunities were composed of doctoral and postdoctoral researchers 

prim arily working in the field of medical device design. Access to these experts addressed 

many of the problems identified during Phase 1. Through participation in a connnunity of 

practice the students gained access to detail precedent knowledge including design princij)les. 

exami)les of soft robotic c omponent designs, fabrication processes, and testing methcjcis. The 

more c'xjierienced engincH^rs provided guidance on adapting precedents to new contexts, and 

explainc'd the rationale for previous design decisions. Teams usc'd this knowledge to adapt 

and synthc'size elements of previous dc^signs and c'omI)ine these elements with their own 

original work. The student interactions with researchers consisted of informal meetings, 

email c'orrespondence. and practical dem onstrations in labs and workshops.

The most connnon tyjie of knowlc'dge shared in these interactions related to  j^rototyping 

or fabrication procc'dures. In mechanical engineering, detail design is closely relates! to m an

ufacturing methods, and the students jirimarily sought to understand the m ethods used in 

detail precc^ients in order to  comprehend the design itself. The soft robotic com ponents th a t 

students used in their j)rojects relied on nniltistep moulding procedures, and many students 

did not m iderstand a component design or its principle of operation until they had completed 

the rcxjuired moulding process themselves.

The students’ acquisition of detail design knowk'dge wa.s typically a pro tracted  process in

volving multiple interactions with exj>erts interspersc’d w'ith self-directed a ttem p ts  at apjilying 

the knowledge to their particidar problem. During their meetings with experts, students w^re 

often unable to exi)licitly pose q\u\stions. and instead si)ent tim e explaining the context of 

their prolilcm and proposc’d solution. Expc'rts respondc'd to this contextual information with 

suggestions of possible precedents, and engaged the students in discussions about jjotential
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implications of particular design decisions. In other words, the discussions rarely consisted of 

straightforw ard inform ation transfer. This pa ttern  has been observed in interactions between 

design experts and novices in the aerospace industry (Ahmed and Wallace. 2004; Deken et al.. 

2012 ).

Table 5.3 contains an example of a meeting between a student and an expert. In this 

brief excerpt the  discussion covers topics including related connnercially available devices, 

medical procedures, previous design experim ents conducted by the expert, m aterials, fabri

cation m ethods, and potential mechanism designs. The problem context appears to suggest 

a range of possible precedents to the expert, perhaps indicating tha t her design knowledge 

is organized around “contexts of applicability” (Bransford et al.. 2000. p. 31). The student 

clearly contributes to the conversation by suggesting alternatives and identifying potential 

issues, rather than  passively receiving information. In doing so. he is beginning to  participate 

in and contribute to  a connnunity of practice. In fact, by the end of the course some team s 

had begun contributing knowledge back to  the research groups by sharing their own novel 

fabrication m ethods or design variations.

However, s tuden ts’ appropriation and modification of design precedents was not always 

successful. One week after the meeting described in Table 5.3. the s tuden t’s team  was facing 

difficulties im plem enting the expert’s fabrication procedure. R ather than  returning to  the 

expert to discuss the problems, the team  decided to invent their own m ethod, a m ethod 

th a t had been explored and discarded by the research group m onths previously. Convincing 

the students to  consult w ith the exjjert again required multiple a ttem pts by a m em ber of 

the teaching staff. The problem was eventually resolved when a team  member observed 

the expert following the procedure. The team ’s reluctance to  discuss their problems with 

more experienced engineers appeared to  be based on a desire to invent their own m ethod. 

This echoes findings by Busby and Lloyd (1999. p. 139) th a t designers sometimes associate 

“self-esteem with doing original design work, not adapting past designs.”

Overall, the use of the soft robotics them e in Course A2 facilitated the types of in

teractions with engineering connnunities of practice th a t were identified as lacking during 

Phase 1. Com paring between the two approaches used in Phase 2. the adoption of a tech

nological them e seemed preferable to  th a t of a problem dom ain them e. The only observed 

disadvantage of the approach taken in Course A2 was the tim e com m itm ent required of the 

experienced engineers. Much of this tim e was spent holding introductory m eetings during
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T able 5.3: Excerjjt from a discussion between a student and a domain expert

A student (S) is meeting with a graduate student (E) who has exten.sive experience in tlie 
medical device industry. The student team has decided on their solution concept, and is working 
on the mechanism details and a prototyping plan. The course lecturer has advised the team to 
make u.se of an actuator fabrication technique that E uses in her research. E has explained the 
process and provided a box of parts including actuator moulds and custom jigs, and has shared 
.solid model files that students can modify to make their own moulds. S u.ses the opportunity to 
discuss an unrelated problem that his team is facing:

S: We need a way to anchor the device to the tissue, t)ut the anchor has to come through 
from the other side before being deployed so we were thinking of using a balloon... like a 
donut tiiat you can push through the iiole and then inflate and it acts as the anchor.

E: We have made our own balloons before by making wax cores and dipping them in 
elastomer. Then you melt the wax and you're left with a balloon... The other option is an off- 
the-shelf balloon. I have a catalogue that I can send you... But yeah I think we have been able 
to resist 5N of pull-out force with the |elastonier] balloon...

S: Woiild it be viable to make something out of nitinol |a shape memory alloy) and cast it in 
elastomer'.’’

S sketches the solution his team has been considering, and outlines some of the issues they think 
they will face, in particular the delivery of the anchor through the hole. E explains the approach 
that many existing devices use in similar .situations:

E: When you're going in through a catheter, fold and roll is the best way. I t ’s what they do 
for angioplasty balloons.

l-l
E: But for this I'm  not sme a balloon would have as good fatigue life as nitinol.

l - l

S: I didn’t think too nnich about how durable the balloon would need to be.

E: Another device ha.s a 3D coil that you can push out to the height you want.

S: W ith the nitinol I'd be worried about the size and strength of the linkages.

E: No, you'd just make it all out of one piece of nitinol. There would be no linkages... I have 
a device upstairs for delivering cardioplegic agents. It's  a shaft with a rubber balloon at the 
end.

E shows S some commercially available medical devices that might help the team in thinking 
about mechanisms to solve their anchoring problem, and provides company names and part 
catalogues where the students can find more information.____________________________________
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which the researchers shared basic backgroiiud iiiforniation about particular designs or fab

rication processes with st\idents. Subsequent discussions tended to be more brief as the 

participants had a shared m iderstanding of the background information. Thus, it would be 

beneficial to identify alternative means of sharing this background information with learners.

5.3 Conclusions

This chapter has described the second phase of research in OATPB co\irses. An objective of 

the research described in this chapter was to explore the use of a course them e to connect 

students with engineering conmnuiities of practice while retaining the open-ended natu re  of 

the projects. A second objective w'as to  observe the effects of modifying features of certain 

learning environm ents (Coiu'se A and Course C) and applying them  in a v’-ery different con

tex t (Course B). All changes to the learning environments were intendc'd to address issues 

identified during Phase 1. such as a lack of clarity abo\it course s tructu re  among students 

and a lack of access to  detail design i)recedents and engineering conununities of practice. 

The aim throughout this thesis is to  develop a pedagogical framework for OATPB cotirses by 

com paring theories and results from the literature  to  the experiences of students and teaching 

staff in these courses. This section sunnnarizes the results from the second phase of research 

with reference to  this pedagogical framework. Additions to the framework in Table 5.4 are 

\mderlined. while topics th a t rem ain problem atic are again highlighted in bold font.

D esign  P ro c esse s  and S tra teg ies

The introduction in Course B2 of a more structm ed  process with regular deliverables and a 

detailed syllabus document providing a course overview appeared to address the issues of clar

ity identified in Course B1 and led to  an overall improvement in project quality. New weekly 

review' meetings and simple weekly questionnaires were used to m onitor student progress 

and difficulties and support coaching of team s. Coaching rem ained an issue given the large 

class size, bu t the feasibility of adopting modified teaching approaches from a very different 

context was dem onstrated. “M uddiest point” questionnaires were found to be effective as a 

means of m onitoring student m iderstanding and identifying issues in a large class. However, 

the use of regular quantitative grading was identified as an obstacle to  encouraging flexibil

ity and encouraged task optim ization strategies th a t were at odds with the overall learning
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goals. Q ualitative grades are therefore j^roposed as a preferable means of providing feedback 

on assignments.

D esign  M od els

The addition of a sketch modelling exercise to Course B2 confirmed tha t it has a positive effect 

on the amount of j)rototyping carried out by team s, and dem onstrated tha t the exercise is well- 

suited for us(' in large classes as it does not rely on access to ecjuipment or facilities beyond 

household items. In both courses, improved access to prototyping equipm ent, m aterials, 

and space supported an increase in detail design and prototyping activity. The use of a 

general hardware control board in Course A2 supported some team s in building and testing 

fmictioning ])rototy{)es; however, the a.sseml)ly of the board wa-s not a u.seful learning activity 

for students. Teams engaged in mechanical design projects in Course B2 were f)bserved to 

engage in m athem atical modelhng to guide their design. l)ut in Course A2 the soft robotics 

foc\is made this unfeasible for most teams.

D esign  K n ow led ge R eu se

In Course A2. the selection of a cotirse them e focused on a i)articular class of technology (soft 

robotics) supported reuse of detail design precedent knowledge. This knowledge was prim ar

ily accessed through social sources, and focused predom inantly on fabrication j)rocedures. 

Students used this fabrication knowledge as a way to  understand precedent designs before 

adapting thc'se designs for use in their project. S ttidents’ use of online databases of software 

and electronic design was explored. It was found that such sources lower barriers to  entry by 

allowing novices to  engage in analogical reasoning to  transfer designs from one application to 

another, and in reverse engineering designs in order to understand fm idam ental principles. 

However, a lack of equivalent resource's for mechanical designs was highlighted. Students 

found tha t online libraries of CAD solid models were of limitc'd utility for learning design; 

the only interviewee who used these rc'sources did so prim arily for producing docum entation 

rather than  to supj)orting design problem-solving.

T h e Socia l N a tu re  o f  D esign

The introduction of course them es in both courses Ic'ci to  an increase in interac'tions between 

students and experts. In Course A2. this i^rimarily involved students participating in engi

neering connnunities of practice. Students learned about detail design precc'dents through
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social interactions with more experienced engineers, and students were observed to actively 

participate in such interactions rather than  passively receive information. In Course B2. the 

students m ade connections with nuiltiple problem domain experts, including engineering re

searchers in some cases. This provided team s with knowledge about concept precedents and 

allowed students to rehearse interacting with clients and other design stakeholders. Compar

ing between the courses in term s of the pedagogical framework, the use of a technological 

them e was preferable for enabling participation in engineering conummities of practice. How

ever. the dem ands on experts’ tim e were nnich greater in Course A2. and this may represent 

an obstacle to  scaling this approach, or even to sustaining it in a small class.

N ex t Steps

A substantial am ount of experts’ tim e was spent in early meetings providing the students 

with background, declarative knowledge on which to build subsequent interactions. This type 

of knowledge could be recorded and provided to students in advance of their interactions with 

experts, which would enable the discussions to focus on more complex procedural knowk'dge. 

while also reducing the dem ands on experts' time. Fm therm ore. a lack of online databases of 

mechanical design precedent knowledge has been identified as an additional reason for stu 

den ts’ difficulties in accessing domain knowledge. The following chapter a ttem pts to address 

these issues by developing an online database of soft robotics design prece'dents for use in the 

th ird  phase of research. The chapter also describes the development of a research instrum ent 

intended to augment the qualitative d a ta  by m easuring the effects of OATPB courses on 

studen ts’ design knowledge.
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T a b le  5 .4 : Pedagogical Fram ew ork for O A TPB  Courses

Design Knowledge_____________ Gtiiding Theory________________Learning Environment Feature

Stnitegics Strategic \n tu re  o f Lenrning
• Learning strategies
• Design strategies
• Task optimization strategies

• Metacognition
• Reflection
• Alignment of ta.sks and 

learning goals

• Overview of course process
• Qualitative feedback rather 

tlian quantitative trading

Process Cognitive Apprenticeship
• Flexible-methodical process
• Probleni-solution coevoliition
• Tolerating uncertainty

• Coaching
• Modelling
• Articulation
• Reflection

• Methodical: assignments anrl 
milestones

• Flexible; coaching via regular 
review meetings

• Monitoring understanding 
via "nuiddiest point" 
fiuestionnaires

Models Social constructivism
• Sketching
• Prototyping

• Guidc'd discovery • Introductory sketch 
modelling exercise

• High-fidelity prototyping
• FaciHties

Design Knowledge Reuse Cognitive Flexibility Theory
• Precedents
• Fixation

• Multiple representations
• Contextual information
• Concepts linketi to 

precedents
• Empha.sis on interrehuions
• Knowlc'dge a.ssembly

• C'oncept precedents
• Detail precedents from 

documentary an<l social 
sources

The SocinI Xntiire o f Design
Fostering n Conununity o f  
Learners

• Role of lang>iage
• Team roles
• Inter-team communication
• Distributed cognition

• Dialogic base
• Distributed expertise
• Connnunities of practice
• Multiple zones of proximal 

development
• Instructor guidance

• Regular meetings
• Assignment of individual 

responsil)ility
• .'\ccess to stakeholders
• Access to engineering 

conmnmities of practice via a 
technological theme rather 
than a problem theme
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The objective of this thesis is to  develop a pedagogical framework for open-ended, au

thentic. team - and project-based (OATPB) engineering design courses. An initial framework 

was developed in C hapter 3 by combining results from the literature on design cognition 

with learning theories from the fields of educ:ational psychology and social anthropology. The 

framework was further developed in C hapters 4 and 5 based on the results of two phases of 

qualitative research in OATPB courses. The research conducted during these phases iden

tified problem atic aspects of the learning environm ents of these courses, including a lack of 

access to docum entary and social sources of detailed mechanical design knowledge. In Chap

ter 5. aligning student projects to the work of local research groups was found to provide 

ac'cess to social sources of the required knowledge. How'ever. a potential concern with this ap

proach was the am ount of tim e rec}uired for experienced researchers to  share their knowledge 

with students, which may serve as a deterrent to participation for these researchers.

It was observed th a t many of the initial interactions between students and researchers 

were dedicatt'd to  sharing the detailed declarative knowledge which wa.s a prere^quisite for 

subsequent discussions th a t focused prim arily on more advanced procedural knowledge. It 

was also observed th a t students regularly make use of online databases containing detaik 'd 

design information related to electronic and software design, but tha t c'cjuivalent resources 

for mechanical design either do not exist or are insufficient to  meet s tuden ts’ needs. This 

chapter describes an attem pt to address both of these issues by developing an online database 

of detailed mechanical design information. Such a database w'ould reduce the am ount of tim e 

during expert-novice interactions dedicated to  sharing declarative knowledge, and thereby 

reduce deterrents to participation by researchers. In keeping with the them e of Course A. the 

resource developed in this chapter focuses on soft robotics. However, its development may 

serve as an example for other types of mechanical design knowledge databases.

This chapter also describes the develojiment of a da ta  collection instnnnent for use in the 

next phase of research in OATPB courses. Thus far the research has focused on the analysis 

of qualitative d a ta  describing the experiences of participants in these courses. The results 

have yielded insights on aspects of the learning environm ents, but it has not been possible 

to  directly evaluate the effects of course design on studen ts’ knowledge. Assessing design 

knowledge is difficult, and as a result there  is no generally accepted m ethod for evaluating 

the efficacy of teaching m ethods in design. The research presented in this chapter a ttem p ts 

to  address this issue by develoj)ing and testing a set of concept questions related to  aspects
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of (iesign knowledge identified in previous chapters. The resulting instrum ent will be used to 

sui)plement the qualitative data  gathering dm'ing the th ird  phase of research.

The chapter begins by descriliing the backgroimd to and development of the database 

of soft robotics design knowledge. User tests intended to  ensure the clarity of the database 

contents are discussed, and a description of the structure  and content of the resulting website 

is provided. The rem ainder of the chai>ter focuses on the development of the concept (juestions 

for design. An initial set of questions is developed and pilot tested. The results of testing 

inform the development of the instnunent th a t will be used in the next chapter.

6.1 T he Soft R o b o tics  T oolkit

In course A2 it was observed th a t students make use of online collections of detail precedent 

knowledge related to software and electronic design. The aim of the Soft Robotics Toolkit 

(SRT) is to create a com parable resoiu’ce to support soft robotics design by recording expert 

knowledge in such a way th a t it can be retrieved and u.sed by novice's. As the SRT is inspired 

by resom'ces in electronic and software engineering, a review of these resources will be useful. 

In i)articular. the success of open source software and open source hardware are taken as a 

s tarting  point for developing the SRT.

Open source software (OSS) is coni])uter software ])rovided under a license tha t allows 

users to  run. study, modify, and redistribute the software source code as they wish. OSS 

projects such as the robotics operating system (ROS) provide a m odular and reconfigurable 

platform  to support the rapid im plem entation of new designs (Quigley et al.. 2009). OSS has 

been successful in the software industry, and a large body of work has sought to nntlerstand 

this success and draw general lessons from it (e.g.. Lakhani and Wolf. 2003; Osterloh and 

Rota. 2007). An increasing number of researchers and practitioners have proj)osed th a t the 

success of OSS could bc' re])licated in other industries (Hope. 2004; Lerner and Tirole. 2004). 

An example of such a replication is open .source hardware (OSH). in which design information 

related to "tangible artefacts machines, devices, or o ther physical things” is shared under 

a license tha t allows others to modify, use. and redistribute it (OSHWA. 2012).

In the i)revious chapter, excerpts from a contextual interview described a studen t’s use 

of the Arduino microcontroller, a project th a t combines OSS and OSH in an educational 

tool originally develoi)ed for use by design students. The Arduino is an electronics platform  

intended to su]jport rapid j)rototyi)ing and testing of embedded com puting designs, and has
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become extremely popular in engineering departm ents. The A rdnino’s success is due in large 

part to an active online connnunity of users who share wiring diagram s and source code, 

which students use as detail precedents. In fact, the success of the open source approach 

in general is due to the erosion of boundaries between users and producers. W hen a large 

am ount of users make small modifications to a design and these changes are accinn\ilated. it 

leads to rapid progress in the development of a technology (von Hippel. 2005).

A necessary component in developing such a resource may therefore be a com m unity of 

user-producers. Such a connnimity may address the knowledge acquisition problems com

monly encountered in research on exj)ert systems and information resource m anagement. For 

decades, research in these fields has focused on recording the knowledge d istributed throvigh- 

ont large organizations. However, eliciting knowledge th a t is often tacit and held by a small 

num ber of research subjects has proved to be a challenge (Wagner. 2006). W agner proposes 

th a t open source aj^proaches. in which a large num ber of users engage in dialogue via a 

docum entary database, may provide a solution to  these difficulties. A large number of con

tribu to rs with varying levels of expertise, engaged in reviewing each o ther’s work and asking 

and answering questions, may be effective a t gradually shaping a know'ledge database.

The challenge then becomes engaging soft robotic researchers to contril)ute expertise and 

build a com num ity around the resource. The growth of soft robotics as a research field is a 

relatively recent phenomenon, and there are many open challenges tha t m ust be addressed 

in order for the  field to develop (Lipson. 2013; M ajidi. 2013). Soft robotics researchers have 

acknowledged a need for shared design tools and standards to ease knowledge transfer (Lipson. 

2013; Trinnuer et al.. 2013). The proposed toolkit could serve as a jjlatform to meet these 

needs. Framing the toolkit as a resource to  support the soft robotics research conmumity. 

ra ther than  solely as an instructional tool, may provide the incentive required to  build a 

connnunity of user-producers. This approach has been successfully used to create research 

tools in o ther disciplines, including OpenW etW 'are in synthetic biology and usefulChem in 

chem istry (Bradley et al.. 2011; W illiams. 2008).

A further challenge to be addressed is th a t taking an open source approach to mechanical 

design is not straightforw ard. In Course A2 it was observed th a t students rarely make 

use of resources such as online libraries of solid model files. This is because mechanical 

design inform ation is different to  software or electronic design docum entation. OSS involves 

sharing source code as tex t files th a t can be downloaded and compiled by any user with
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a basic uiulerstanciiiig of software. OSH relies on the existence of a relative small number 

of standard  components, including resistors and microcontrollers, and fabrication processes 

such as soldering and circuit board etching. However, as reported by students in Phase 2. 

mechanical design files, such as solid models, alone are rarely useful. Mechanical design is 

concerned w ith particular morphologies tha t depend upon factors external to the design itself. 

The param eters of even a simple three dimensional shape, such as a rectangular cuboid, can 

be varied infinitely in response to  the environm ent in which the design will be used. Therefore, 

using a precedent design inevitably involves making modifications. Modifying a solid model 

file is a complicated task, interoperability between different CAD environm ents remains an 

issue, and information about how to actually realise a design cannot typically be inferred from 

the docnnnentation. In Phase 2 the students required a wide range of c'ontextual information 

in order to  make use of detail mechanical precedents.

As a residt. open source mechanical projects typically involve sharing a wider range of in

formation. including models, drawings, hills of m aterials, and w ritten fabrication instructions. 

Examples of such projects include the RepRap. a low-cost 3D printer, and the OpenHand. an 

im deractuated robotics hand (Holland et al.. 2010: Ma et al.. 2013). However, these projects 

have a very particular focus. \Vherea.s ROS and Arduino can support software and electronic 

design for a wide range of applications, similarly broad j^latforms to support mechanical 

design are rare. This is because traditional mechanical design typically involves specialized 

parts customized to suit a particular ajjplication. Mechanical hardw are such as motors, gears, 

shafts, and bearings cannot be straightforw ardly transferred from one application to another.

In contrast, the nature of soft roi)otics makes it ideally suited to the develoinnent of a 

broad design j)latforni. For example, the hardw are required to operate fluidic soft devices 

(including pressure source, regulator, valves, and microcontroller) is largely interchangeable 

between one system and the next with little to no custom ization. Therefore, a connuon 

hardware control platform like th a t used in Course A2 could support a range of ai)plications 

including surgical, wearable, locomotion, and m anipulation systems. The behaviour of soft 

robotic devices is determ ined by the morphology of custom -m ade actuators and sensors th a t 

are typically made from low-cost elastomers cast in moulds. These moulds can be afford- 

ably j)roduced due to  the increased availability of ra])id prototyping technologies such as 3D 

printers and laser cutters, and ouc'e a mould has been created it c'an be used repeatedly to 

produce nniltiple conij)onents. An online database of mould part files, design guidelines, and
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1 Define th e  
Required 
G eom etry

Online 
Library of Design 

Information

Design th e  
Actuator 3 Rapid P ro to typed  

Molds an d  S tandard  
Control H ardware

Cus tom  Soft 
Robotic Devices

F ig u re  6.1: Schematic depiction of the ciesign process that would be enabled by the projiosed 
resources (Holland et al.. 2014).

fabrication protocols describing the casting process could therefore support a broad range of 

design activities. Figure 6.1 contains a graphical description of the type of design process 

that s\ich a database could support.

The Soft Robotics Toolkit (SRT) was therefore conceived of as a public online database of 

design information, which researchers and designers can both contribute to and make use of. 

While inspired by the concept of open source, the SRT itself is not completely open source, 

in tha t it is not required that all content contributed to the site be shared under an open 

source license. Welcoming material that is protected by patents but shared for educational or 

research purposes, rather than applying restrictive requirements regarding licensing, is more 

conducive to building a broad community. The following sections describe the development 

and initial testing of the resource, before giving an overview of the current embodiment of 

the SRT.
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6.1.1 D evelop ing th e Soft R ob otics  T oolkit 

Initial Draft

C reating content for the SRT recinired recording detailed design information about soft 

robotic actuators and sensors, hereafter term ed “soft com ponents.” Based on the obser

vations made during Course A2. four categories of design information required l)y students 

were identified:

• Detail design information, including princij^les of operation, instructions for creating 

solid models, and guidelines on modifying the design;

• Fabrication information, including bills of m aterials, mould preparation, and detailed 

casting and assembly instructions:

• Modelling guidelines, such as examples of analytical and munerical models: and

• l\hnhods for characterizing comj^onents through testing.

It Wcus decided that the toolkit entry for each component would contain m aterial address

ing each of these four categories. M any students in Course A2 did not gain a satisfactory 

understanding of a comi)onent's design until they had completed th(‘ fabrication process. 

Thus, m aterial for the fabrication section was given i)riority during initial compilation of 

information. One of the components u.sed during Course A2. the PiieuNets ( “pneum atic net- 

w'orks” ) bending actuator, was chosen as the subject of the first docum entation set (Ilievski 

et al.. 2011).

The fieldnotes collectc'd during the course, and in particular the observations recorded 

dm iug expert-novice interactions, w'as sufficiently detailed to allow fabrication processes to 

be recreated w ithout seeking external input. The fabrication proc'ess was deconijjosed into 

steps, and for each ste[) a verbal ex{)lanation was w ritten and a video dem onstrating the 

step  was made. Supplem entary images, including labelled photograj)hs and diagrams, were 

also created. The m aterial was collected in a Microsoft PowerPoint file, w ith each slide 

corresjjonding to a single step in the protocol. Tlie format was chosen for its ability to 

embed nniltim edia content. W hen completed, the protocol consisted of 31 slides describing 

the fabrication process from start to  finish. Figure 6.2 shows an examj)le slide from the set.
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Pouring

Pour mixture into main cham ber mold, making sure 
that each cham ber is full.
Gently shake to  bring bubbles to  th e  surface and then  

pop th em  with th e  spatula
Wipe off excess  material so that th e  tops  of the  

cham ber dividers are still visible.
F ig u re  6.2: An excerpt from the protocol used during user testing.

U s e r  T e s tin g

As an educational resource, the aim of the SRT is to provide learners with comprehensive 

information on detail design precedents in order to scaffold their interactions with experts. 

Thus, it is essential th a t the information is sufficiently clear and comprehensible to novices. 

To ensure th a t no specialized engineering knowledge w'as required to  understand the documen

tation . four volunteers from non-engineering backgrounds were asked to follow the procedure 

and provide feedback on its clarity.

During the tests the participants were provided with all of the equipm ent and m ateri

als required to  l:>uild a PneuNets bending actuator, including 3D printed moulds, and the 

fabrication protocol was displayed on a laptop computer. In each test, a single participant 

completed the protocol over the course of one hour. Two researchers were present throughout 

each test, and the participant was asked to  think aloud while carrying out the task. One 

researcher answered any participant questions, prom pted the participant to  th ink aloud when 

necessary, and controlled the protocol, advancing the slides when requested by the partici

pant. The other researcher recorded fieldnotes describing the process. Participant comments
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and feedback were noted on a printed copy of the protocol, with particular attention given 

to comments relating to the clarity of the documentation.

The overall feedback on the protocol was positive, and every participant successfully 

built an actuator within one hour. The fom’ tests resulted in a detailed list of suggestions for 

improving the protocol, most of which focused on particular basic details. Proposc'd improve

ments included rewording sentences to be more clear, changing the speed of the instructional 

videos (increa.sing the sj^eed in some cases, and decreasing it in others), and providing “be

fore and after” photographs so that watching the vidc'os is optional. The participants were 

consistent in their feedback, with similar comments from each at every step of the process. In 

particular, participants highlighted the need to explain the rationale for each step; students 

found it difficult to understand what was being described without understanding the reason 

for doing it.

Further D eve lop m en t

The feedback was used to refine the fabrication protocol to imjirove clarity, and answers to 

rc’curring particij)ant c}uestions were incorporated to ensure that future users could follow 

the protocol without external assistance. The ui)datc>d protocol was used as a template to 

guide the development of fabrication j)rotocols for other types of soft component. Using the 

fabrication sections as foundations, material for the other thrc'e sections (design, modelling, 

and testing) were develo5)c'd. For example, solid modelling tutorials were created for the 

design sections following a similar structure of discrete nniltimedia steps, each containing an 

instructional video, a verbal explanation, and labelled screenshot images. This is in contrast 

to most online solid modelling tutcjrial videos, which typically describe an entire ])roced\ire 

in a single video. The intention in using this structure for the t\itorials was to allow users to 

j)rogress at their own pace and to allow' for different learning styles.

Documentation of the additional comj)onent typers was achievc'd primarily through col

laboration with experienced researchers involved in developing soft component technologies. 

In many cases, the re.searchers contributed to the SRT while also drawing on its contents to 

enhance their own projects. One such project focusc^d on the development of a soft robotic 

glove intended to augment hand rehabilitation for individuals w'ith fmictional grasp patholo

gies (Polygerinos et al.. 2013). The first version of this glove (Figure 6.3) consisted of Pne- 

uNets bending actuators which assistc'd the ftngers with grasping tasks. To optimize actuator 

designs for the application at hand, the jjroject team developed finite element method (FEM)
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F ig u re  6.3: The evohition of a soft robotic orthosis: initial version consisting of PneuN ets 
actuators and the control board used by Course A students during Phase 2 (left); second ver
sion consisting of fibre-reinforced actuators and a wearable control belt (right). (Polygerinos 
et al.. in print; image adapted from Holland et al.. 2014).

models for PneuN ets. which were docum ented and addeil to  the toolkit. In turn , they  used 

the control board component of the toolkit to  test actuators and validate the.se models and 

also u.sed designs docum ented in the toolkit to create new actuators for the glove, which 

could more accurately mimic the behaviour of the fingers and thum b by combining bending, 

tw isting and extending motions (Polygerinos et al.. in print). The project team  later returned 

to the control board, modifying it and reducing the num ber of components to  create a more 

user-friendly, portable version in the form of a control belt (Figure 6.3). These improvements 

were in tu rn  incor{)orated back into the design of the  toolkit control board, reducing its cost 

and complexity. The point to note here is th a t the SRT seems capable of supporting the 

type of iterative interactions required to build the user-producer conununity necessary for 

the growth of the resource.

6.1.2 Soft R ob otics  T oolkit O verview

This section describes the structure, content, and intended uses of the toolkit website tha t 

resulted from the sequence of development, testing, and collaboration with soft robotics 

researchers described in the preceding section. At the tim e of writing, the SRT website^ 

(Figure 6.4) contains 101 pages docum enting six types of soft component and two versions of

' ht t p ://softroboticstoolkit .com /
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soft 
rw \ robotics 
^ V to o lk it

Control Board Actuators Cas« Studies Contributors Get Involved

W h a t is so ft robotics?

Soft robotics IS a growing field that takes inspiration from biological systems to  combirw classical principles o f robot design w ith the study of soft, flexible 

materials. Many an in^is  ar>d plants are composed primarily o f so ft elastic structures which are capable o f complex rrxjvement as well as adaptation to 

their environrr>ent These natural systems have ir^spired the development o f soft robotic systems, in which the careful design of component geometry 

allows complex motior>s to  be 'pre-programmed* into flexible and elastomenc rnatenals. The use o f compliarrt materials to  em t»d intelligence in the 

mechanics o f the body enables desigrwrs to  simplify the more complex nriechamsms aryj software control systems used m tradrtionai, ngid robotKS. The 

inherent compliance of soft robots makes them highly adaptable to a wide range of tasks and environments m particular, they are ideally suited fo r 

interactions w ith humar«, from  assisting with daily activities to  performing minimally invasrve surgery.

W h a t is th e  so ft ro b o tic s  too lk it?

The Soft Robotics Toolkit is a collection o f shared resources to support the design. fabr«ation modeling, characterization, and control o f soft rotxjtK  

devices The ultirrwte aim o f the toolkit »s to  advance the fieid o f soft robo(»cs by a//owing designers and researchers to bo/id upon each other's work. The 

toolkit includes an open source flmdic corwro; board, detailed design docurr>entation describing a wnJe range o f soft robotK comporieots (including 
actuators and semors), arxl related files that can be downloaded and used m the desiga m anufaaure and operation of soft robots in corptwnation with 

low matenai costs and increasingly accessible raptd prototyping techr>oiogies such as 30 prirners laser cutters, and CMC milts, the toolkit enables soft 

robotK conrtponents to  be produced easily and affordabty

F ig u r e  6 .4 : T he  Soft R ob o tics  T o o lk it website.

th e  f lu id ic  c o n tro l board . As discussed i)rev ious ly . the  d ocu m e n ta tio n  fo r each com ponent is 

o rgan ized under fo u r categories: design, fa b rica tio n , m o d e llin g  and analysis, and  te s ting . T h is  

section  clescribes th e  d ocu m e n ta tio n  fo r an exan i])le  so ft com ponen t, the  PneuN ets  bend ing  

a c tu a to r, as w e ll the  general f lu id ic  c o n tro l board .

P n e u N e ts  B e n d in g  A c t u a t o r

D e s ig n  T he  Design section describes a i)a r t ic u la r  c o n fig u ra tio n  o f  the  a c tu a to r, com plete  

w ith  dow n loadab le  so lid  m odels and eng ineering  d raw ings o f the  com ponen t and re la ted  

m ou lds. These files are com plem entc'd  w ith  tu to r ia ls  fo r design ing  m ou ld  p a rts  in  a so lid  

m o d e llin g  env iro n m e n t (S o lidW orks . D assault Systemes) (F ig u re  (i.5). A  user w ith  lim ite d  

m echan ica l eng ineering  experience can fo llow  the  tu to r ia ls  to  design a com p le te  com ponent 

fro m  s ta r t to  fin ish , w h ile  m ore exj)erienced users can refe r to  th e  t t i to r ia l  to  m o d ify  and
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I 40ME /  ACTUATORS /  PNEUNCTS OCNDING ACTUATORS /  DESIGN /  MOLD DESIGN CAO TUTORIAl /

PneuNets Bending Actuators Make Main Body Molds
DeUgn 

Variation: M aterial 

Variation; M orphology 

Mold O^ign CAD Tutorial 

Design Individual C ham ber 

C om bine C ham bers  

Add B onding F ea tu res 

Mak^ Main Body Molds 

M ake B ase Mold 

Fabrication 

M odeling 

Testing 

C ase S tudy 

D ow nloads

(Uevski e t  ai 

fpr thefPiai^

Now lh a \ w e have m a d e  a m odel oi th e  m ain body w e can use it to  m odel th e  m old required  to  fabricate il.

With Extrude, en c ase  th e  a a u a to r  in a re a a n g u la r block, leaving ab o u t 4m m  padding on  every side, except 
for the to p  which should  be flush with th e  lop of th e  ac tuator (Video. Encase ac tuator in m old block]

The sim plest way to  do  this is to draw  on th e  top  side of the actuator Make a construction rectangle that 
encom passes th e  en tire  face, then  m ake a 4m m  outw ards offset using O ffset Entities

nm
Mo^.adegh e t al. (2013) P neum dl K 

Networks for Soft Robotics th^t 
A jty a te  Rapidly

O gura e t  al. (2009) Micru 

po eg m af 'C cu rling a a u a io r

Extrude this large rectangle so  tha t it encases th e  ac tuator, going 4m m  past th e  bo ttom -m ost face of the 
acLuator (the bonding i idge). You may have to  reverse th e  direction and /o r the offset. Make su re  to 
uncheck th e  "Merge R esu ir option

F ig u re  6.5 : T he Design section of the PiieuN ets bending actuator dociuuentation set. The 
screenshot shows an excerpt from a CAD tutorial.

customize the downloaded CAD files to  suit their own application. Students in Course A2 

indicated th a t access to dociuuentation explaining the steps taken in creating a solid model 

m ade it easier to modify th a t model. The Design section also contains information on m aterial 

selection, general design principles, and discussions of possible design modifications to  vary 

the ac tu a to r’s performance. The content is based on the observations of student team s 

in Phase 2. in particular the type of information they sought from more experienced soft 

robotics researchers. A collection of case st\ulies provides an overview of how other developers 

have used the component. Since soft robotics allows for infinite custom ization, these case 

studies provide insight into the design considerations th a t need to  be addressed for specific 

applications. The case study section for each component contains an overview of the design 

problem  and solution, with links to  published articles containing more in-depth information.

F a b r ic a tio n  The Fabrication section contains all of the information required to  build the 

ac tuator. Bills of m aterials, with links to  suggested suppliers, assist users in procuring the 

required parts and m aterials. For parts th a t are not commercially available and need to be
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Pouring

HOMF /  ACTUATORS /  PNEUNETS BEND ING ACTUATORS /  FABRICATION /

PneuNHs Bending AcW3tors S t C p  POUT ElSStOfTlCr
Design 

Fabricstkm 

Bill o f M aterials 

S tep  1: P re p a re  E lastom er 

Step 2: Pour Elastomer 

Step  3; A ssem ble A ctuator 

S tep  4: C onnec t Air Source 

M odeling 

Testing 

C ase S tudy 

D ow nloads

llie v sk ie ta l (2011) fo b o tii i

W osadegh e t ai. (2013) Pneurnauc 

A ctuate

O gura e t  al (2009) Micro 

u tiem iid ln  Lufling dL tudtot. 

Ntniol^KJc dLtgatpi

Poiyge'^inos er al. (2013) T oward^ 

'̂ ehaoilitdtioa

S h ep h e rd  e t a l  (2 0 n )M L .ii, .

. ft robo t

Slow ly p o u r  m ix tu re  In to  th e  m a m  c h a m b e r  

m o ld , m a k in g  s u r e  th a t  e a c h  c h a m b e r  fills u p

Fill t h e  b a s e  m o ld  to  h a lf  o f  its d e p th  w fth 

E lasto sil. tiltin g  t h e  m o ld  u n til it is ev en ly  

s p r e a d  o u t.

F ig u re  6.6: An excerpt froii) a nmltiiiiedia fabrication jnotocol.

c-nstoni-niade. the provided CAD files can be used to m anufacture parts on a 3D printer, 

lase^r cutter, or CNC mill. Detailed nniltim edia protocols, as refined through the user te s t

ing. describe the steps involved in jireparing moulds, casting parts, and assembling the soft 

c(jmponent. \ \ ’here apj^ropriate. alternative m ethods of building the actuato r are described, 

and the strengths and weaknesses of each m ethod are discussed so th a t users can make an 

informed choice about which procedure best suits their needs. Each step of the process is 

described through verbal desci'iptions. annotated  images, and video.s (Figure 6.6).

M o d e llin g  a n d  A n a ly s is  Predicting the performance of a soft actuato r (such as force 

output in response to a given pressure) prior to  m anufacture is non-trivial due to complex 

morphologies, non-linear elastic behaviour, and nniltii)le degrees of freedom (Lipson. 2013). 

Both learners and researchers require support to model and analyse their designs. Towards 

th is end. the Modelling and Analysis section contains general guidelines for analysing the 

actuator. Descriptions of both analytical and numerical modelling approaches are provided 

along with related FEM in])iit files and scripts. Tutorials provide a step-by-step description
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Pn&uNeti Bending Actuators

Design

Fabrication

Modehng

C rea te  part& a n d  assign  
m ateria ls

A ssem ble a n d  m erg e  

Create Inexten^lble layer 

C rea te  toads 

Add co n tac t in te rac tio n  

M esh

Run job  a n d  view  resu lts 

Testing 

C ase Study 

D ow nloads

lliev sk ie td l (20111 Soft tob o tic s  

ffir

HOMb /  A C I U A I O R S  /  PNfcUNI  IS  B I N D IN G  A C I U A I O R b  /  MOUfcLING /

Create inextensible layer

Se(ect su rface  to  skin

[Video; C reate $kin an d  assign p ap e r section]

We also  need  to  finish rr^odeling th e  inextensible paper layer. Go back to  th e  m erged  part an d  click to 
crea te  a Skin. The so ftw are will ask you to  s e le a  th e  entity on which it will c rea te  th e  skin. We w ant to  select 
th e  su rface of th e  ‘Bortom Layer B’ tha t w e crea ted  befo rehand , b u t right now  it is buried u nder o th e r parts. 
To isolate it. you will have to  go to: Tools Display G roup M anager.

Mod«t ResutU M«tcr>«l L.ibr«ty 

Model Da(«b»se ^  {

U  moms at 
Mc<l»l-1

b  Parti i4|
■ BoM&m L«^et A

• Bottom L«)«« B

* M iin Body
Mgttyd
• & ftatutti 0)

^  S«tt
% Su>1*c«i d l

twin
^  Sbni 

Stnn^cn
• 2  S«t>on A«ignn>^n«i i3)

Module I Property Model' Model 1 Part r  Merged

si: 4

F ig u re  6.7: An excerpt from a tu to ria l dem onstrating the use of finite element m ethod 
(FEM ) analysis to  predict the behaviour of the actuator.

of using FEM software packages to conduct numerical analysis of one configuration of the 

ac tuato r (Figure 6.7). Users can follow these tu torials to learn about the software and the 

modelling considerations particular to soft systems so th a t they can subsequently analyse 

their own designs.

T e s tin g  In order to m iderstand the behaviour of soft components, as well as to validate 

FEM  and analytical models, researchers rely on experim ental data. During Course A2. most 

student team s relied on empirical testing more than  modelling to guide their designs. b\it had 

difficulty designing and conducting experim ents. To assist both types of user in the design of 

experim ents, the toolkit contains examples of empirical tests th a t have been carried out by 

o ther students and researchers. These examples describe the experim ental setup, the type of 

d a ta  th a t resulted, and how th a t d a ta  was interpreted. The experim ents described include 

fatigue strength  tests, force and displacem ent characterization, and m otion studies. Users 

can modify the examples to  guide their own experiments. Many of the experim ents described 

in the toolkit make use of the SRT control board discussed in the next section.

C on tro l B oard

As mentioned previously, much of the hardw are required for the operation and control of soft 

fluidic systems is interchangeable betwe^en one system and the next. The website contains
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MOSFETs

Pressiire sensors Power regulators

Switches and 
potent iomenters Microcontroller

F ig u re  6.8: Version 2 of the finidic control board.

docum entation for two versions of an ojjen source fluidic control board, intendcxl as general 

purpose tools tha t can be used for a range of applications. Version 1 is identical to th a t 

used by students in Course A2. Version 2 is an improvc'd design tha t reduces the cost and 

complexity while improving fimctionality by allowing the user greater control over the output 

j)rc'ssures of the system. The updated board consists of a microcontroller (Arduino Mega), 

a i^ressure source. M OSFETs. solenoid valves, and i)ressm’e sensors (Figm e 6.8). These 

components can be controlled m anually via the included potentiom eters and switches, or 

program m atically via the microcontroller. The boards can be used to implement closed loop 

control, and the docm nentation contains source code for PID control for particular actuator 

and sensor comi)inations that can be downloaded and run on the microcontroller.

The base of the control board, a perforated sheet of acrylic, acts as a “mechanical bread

board” and allows users to reconfigure the assembly or add new components. An electronic 

breadboard enables the addition of further sensors. For example, one student team  in Course 

A2 added a gyroscope m odule to track the orientation of the tip  of their actuato r during te s t

ing. The control boards enable “plug and play” of soft devices across a range of applications, 

allowing i)roof of concept j)rototypes to  be rapidly tissembled. tested, and dem onstrated. 

Given the m odular natm ’e of the board, its cost depends on the needs of the user. The cost 

of parts required to  build the comjilete version docum ented on the website is $800. In the 

future, toolkit users will be invited to share details of their custom feedback controllers on 

the toolkit website to supj)ort accurate control over device behaviour.
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6.1 .3  Sum m ary

This section has described the development and the resulting structu re  and content of the Soft 

Robotics Toolkit. The toolkit contents have been tested for clarity and its use by researchers 

has been observed. However, it is not possible to anticipate whether and how students in 

OATPB courses would make use of this type of resource. Thus, the use of the SRT by 

students is explored in c:ontext in the next phase of research. The SRT is intended to be used 

to support, ra ther than  replace, social interactions between students and more experienced 

engineers. The following chapter explores whether the toolkit can be successfully us('d in this 

way.

6.2 M echanical D esign C oncept Q uestions

In the research conducted thus far the focus has be '̂en on understanding student experiences 

in project-based design courses. In particular, the emphasis has been on using observations, 

surveys, and interview's to explore activities in these courses with reference to  a pefiagogical 

framework based on the design studies and learning theory literature. Principles to guide the 

design of learning environments have been identified, with emphasis on particular activities 

th a t are assumed to he beneficial for student development. However, there luis been no 

a ttem p t to directly examine the learning outcomes of these activities. Thus, this section 

describes the development of a collection of concept questions intended to  probe students’ 

design knowledge. It should be emphasized tha t the aim of this work is not to develop a 

standardized test for design, or a tool for assigning grades. R ather, the intention is to create 

a research tool to supplement o ther da ta  gathering approaches in order to  be tter explore the 

effects of interventions and thereby guide improvements to teaching and learning.

6.2.1 Background

Evaluating the effects of design education is difficult. In a review of 273 research articles 

describing engineering design courses, Turns et al. (2006) found th a t 40.7% of articles either 

did not provide any evaluation of effectiveness or did not refer to any d a ta  to  support con

clusions. Of the articles tha t included some reflection on what worked well and what needed 

improvement. 12.4% m entioned the difficulty of judging effectiveness. In general, the most 

connnon approach to  evaluating both student learning and course or intervention efficacy is to 

focus on the product of student activity, in partic\ilar the cjuality of the design or the project
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(iocumeiitatioii. Tvj)ically this avssessineiit of quaUty is guided by the use of a rubric, often 

based on guidehnes from accreditation bodies (e.g. Pierrakos and W atson. 2013). Assessing 

the product of student work is undouljtedly usefvil. and is traditional in most fields of formal 

education (e.g.. essays, lab rei)orts). However, a focus on jn'oduct alone in design education 

risks missing im portant insights on student learning. Consider a student team  whose design 

fails to meet functional requirements. For some students, this experience may provoke re

flection leading to im portant lessons; for others it may have no effect beyond reducing their 

enthusiasm  for design. These outcomes are significantly different, yet a focus on product 

has no way of differentiating between them . Clearly, additional evaluation approaches are 

required. This section reviews j)otential m ethods of assessing design knowledge.

“Self-efficacy” refers to an individual’s belief in their own ability to complete tasks or 

achieve goals. Carberry et al. (2010) and Masi (2009) have developed instrum ents for niea- 

sviring students' design self-efficacy. C arberry and colleagues validated their instrum ent by 

comparing resj^ondents' self-efficacy scores with their level of experience, and found th a t the 

instrum ent was c apable of differentiating between those with more or less design exjjerience. 

Measiu'es such as this are useful for c^xamining the outcomc^s of experiential learning, and will 

be incorporatc'd into the instnunent being cleveloi)c>cl here. However, for the purpose of this 

research a m ethod for probing knowledge is also rc'cjuired.

A connnon approach to  measuring creativity is the use of divergent thinking tests. The 

most influential tests of divergent thinking are those develoj)ed by Guilford (1956) and Tor

rance (19Gf)). Both tests ask i)artici{)ants to generate a list of ideas in resj)onse to  a prom pt, 

and the answers are evaluated basc'd on the variety and originality of ideas. These tests can 

provide insight on subjects' concept generation abilities, but fail to  capture o ther im portant 

aspects of design such as problem framing, solution evaluation, and detailed im iilem entation 

(Zheng et al.. 2011).

Closed-ended instnnnents composc'd of m ultiple c hoice questions have been uscxl to assess 

knowledge of design process strategies. For example. Sims-Knight et al. (2005) developed 

a com puter sinnilation in which students could advise a fictional design team  1)V selecting 

options from a list of possible coursc's of action. M ultiple choice j^roblems like these, which 

usually have a single correct solution, have the advantage of being easy to  score in a consistent 

and objective way. How'ever. tlu'y are of limited use in inherently open-endc'd fields such as 

design.
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Answers to  open-ended questions can be more challenging to assess but are more ap

propriate for gaining insight into design knowledge. Many open-ended approaches involve 

asking students to  describe or comment on the design process. Frank and Strong (2010) 

asked students to  describe the steps they would take to design a solution to  one of three 

given problems. Bailey and Szabo (2006) asked students to critic}ue a proposed design pro

cess. These approaches test studen ts’ declarative knowledge of design process principles, for 

example by asking students to  describe the elements required for effective teamwork (Oku- 

dan et al.. 2007). However, rote memorization of an idealized design process is a trivial 

undertaking; performing design is another m atter.

A ttem pts have been made to combine these different aj^proaches in a single instrum ent. 

For example. O kudan et al. (2007) developed the Comprehensive Assessment of Design E n

gineering Knowledge instrum ent (CADEK). a collection of closed-ended. open-ended, and 

self-rating questions intended for use in introductory design courses. A m ajor drawback to 

th is and many of the m ethods discussed aliove is that they are time-c'onsuming for both 

students and educators. In order to provide real-tim e and ongoing feedback tha t can influ- 

enc:e teaching and research, the ideal instrum ent would consist of short questions focused on 

understanding, capable of being delivered via short in-class exercises.

An example of such an approach can be fomid in physics education, where educators have 

redesigned courses guided by the use of assessment tools such as the Force Concejit Inventory, 

a collection of questions th a t test student understanding of fundam ental mechanics concepts 

(Hestenes et al.. 1992). In the Peer Instruction approach described by Crouch and M azur 

(2001) classes are structured  around concept questions th a t students answer individually and 

in groups. Student responses to these short exercises provide educators and researchers with 

insights into how students are thinking and whether they are achieving learning goals. Efforts 

to  develop concept inventories for engineering education have to date  focused on engineering 

science subjects which are well-suited to closed-ended. well-defined problems (e.g.. Prince 

et al.. 2012). Concept questions for design education would more likely be open-ended, ill- 

defined problems with no unique correct answer.

The ideal instrum ent for this research would consist of self-efficacy and creativity mea

sures combined with open-ended concept questions th a t focus on particular aspects of design 

knowledge. Previous research has a ttem pted  to  develop these types of concept question. For 

example. Shah et al. (2012) have been developing a ba tte ry  of tests to  assess a range of de-
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sign skills. To date, an 8-iteni instrument focused on divergent thinking has been developed. 

However, the test is not yet available to researchers or educators. Diefes-Dux et al. (2010) 

have developed open-ended engineering questions as well as a rubric to guide evaluation of 

responses. However, their work enii)hasizes engineering management rather than design.

Therefore, there is a lack of knowledge assessment instruments available to researchers 

and educators in engineering design. The remainder of this chapter describes the initial 

development and testing of a collection of concept questions for design. Based on the results 

of a ])ilot study, an instnnnent for use in the third phase of research is developed.

6.2.2 Instrum ent D evelop m ent

The objective of the work described here was to develop a range of simple design-related 

cjuestions that could be used in an ex])loratory pilot test, with the intention of identifying 

ciuestions with an a{)i)ropriate level of difficulty that were capable of differentiating l)etw'een 

respondents with more or less design experience. The initial development and testing of the 

instrument focused on creating concept questions related to specific design tasks. The tasks 

were drawn from the results of the pri'vious phases, and related to the types of activities that 

have bc'on identified as imi)ortant in design education. Previous research which proposed 

types of knowledge that design courses should aim to teach, discussed in Chapters 1 and 

3. was also used to identify potential question topics. Thirteen topics were identified as 

candidates for inclusion in the instrument (Table 6.1).

Short problems were developed for each topic. Where appropriate, (juestions were drawn 

from the work of other researchers and educators, for example IMahajan's (2010) work on esti

mation. One of the guiding princi{)les of this thesis is that design is a highly context-depc'ndent 

activity, which presents difficulties in trying to design short, decontextualized problems. In 

an effort to make the rjuestions as realistic as possible, actual problems encountered by stu

dents (hning the previous phases were used as the basis for questions. Real problems from 

public design challenges were also used in an effort to maintain some level of authenticity. 

For example. OpenlDEO"^ is an online i)latform for crowdsourced and collaborative design, 

run by design firm IDEO. The website is organized around ‘'Challenges.” in which a general 

problem, typically related to a social issue, is posted by a partner organization. Site users are 

invit('d to submit proposed solutions. The commmiity of users rates each other’s submissions 

and suggests improvements. A challenge proceeds through stages of research, design, and 

^h ttp s : / /o p e n id eo .co n i/
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T a b le  6.1: C andidate question topics

Problem cleconiposition 
Making estimates 
Modelling
Evaluating information 
Visual spatial reasoning tasks 
Visual conununication 
As.se.ssing feasibility
Knowledge and understanding of mechanisms
Analogical thinking
Design of experiments
Failure modes
Part selection
Manufacturing process .selection

evaluation: at the end of each stage a subset of the rem aining designs is selected to proceed 

to  the next stage. An O penlD EO  challenge and four users’ proposed solutions were \ised as 

the basis of a problem that asked respondents to evaluate and .select between concepts. This 

provided an external m easure against which to  assess answers: participants ' answers could 

be compared to  the evaluations of the OpenlD EO  community.

Seventeen problems were developed for the pilot test instrum ent. M any of the i)roblenis 

addressed more than  one topic. The example shown in Figure 6.9 requires participants to 

create a m athem atical model and to estim ate quantities. For each cjuestion a simple rubric 

was developed, with a binary pass/fail rating for each topic. Note th a t in the example shown 

in Figure 6.9 the rating for each topic covered by the question is independent; it is possible 

to  pass one while failing the other. The complete instrum ent is pirovided in Appendix G.

6 .2 .3  P i lo t  S tu d y  

Procedure

The aim of the  pilot study  was to gain some insight into the utility of the concept questions 

in order to  identify the m ost useful types of problems for inclusion in the  instrum ent to  be 

used during Phase 3. For a question to  be useful it nuist be intelligible to students, it nnist be 

neither too easy nor too difficult, and it m ust be capable of discrim inating between different 

levels of knowledge or experience. Such a question could then be used to  identify more and
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You are designing a wearable 
model of the arm in the positi 
he applied at the shoukler to 1

1

device to assist with lifting tasks. Create a mathematical 
3u shown below, and u.se it to estimate the torque that must 
lold the arm in this position.

Code Rubric 0 1

IB Provided a mathematical model

1C Guessed quantities

F ig u re  6.9: An example question and rubric from the test instrum ent u.sed during the j)ilot 
study.

less effective educational design exj)eriences. and ther('by guide the improvement of learning 

environments.

In order to  evaluate the utility of the (}uestions. thirteen vohniteers were recruited from 

TCD and Harvard. The volunteers ranged in experience from engineering undergraduates 

to {)os( doctoral researchers with industry experience. The volunteers were asked to  s[)end 

40 minutes completing the instrum ent. Each page of the instrum ent contained one problem 

with space for rough work and solutions, and a comment box to  elicit feedback. Participants 

were asked to use the connnent box to note any issues with the problem, such as a lack of 

clarity.

W hen the instnunents had been comjjleted and returned, each was m arked with a random  

identifier to allow blind scoring. The connnents identifying issues with the questions were 

noted, and the rubric was vised to grade each response on a pass/fail basis. A binary marking 

scheme was used so tha t the results could be analysed using classical te'st theory. In particular, 

item  analysis was used to identify the difficulty and discrim ination of each question (Kline. 

2005). W hen undertaking item  analysis, each question on a test is allotted a difficulty score 

and a discrim ination score. Counterintuitively, the difficulty score is the proportion of all 

resj)ondents who answered a question correctly. A high difficulty score indicates th a t the 

m ajority  of respondents answered correctly. (A more ajipropriate term  would therefore be 

the “easiness score.’') A difficulty score of 1 is too efisy. ais every j)articipant answered it
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correctly, while a score of 0 is too difficult. A question with a score of either 0 or 1 i.s of no 

use as its inclusion on a test has no effect on the relative overall scores of resjx)ndents. W hen 

creating tests it is desirable to include questions with a range of difficulty scores between 0 

and 1 to  accom m odate different levels of ability among respondents.

The discrim ination score is a m easure of how likely a question is to discrim inate between 

high-performing respondents and low-performing respondents. To calculate discrimination, 

the respondents are divided into three groups based on their overall test scores. The third 

of respondents with the best overall scores is considered the high-performing group, and the 

group with the poorest scores is considered the low-performing group. The discrimination 

score for a given question is then the {proportion of the low'-performing group who answer the 

question correctly subtracted  from the {)roportion of high-performing grouj) who answered to 

cjuestion correctly. The discrim ination score for the question is a value between -1 and -t-1. A 

negative score is ass\uned to indicate tha t the cjuestion is flawed, as the low-performing gro\ip 

has performed better than  the high-j)erforming group on this question. A discrim ination score 

of 0 indicates th a t the question cannot differentiate between the two groups. A discrim ination 

score of 1 means th a t every member of the high-performing grouj) answered correctly while 

none of the low-performing group did. As with difficulty, any collection of questions should 

include a range of discrim ination scores between 0 and 1.

R e su lts

Once the blind scoring of responses was complete, the identifiers were used to  associate par

tic ipan ts’ responses with their levels of experience. As would be hoped, the high-performing 

group w'as composed of the more experienced participants and the low-performing group was 

composed of undergraduate students. Thus, the discrim ination score in this case is a measure 

of the ability of a question to  differentiate between levels of design experience. The mean 

difficulty and discrim ination scores for each problem topic are plotted in Figure 6.10. One 

topic, failure modes, had a negative discrim ination value, meaning novices performed better 

th an  experienced engineers. Design of experim ents, which has been observed as a recvnring 

issue in the courses, received a discrim ination score of 1. indicating th a t performance on 

th is question was heavily dependent on level of experience. M anufacturing process selection 

and estim ation problems also performed w'ell a t discrim inating. The question related to  part 

selection appears to be too difficult, with only one response receiving a passing score.
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P ilo t T e s t R esu lts

Design of experim ents

M anufac tu r ing  process selection

E st im a tion

Modeling

Vis\ial spat ia l  reaiioning taaks

P a r t  selection

•Analogical th inking

FA’aluating concepts

Knowledge of mechanisms

Making drawings

E valua t ing  information

F’robleni decomposition

Fa i lu re  modes

- 0 .25  0  0.25  0.5  0.75  1

□  Difficulty □  D iscrimination

F ig u re  6 .10: The difficulty and discriiiiiiiation scores for each of the candidate qiiestion 
topics.

Some patterns emerge from the j)articipants’ connnents. The cjuestions on part selection 

and visual communication were seen as too complicated and time-consmning to  complete 

w ithin the allotte'd time. The prol)lenis related to  modelling, estim ation, and analogical 

thinking were tuipopular. with participants of all levels of experience objecting to their am 

biguity. These cjuestions are perhaps the most dissimilar to typical engineering textbook 

problems. For example, the estim ation cjuestions deliberately do not include the informa

tion required to calctilate an answer and instead recjnire participants to  guess quantities. As 

discussed in C hapter 4. this is an activity th a t is typically ignored, or even discouraged, in 

trad itional engineering education, which may explain the m ipopularity of these questions.
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6 .2 .4  R efining th e  Instrum ent

T he exploratory pilot study provided some insight into the types of concept question tha t 

may be appropriate for use in the th ird  phase of research. Based on the participants’ feed

back. the difficulty and discrim ination scores, and the results of the previous research phases, 

three problem topics were selected for use in the updated instrum ent. Evaluating and se

lecting between concepts, designing tests, and selecting approaches to j)rototyping have been 

recurring issues across all courses observed. The corresponding problems (concept evaluation, 

design of experim ents, and m anufacturing process selection) received ai)j)ropriate difficrilty 

and discrim ination scores. Furtherm ore, participant feedback did not indicate any significant 

issvies in im derstanding or a ttem pting  these problems.

The resulting instrum ent contains five questions. Four of the c}uestions were developed 

to  align with the course theme: medical application of soft robotics. The concept evaluation 

problem presents two solutions to  a medical problem and asks students to  evaluate each and 

indicate the concept they would choose to  pursue if working on the project. The presented 

concepts are real, connnercially available designs th a t attem pt to  address the same medical 

{problem (traum a during endoscopy), each using a different “soft” approach. The prototyping 

question presents a soft actuato r design and asks students to  explain how they would go about 

building a prototype. This is also a real design, and the question includes a hyperlink to a 

video explaining its operation (Steltz et al.. 2009). The design of experim ents problem asks 

st\idents to  o\itline the  tests they w'ould perform  to evaluate a partic\ilar soft actuator design 

for use in a “pick and place” robotic arm. Again, the question is based on a real actuato r and 

application. The instrum ent is intended as a take-home test, and authentic design problems 

and solutions are used so th a t students may gather additional inform ation to guide their 

responses if they wish, as they would do when w'orking on their own design problems. To 

ensure tha t these questions did not relate directly to any of the students projects in the 

course, the  problem details were defined after the  candidate projects for Co\irse A3 had been 

selected.

In addition to  these three questions, the instrum ent includes a self-efficacy m easure and 

a creativity test. One question from the self-efficacy instrum ent developed and validated 

by C arberry et al. (2010) asks participants to  rate  their belief in their current ability to 

perform a range of design process tasks (Figure 6.11). The creativity test is a variation on 

Guilford’s A lternative Uses Task (Guilford, 1956) in which participants are asked to  list as
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Q 1 . Rate your degree o f  conridence (i.e. belief in your current ability) to perform the following tasks by 
recording a number from 0 to 100.
(0 = cannot do at all; 50 = moderately can do; 100 = highly certain can do).

0 10 20 30 40 50 60 70 so 90 100
Conduct engineering design o o o o o o o o o o o
Identify a design need o o o o o o o o o o o
Research a design need o o o o o o o o o o o
Develop design solutions o o o o o o o o 0 o o
Select the best possible design o o o o o o o o o o o
Construct a prototype o o o o o o o o o o o
Evaluate and test a design o o o o o o o o o o o
Communicate a design o o o o o o o o o o o
Redesign o o o o o o o o o o o

Figure 6.11: A n  i t e m  f r o m t h e se lf-e f f ic a c y i n s t r u m e n t d e v e lo p t '■d l)y C a r  b e r r y  e t al. ( 2 0 1 0 )

many potential uses as they can think of for a common object (such as a brick or a jjaperchj)). 

The test is intended to  measure divergent thinking, which has been found to b(> a relialik' 

indicator of creative potential (Runco and Acar. 2012). The responses are evaluated on 4 

components: fluency (nmnber of ideas), originality (compared to  responses in the overall 

da ta  set), flexibility (nmnber of fhfferent idea categories), and elal)oration (am ount of detail 

provided). In the variation used here, the students are asked to list uses for the soft bending 

actuato r described in Galloway et al. (2013). This modification is an a ttem pt to  examine 

domain-specific creativity: rather than asking students to  generate uses for an arb itrary  

object, it may be of interest to examine whether extensive design experience with a type of 

component results in more or less ideas for alternative uses. Finally, a detailed rubric was 

developed to guide analysis of the rt^sijonses. The contents and weighting of the rubric were 

developed in consultation w'ith other members of teaching staff in Course A. The complete 

instrum ent and the associated rubric are provided in Appendix H.

6 .2 .5  S u m m a r y

This section has described the development of a da ta  collection instrum ent intended to m ea

sure aspects of students' design knowledge. A range of candidate questions was developed 

and a pilot study was used to evaluate the difficulty of each question as well as its ability 

to  differentiate between levels of experience. The j)ilot study also gathered feedback from
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participants which identified the shortcomings of certain cjuestions. Based on these results, 

a five-item test of design knowledge was developed for use during the next phase of research. 

The test consists of three modified questions from the pilot study  instrum ent, and two ques

tions taken from the literature. The updated instrum ent prim arily focuses on soft robotics 

applications as it is intended for use in an OATPB course dedicated to the design of soft 

robotic devices. However, the general format of the cjuestions could be applied to any type 

of mechanical design.

Chapter 7 describes the th ird  phase of research in OATPB courses. This phase focuses 

on one course, and involves the use of the resources developed in this chapter. The SRT is 

used to  support s tuden ts’ design activities, and the d a ta  colk'ction instrum ent is used as a 

pre-test and post-test in an a ttem p t to  meas\ire the effects of the  course on stvulents’ design 

knowledge.
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This chapter describes the th ird  and final phase of empirical research in open-ended, 

authentic, team - and project-based (OATPB) engineering design comses presented in this 

thesis. The objective of the thesis is to  develop a pedagogical framework to  gnide the de

sign of learning environm ents for OATPB courses. Chapter 2 described the philosophical 

and methodological underpinnings of this research, in {)articular an abductive approach to 

combining theory and practice. In this view, theory is used to guide action, and the results 

of action are u.sed to refine theory. Thus, throughout the thesis the pedagogical franiew^ork is 

u.sed to inform the design of learning environments, and the resulting experiences of learners 

and educators are used to refine the framework.

In C hapter 3. the initial content of the framework was developed through a review of the 

literature on the psychology and practice of design. The review identified four categories of 

knowledge essential to design: design strategies and processes, design models, design knowl

edge reuse, and the social nature of design. A learning theory c'orresponding to each of these 

categories was identified through a review of educational psychology and social anthropol

ogy research. The empirical results from studies of design were thus paired with theoretical 

jierspectives on the .social and situated  nature  of knowledge and learning.

Chapters 4 and 5 described cjualitative research conducted in OATPB cour.ses. The results 

of the research w'ere described and interpreted in term s of the four categories of design 

knowledge th a t form the basis of the pedagogical framework. Problem atic aspects of the 

learning environm ents were identified, including a tension betw'een the flexible and m ethodical 

elements of design and a lack of access to  domain knowledge and connnunities of {)ractice. 

C hapter 5 described efforts to  address some of these issues and found th a t the use of a 

technological them e aligned with the work of local engineering research groups provided a 

means of connecting st\idents with engineering connnunities of practice.

However, it was observed th a t an obstacle to  sustaining or scaling this approach was 

the requirem ent of a substantial tim e comm itm ent from the members of these comnnmities 

of practice. It was further observed th a t much of this tim e was dedicated to explaining 

declarative background knowledge as a fomidation for subsequent interactions th a t focused 

on more advanced procedural knowledge. Thus. C hapter 6 described the development of a 

database containing declarative and background knowledge related to  a particular techno

logical theme: soft robotics. The content of the database was drawn from observations of 

student-expert interactions and further developed in collaboration with these exj>erts. Initial
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testing (lenionstratod th a t the content Wcis sufficiently clear for use by novices. C hapter 6 

also described the develoi)nient of a research instnnnen t intended to measure certain aspects 

of design knowledge.

This chapter describes the use of this database and research instrum ent in an OATPB 

course, and further explores issues raised in previous chapters. The objectives of the chapter 

are to:

1. Gain further insight into the tension between the m ethodical and flexible aspects of 

design in OATPB courses;

2. Examine the role that a docum entary source can play in supporting s tuden ts’ interac

tions with engineering comnniaities of practice;

Understand the role of access to connnunities of practice in OATPB courses; and

4. Explore tlie i)otential for using o{)('n-ended concejjtual questions to  m easure changes in 

design knowledge.

Tlu' chapter begins by explaining the modificatious made to the learning environment and 

the research m ethods usc'd. As before, the results of the re’search are described and discussed 

in term s of the categories of fundam ental design knowledge identified in C hapter 3. Finally, 

the implications of the results for the p('dagogical framework are discussed.

7.1 C ontext

Cour.se A3 was selectt'd as the sole focus of research during this j)hase in order to  allow a 

closer exam ination of many of the issues identified dm ing j>revious j)hases. and in particular 

to  examine the relationship between the Soft Robotics Toolkit (SRT) and the s tuden ts’ access 

to  soft robotics experts. Most features of tlie learning environjiient were retained from the 

previous iteration of the course; this section describes the key modifications made.

The student cohort consisted of hve graduate and eight undergraduate students working 

in four teams, each with a different clinician. The course deliverables and milestones remained 

unchanged. Tem plates for each deliverable were provided to  support docum entation efforts, 

and in j)articular to  encourage the use of the “wiki” webpages to keep a record of student w'ork. 

The general soft robotics them e was also m aintained, and a wider range of “soft” technologies 

were considered as potential sources of insjjiration for students. W hen identifying candidate
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design problems an effort was made to more closely align each project with the work of a 

particular research group. The m unber of guest lectures was greatly increased, with at least 

one external expert visiting the classroom each week.

The most notable change was the introduction of the SRT and the addition of related lab 

activities. Four introductory labs drew on m aterial from the website and exposed students 

to  a variety of i)recedent designs and fabrication jirocedures. while familiarizing them  with 

the  striicture of the website and providing training on the use of workshop equipment. For 

example, in the fourth week the students built an underactuated finger using shape deposi

tion m anufacturing (SDM). This activity introduced students to  design work conducted by 

a student team  during the previous phase, the activities of a local research group, and a 

specialized m anufacturing approach.

SDM involves successive cycles of subtractive m anufacturing, in which a CNC mill is 

used to machine a mould, and additive m anufacturing, in which the resulting mould is filled 

w ith polymer (Figure 7.1) (Binnard and Cutkosky. 2000). This approach allows the creation 

of more complex shapes, consisting of m ultiple m aterials and embedded components, than 

would be possible from a traditional moulding procedure. The soft, underactuated fingers 

shown in Figure 7.1 are examples of com ponents m ade using this techniciue. These fingers 

were developed by a student team  in Course A2. drawing on the work of an engineering 

research group at Harvard, as atraum atic m anipulators for use in surgery involving delicate 

tissue (Gafford et al., 2014). The compliant joints allow the fingers to conform to a wide 

variety of shapes, and embedded pressure sensors provide feedback about contact force to the 

surgeon.

The lab activity  during the fourth week introduced the students to these topics and 

required them  to  build their own SDM finger, which served as an opportim ity to  tra in  the 

students on the use of CNC mills. The tim e required to  complete fabrication of a finger is 

typically days, as the poured polymer m ust be allowed to cure before subsequent machining 

can take place. Thus, it w'as not possible to  cover the entire process during the lab period. 

The students were required to  complete the process outside of formal teaching hours, using 

the  SRT as their guide. Thus, the SRT supported learning activities th a t were not feasible 

during previous phases.

This approach was taken in each of the introductory labs: students were introduced to 

a particular technology and fabrication process, the activity provided training on the use of
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Deposit (part)

Deposit (support)

□  Part 
I  Support
B  Embedded Component

F ig u re  7.1: An overview of the shape deposition m anufacturing (SDM) process (left) (Dollar 
and Howe. 2006) and the SDM fingers designed by a previous Course A team  (right).

workshop or lab eqnij)ment. and the SRT was used to allow' students to  complete the task 

indejjendently. As before, these structured  lab sessions took place in parallel with the team s’ 

problem definition activities: the pre-j)lanned lab sessions ended when team s began focusing 

on concei^t design, and lab periods were used for self-directed project work with assistance 

from the teaching staff. Table 7.1 contains an overview of the course milestones and lab 

activities.

7.1.1 M ethods

The m ethods of gathering qualitative data  were idc'ntical to those used during the j)revious 

phase. Fieldnotes were used to document weekly review' meetings, contextual interviews, 

team s' working meetings, and activities during lab periods. Contextual interview's took place 

in comi)uter rooms while students creatf'd CAD solid models and in laljs and workshops while 

team s fabricated prototypes. Upon completion of the covu'se. exit interviews were conducted 

with eleven students. These interviews were used to discuss trends observed during the 

projects and thereby served as member checks, or ojjportunities to discuss s tuden ts’ opinions 

regarding emerging interpretations (W allendorf and Belk. 1989). Again, the analysis of the 

ciualitative d a ta  followed the process described in C hapter 2.

In contrast to  previous phases, quantitative da ta  gathering m ethods were used to provide 

an alternative perspective on students ' experiences. Weekly questionnaires asked students to 

rate  how helpful they found each of 12 asj)ects of the learning environment in a given week, and 

were used to record each team 's use of resources and their ojiinions on course activities. Figure 

7.2 shows an example item from this (juestionnaire. and the entire instnunent is j^rovided
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T a b le  7 .1 ; Overview of m ilestones and lab ac tiv ities in C ourse A3

Week Milestone Lab activity

1
Individual research reports 

Project selections
Lab and workshop safety training

PneuXets bending actuator

2 Research plan Pneumatic artificial muscle

Open-loop control using SRT control board

3 Prior art review
Fibre-reinforced bending actuator 

Laser cutter training

4 Design brief and mission statem ent
SDM Finger 

CNC mill training

5 High-level concept presentation
Sensors and signal processing 

Closed-loop control using SRT control Ixjard

6 Unstructured

7 Concept presentation Unstructured

9 Unstructured

10 Unstructured

11 Design review presentation Unstructured

12 Unstriictured

13 Unstructured

14 Presentation practice

Working prototype

15 Final presentation 

Final paper

No lab
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Course A3 Weekly Questionnaire

Project Group:_______________________________________________  Date:__________

Please rate h ow  helpful you found  each  o f  th e  fo llow ing resources and activities while working on your  

design project during th e  past w eek .

To a To a To a To a very
Did not Not a t limited m odera te g rea t great

use all ex ten t ex ten t ex ten t ex ten t

Soft Robotics Toolkit w eb s ite O n / a O i 0 2 0 3 0 4 0 5

F ig u re  7.2; An excorpt from the weekly (Hiestioniiaire.

in Appendix C. Questionnaire responses were anonynions but included team  identifiers. 

To ensure that the students did not feel coerced into i)articipating or into distorting their 

ratings to please the teaching staff, a research assistant who was not part of the teaching 

team  collected the (luestionnaires each week and shared only general class ratings with the 

prim ary researcher; the team  identihc'r d a ta  was not shared mitil completion of the course.

A website analytics service (Google Analytics) was u.sed to record statistics about visits 

to  the SRT website during the cour,s(>. The aim of collecting this d a ta  was to identify patterns 

in students' u.se of the resource as a means of triangulating the data  from studen ts’ weekly 

ratings and the (jualitative olxservations. For the duration of the course, password protection 

was used to ensure tha t only students could access the site. Teaching staff tis('d a browser 

plug-in to avoid their website visits being included in the analytics data. The data  collected 

contained no identifying information.

Finally, the pro- and post- te’st developed in C hapter 6 was used in an a ttem pt to measure 

the effects of the course on aspects of studen ts’ design knowledge. In the second week of the 

course, when team s had been formed and projects selected, and again at the end of the 

course when the final design had becni subm itted, each student was asked to complete the 

test as a voluntary exerci.se. The grading of the responses to the pre-test (N=13) and post

test (N = ll )  was conducted sinmltaneously and was guided by the rubric in Appendix H. 

The grading of responses to  the modified Guilford’s alternative uses task  (Q.2) follow'ed the 

standard  i)rocediu'e for assessing this type of creativity test. Each response w'as assigned four 

scores. c'oi'res])onding to fluency (nmnber of ideas), flexibility (the num ber of idea categories), 

elaboration (the amo>mt of detail provided) and originality (the num ber of ideas tha t are
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unique among the entire d a ta  set). During grading the researcher was bhnd to whether a 

given response was collected at the beginning or end of the course as each response was 

marked with a random  3-digit identifier. \\'h en  grading was complete, the identifiers were 

u.sed to associate scores with the pre-test and post-test. A Welch’s t-test was used to compare 

the scores on each and a P-value < 0.05 was considered statistically  significant.

7.2 R esu lts and D iscussion  

7.2.1 D esign  P rocesses and S trategies

A recurring issue throughout the observations thus far has been the challenge of balancing 

m ethodical and flexible design process strategies. In all of the courses observed, assignments 

and milestones have been used to provide a m ethodical structure, and review meetings have 

been \ised to  siipport flexibility by identifying op})ortunities for deviation from the m ethodical 

process. The th ird  phase of research was used to gain more insight into the challenge of 

achieving balance between these two elements of the  design ])rocess.

Figure 7.3 shows the average weekly student rating of course activities and resources re

lated to process and structure. Lec'tnres and assignment tem plates, p lotted in grey, represent 

the pre-planned and m ethodical aspects of the course process. Review meetings and lab ses

sions. plotted in blue, represent the flexible coaching elements of the course. The interesting 

pattern  to  note here is th a t students exhibit a preference for the latter. The lab session, in 

which students carried out self-directed design tasks with coaching from the teaching staff, 

was consistently rated  more useful than the lecture, during which the teaching staff discussed 

predeterm ined topics related to the  design process. Similarly, the review meetings, which 

involved guidance on current project tasks, were rated  more helpful than  the assignment 

tem plates, which guided team s through prestructured tasks. Thus, the students exhibited 

a preference for activities th a t were more open-ended and contingent upon particular cir

cumstances. Even within the labs, the initial weeks involved pre-planned activities which 

were rated  less helpful than  the rem aining unstructured practical session. This preference is 

potentially related to findings from nniltiple domains th a t indicate novices prefer to  follow 

a depth-first approach to  problem-solving. However, it is perhaps a surprising res\ilt among 

engineering students, whose education typically emphasizes system atic and rule-based pro

cedures.
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Questionnaire Results: Class Activities
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F ig u re  7.3: Average wec'kly rating of the helpfuhiess of course activities and resources 
relat('d to design processes and strategies.

The qualitative data  confirms this trend. Some team s felt th a t the process was overly 

restrictive and prevented sufficient exploration of potential solutions. These were team s whose 

l)rojects involved greater levels of uncertainty, and students who identified clear goals early 

in the course found the m ethodical structure  beneficial. Table 7.2 contains interview' quotes 

illustrating the variety of student exi)('riences regarding assignments. For the team s faced with 

high levels of uncertainty, the tim ing of the as.signments did not allow sufficient oi)portm iity 

to  engage in dej)th-first exjjlorations before being asked to make decisions. Among these 

team s the phenomenon of inunediate tasks underm ining overall goals was again evident. 

Interestingly, all members of Team 3.4 were aware th a t tlu 'y were engaging in a strategy of 

local task optim ization and ex])licitly blamed this upon the tim ing of the assignments.

In fact, this team  appeaK'd to have faced more process-relat('d difficulties than  any other 

team  observed in Course A during the three phases, and their exi)eriences may therefore 

yield insight into the tension between m ethodical and flexible strategies. The team  was not 

working on a soft robotics project, and understandably felt themselves to  be a t a disadvantage 

compared to other teams. Their project was characterized by a high level of uncertainty, with 

neither teaching staff nor student team  having a clear idea for an appropriate direction during 

concept design. Therefore they needed to engage in depth-first explorations before making 

a decision. At the end of the course they felt th a t engaging in prototyping and testing 

earlier in the course would have been beneficial, but felt th a t the imposed structure, and in 

particular the milestone assignments, were too rigid to  allow this. How'ever. the observation 

d a ta  indicates tha t their difficulties, while partly  due to the imposed m ethodical structure, 

were i^rimarily caused by problems of conmiunication and exjiectations. During the concept



RESEARCH PHASE 3 7.2. RESULTS AND DISCUSSION

T able 7.2; Student perspectives on course structvu’e and assignments

Team 3.1
S: I don't think |the assignments] were a cHstraction. I think they helped... forced us to 
document what we were doing and kind of show us what we needed to get out of our 
research

Team 3.2

S: I feel like there was an emphasis throughout the course on "this is the design process,
these are the steps, we're in step 1 now, now we're in step 2, and you can't do step 3 until 
we've done step 2." And this sort of regimented schedule... which I can appreciate, but I 
think it was also the source of a lot of frustration for me personally and other people...

B: Do you think it would be better to have a structure where the assignments were
more spaced out to allow for more exploration?

S: I'm kind of conflicted in that I think there's a lot of value in coming up with an idea, 
testing it. playing around, saying “oh that doesn't work. OK we need to change this.” 
going back and redoing concepts. So that spaced out structure works in that sen.se but 
then obviously at the end when you're trying to finalize a prototype you've a lot less 
time. And I think even now, iterating at the end I felt like it was sort of rushed and we 
could have done a lot more, like iterated a couple more times. But I think in general it's 
an aggressive aniom t of stuff to fit into a semester-long course .so I don’t think there's 
necessarily a good answer for that.

Team 3.4

S: I think those assignments mean well, and there's always that feeling to help the 
coiirse be as guided as possible and the whole design process be as guided as possible. But 
there's this kind of issue of- you spend so nmch time on [the assignments] that you 
actually do nothing on the other stuff... I know that in a course you need to keep 
everyone guided on where they're going b\it definitely having graded deliverables, 
students will spend a lot more time on those deliverables because they're graded and they 
want them to look nice and things. And they kind of miss out on what they should be 

______ focusing on._____________________________________________________________________
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design phase the teaching staff repeatedly asked to see prototypes of concepts before the team 

made a decision. That is. the teaching staff requested that the team engage in depth-first 

explorations. The students tended to disregard these requests, apparently operating under the 

reasonable belief that the course assignments and milestones took precedence. This indicates 

that in order for the review meetings to enable flexibility, it nmst be made ex])licit to students 

that the guidance received during coaching can supersede the predetermined course timetable 

and that teams would not be reprimanded for disregarding the assignments when so advised.

S tu d e n ts ’ D esign  P ro cess  Self-E fficacy

The engineering design self-efficacy instrmnent develope'd by Carberrj' et al. (2010) was used 

to measure students’ beliefs in their own design abilities at the beginning and end of the 

course. Carberry and his colleagues validated the instrument by comparing the responses of 

202 individuals with varying levels of design experience. They found that the mean engineer

ing design process (EDP) self-efficacy score for the group with intermediate-level exj)erience 

(composc'd of engineering undergraduates and non-engineers with science backgrounds) was 

t)0.50 ±  22.(i3. while that of the ('xperienced group (composed of professional engineers, engi

neering faculty, and engineering graduate students) wa« 82.47 ±  12.44.

The .self-('fficacy scores from Course A3 are plotted in Figure 7.4. The mean EDP score at 

the beginning of the course was (j9.42± 17.57. and at the end of the course was 86.64 ±  10.44. 

Comparing these to the results from Carberry et al. (2010). at the beginning of the course 

the students’ self-efficacy was slightly above the average intermediate score, which is to be 

expected giv'cn the presence of graduate students in the group. At the end of the course, the 

mean self-efficacy was comparable to Carberry's experienced group. A significant increase was 

observed in all items ( P < 0.05). The most substantial gain was observed in the “Redesign” 

item, potentially as a result of the extensive use of precedents throughout the course. The 

scores reflect only the students’ opinions of their own abilities. While these opinions may be 

inaccurate, the results indicate that, from the students’ perspective, the course represented 

a substantial design experience that significantly increased their level of engineering design 

process confidence.

S tu d e n ts ’ D esign  K n ow led ge

The pre- and post-test developed in Chapter 6 was used to examine the effect of the course 

on students’ design knowledge. As can be seen in Figure 7.5. .students showed imi)rovement
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Pre- and Post-Test: Self-Efficacy
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F ig u re  7.4: Students’ self-efficacy sc'ores at the beginning and end of the course.

on all but one of the measures. However, the only significant gain occurred in responses 

to the fabrication cjuestion {P < 0.05). This is perhaps unsurprising given the emphasis 

on procedural knowledge related to detail design and fabrication in the student projects, the 

learning resources, and the initial labs. However, with such a small sample size and subjective 

scoring of responses, it would be inappropriate to make any major claims about the results 

of the pre- and post-test. Furthermore, a potential shortcoming of the test was raised during 

the exit interviews. Participation in the test was completely voluntary and performance had 

no influence on course grades, meaning that there was no incentive for the students to exert 

effort in answering the questions. The following student quote illustrates this point:

I t ’s quite long, and I think at the end of the course you might find people not 

filling out... you might not see the results you expect just because people are 

like “Well I ’ve already done this, you want me to list all these things again and 

maybe a few more.” you know? So yeah. I would watch out for biased results or 

something.

The instnnnent may be of limited utility as a research tool only, and may have to be 

included as a course requirement in order to ensure meaningful results. How'ever. at the very
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Pie- and Post-Test: Concept Questions

F lu en cy  F lex ib ility  E lab o ra tio n  O rig in a lity  C o n cep t F a b ric a tio n  T e s tin g
e v a lu a tio n

□ P R E  a P O S T

F ig u re  7.5: Mean score's of students ' responses to the concept (juestions at the beginning 
and end of the course.

least this study has indicated that it is possiV)le to  m easure changes over tim e in s tuden ts’ 

design knowledge.

7.2.2 D esign  K now ledge Revise

As in j>revdous {jliases. the student tc'anis conducted comprehensive background research 

and ])rior art searches to define their prol)lem and identify possible solutions. In addition, 

concept precedents were drawn from jjrevious course i^rojects. from interactions with domain 

experts, and from the Soft Robotics Toolkit. However, these sources were more often used as 

sources of detail precedents. As in the previous phase, students used experts to  learn more 

about particular component designs, m anufacturing approaches and m aterial selection. The 

prim ary difference in this phase was the use of the SRT and the in troductory labs to provide 

basic background information on a range of detail precedents. The objective of introducing 

these elements was to reduce the dem ands on experts’ tim e by providing the students with the 

contextual information rc'cjuired for effective interactions in advance of their m eetings with 

experts. In this respect the SRT apj)ears to have been successful. The team s who drew on 

precedents docum ented on the SRT site continued to  interact with the relevant engineering 

experts, ijut their discussions tended to be of shorter duration and to  foctis more on advanced 

aspects of the technology in question.
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Questioniiaire Results: Learning Resources 
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F ig u re  7.6: Weekly (juestionnaire results indicating how helpful each team  foimd v'arious 
learning resources.

Figure 7.6 shows each team ’s weekly ratings for the SRT. textbooks, and other online doc- 

m nentation. Team 3.1 clearly relied more heavily on the SRT compared to  other teams, and 

as a result their interactions with experts tended to be regular brief discussions of specialized 

topics rather than  longer meetings discussing backgromid information. Team 3.2 based their 

actuato r design on m aterial from the SRT, and the website and introduc tory labs enabled 

them  to  identify and design the appropriate  actuators early in the process. The rem ainder of 

tlieir project focused on other aspects of the design problem, such as how to design wearable 

devices composed of fabric and other tojiics th a t the toolkit did not address. Team 3.3 relied 

on soft component technology th a t was not docum ented on the site and therefore required 

longer meetings with experts to  cover the  background information. However, even in this 

case the  students reported tha t use of the SRT during the in troductory labs introduced them  

to m aterials and casting processes required for their subsequent work. Team 3.4 did not find 

their needs served by the SRT and relied more heavily on social interactions, in particu lar to  

learn about m aterials and fabrication processes.

Although in general it is rated  more useful than  both textbooks and other online resources, 

the ratings for the  SRT are quite low for all team s except Team 3.1. Tw^o prim ary reasons 

for th is were observed. F irst, the initial labs, based on m aterial from the SRT, successfully 

introduced the topics to students and often the team s did not need to  revisit the m aterial 

subsequently. Second, the d istribu ted  expertise w ithin team s m eant th a t often only a single 

team  member focused on soft com ponent technology while their team m ates specialized in 

other areas of the design. This served to  reduce the average rating as the m aterial was not
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applicable to most team  members. Overall, access to the SRT was observed to be benefi

cial. for examj)le in supporting the initial lab activities, each of which w'ould otherwise have 

required nmltii)le weeks to complete. Many of the students who did not find it helpful for 

their particular projects expressed enthusiasm  for the concept nevertheless, and suggested 

improvements and additions to the site.

Among those students whose projects made use of the content of the SRT. it enabled 

independent work on design and fabrication tasks. These students reported th a t these sections 

of the  site were the most useful for their needs; they did not engage in substantial amoimts 

of testing and modelling and therefore rarely consulted tha t m aterial. The website analytics 

d a ta  plotted in Figiue 7.7 reveals patterns in how the SRT was used. At the beginning of the 

course students made a large num ber of brief visits to the site to seek information related to 

lab activities. D \uing conce])t design the amount of visits decreased. At the beginning of the 

detail design stage of the projects, student visits were of nnich longer duration as they began 

using the website to support independent work such as the creation of mould CAD Hies and 

the fabrication of early prototypes. Towards the end of the course some team s were still using 

the same fabrication methods, but had internalized the procedure and had modified it to suit 

their purposes. As a result, both the nuinber of visits and the average visit duration  remain 

low during the final weeks of tlu> course.

The overall pa ttern  appears to be th a t the SRT was vised at the beginning of the course as 

a source of basic information, and some team s used this information in framing their problem 

and generating initial solution concejjts. During detail design the SRT was then used as a 

source of detail precedent knowledge, and the peaks in average visit duration correspond to  the 

stage of the course when students sj)ent most tim e interac ting with engineering connnvmities 

of practice. This seems to  indicate tha t the SRT was useful in supporting the interactions 

betw w n novices and experts, which was the prim ary objective of introducing it to the course.

C ogn it ive  F lex ib ility  T h eory  and th e  SR T

One of the fim damental principles of cognitive flexibility theory is the need for nm ltiple 

knowledge re[)resentations when learning knowledge related to open-ended problem  solving. 

Concepts, jjrinciples. and theories should be presented from m ultiple perspectives and in 

nm ltiple contexts so tha t learners can reason about those aspects of knowk'dge tha t are 

transferrable between situations and those th a t are context-dependent. An assum j)tion in the 

design of the SRT was th a t each ty])e of component technology was a particu lar repre'sentation
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F ig u re  7.7: W ebsite analytics d a ta  for the Soft Robotics Toolkit showing the use of the site 
by students throughout their design projects.

of the fmidamental concept of “morphological com putation.” or the attainm ent of complex 

behaviour through mechanical design rather than  through sophisticated softw'are or electronic 

control systems. For example, fluidic soft robotic actuators can achieve complex motions 

involving m ultiple degrees of freedom, using simple fluid pressure as an input. An ac tua to r’s 

behaviour is based prim arily on structural, morphological, and m aterial properties, rather 

than  any external intelligence.

It was assumed th a t exposing students to  nm ltiple specihc examples of niorj)hological 

com ptitation would support them  in implementing the concept in their own designs. However, 

this assum ption proved to  be flawed. The concept of morphological com putation is so broadly 

applicable, and the examples provided in the SRT so dissimilar, th a t it was difficult for 

students to transfer design knowledge from one context to  another. They may have grasped 

the fmidamental concept, bu t it was of little assistance in learning the detailed procedural 

knowledge rec}uired to  significantly modify a precedent design. For example. Team 3.1 based 

much of their design on a modified version of an ac tuato r documented in the SRT. When
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m aking thcwe iiiodificatioii.s to the ac tu a to r’s design the team  referre^d to the tu torials and 

protocols on the website. However, the fact th a t only one instance of this actuator was 

docum ented made it imi)ossible for them  to discern those featm’es tha t were specific to this 

instance and those tha t were related to  the general principle of operation of the actuator 

type. In particular, the rationale for many steps in the procedure or features of the design 

remained miclear to the team . As a result, these students recjuested tha t variations on each 

tu toria l and protocol be added, and suggested tha t this could be accomplished by recording 

the modifications made by students in each year of the course (Table 7.3). The inijjlication 

is tha t, rather than  thinking of the entire toolkit as a collection of instances of a single 

fundam ental concei)t. each component type should be considered cus a collcction of concepts 

and princijjles. to be learn(>d through multiple representations. For example, the section of 

the website (k)cumenting the PneuN ets bending actuator should contain nm ltiple examples 

dem onstrating the design principles and fundam ental principle of op('ration of this class of 

actuator.

Recording student work, as suggested by members of team  3.1. is in fact one of the goals 

of the SRT. Most of the examples currently docum ented on the wel)site draw on the work 

of students in Phas(' 2. A long-term goal for the SRT is to encourage knowk'dge sharing 

between! teams, as intt'r-team  conunim ication has remain('d minimal throughout the three 

phases. However, recording student work is difficult. During the three phases of research 

each team  in Course A was ])rovided with a “wiki” webpage hosted on H arvard’s campus- 

wide virtual learning environm ent. Teams were encom aged to use their wiki to record their 

progress, and teaching stafi' often referred to  the webpages during weekly review meetings. 

One of the aims of introducing tem plate documents during this i)hase was to encourage a 

standardized ai)proach to creating docum entation for the wiki. However, student use of this 

resource was limited, and most team s saw the wiki simply as a means of sending completed 

assignm ents to the teaching staff. S tudents rarely consulted other team ’s wikis, and rarely 

recorded m aterial tha t was not part of a specific assignment.

\M ien ask('d about their u.se of the wiki, many team s felt th a t the environment was difficult 

to use and i)referred to share docum ents using th ird  party  solutions. Team members typically 

spent so nnich tim e together in person tha t their need to  share docum entation online was 

minimal. Furtherm ore, many students felt th a t docm nentation tasks were a distraction from 

their design projects (Tal)le 7.3). This last point is problematic. Docum entation is an essential
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T able 7.3: Student perspectiv’es on docum entation

Team 3.1
SI: Maybe if we put up some of the previous teams' work and how they modified the 
protocol it would help future teams. l...| I think a general protocol with caveats, even if 
you just keep the current protocol and say "If you would like to modify into a rectangular 
geometry this would be helpful." Just little tips like that.

S2: Not this year but next year have each team write up content for the website of what 
they did. what worked, and what didn't work |laughs|. And then just put it up there. If 
you want to look at it you ask. "Hey R we have this problem" and you're like "Well, you 
know team X had that problem last year, go look at their portion of the website and 
you'll see."

Team 3.2

S: There was nothing specific about the wiki that made it useful, it could have been
done with any other sharing thing like Dropbox, Google Drive, whatever. In the past 
wikis have been very useful for me in other projects.

(Opens laptop and shows the website used in a previous team-based project]

R: W hat were the differences between the way that course expected you to use it and 
the way this course did?

S: ... Now that I think about it. becau.se I spent so much time in person with my 
team, there wasn't as much that had to be communicated digitally. Versus with that 
other project we were in and out of the lab. often not all five people could be there at the 
same time so it was immensely usef\il to be able to update everything in one place, 
everyone goes there and looks at it... Whereas for us. a lot of our stuff was physical and I 
wasn't going to take pictures at every single step of the way. And because I saw them so 
often that communication was just much easier to do in person.

Team 3.3
The thing is (updating the wiki( also takes time away from the projects. So keeping the 
website updated you have to put effort into that in addition to the project. So I think we 
sort of left it by the wayside a little bit, because it seemed like it was more important to 
get things done on the project rather than- Especially since we still were documenting 

______ things but it was easier to do it on a Google doc or whatever._________________________
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Capping
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Barbed Vent in Actuator Made with Pin Molding Method - Does 
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before inserting the barb produces the best seal after two days - 
Actuator pops before leaking at that joint

Glued Vented Screw Capping - Very likely to leak between the 
screw threads and elastomer - not reliable in our experience.

F ig u re  7.8: An example of detail design docum entation jjroduced by a student team.

part of engineering design activity. partic\ilarly in heavily regulated environm ents such as the 

medical device industry. Thus, encomaging st\idents to  develoj) good docum entation practices 

may be beneficial. However, medical devic'e engineers tyjjically have access to .sophisticated 

version control systems th a t lower many of the barriers to docum entation, unlike the more 

rudim entary .solutions available to students. Future develo])ment of the SRT website may 

benefit from reference to re.search on knowledge organization system s in industry.

Despite the general reluctance to producing docm nentation in addition to tha t required 

for assignments. ui)on completion of the course one team  did voluntarily update  their wiki 

with information th a t could be aflded to the SRT. This consisted of photograj)hs and videos 

documenting attem j)ted actuator designs, each with a caj)tion describing the strengths or 

weaknesses of the approach. Figure 7.8 shows an example of the work uploaded. Identifying 

m ethods of encouraging other team s to share lessons like this throughout the duration of the 

course may lead to increased inter-team  comm unication in future years.

S R T  C o n tro l  B o a rd

Two preassembled control boards were available for use by the team s. In the initial weeks, 

the boards were used to supi)ort labs on control system s engineering and on sensor signal 

conditioning. Students were encouraged to use the boards as they saw fit in their projects 

and extra comi)onents were j)rovid('d to enable team s to make modifications to the pre-built 

boards, or to build their own customizc'd control system if necessary. Dm’ing this i)hase.
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Questionnaire Results: SRT Control Board
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F ig u re  7.9: Weekly questionnaire results indicating how helpful the SRT control board was 
to each team.

the control board was again directly relevant to  two team s’ projects (Figure 7.9). Teams

3.1 and 3.2 used the board prim arily as a platform  for testing and dem onstrating their 

design concepts. As before, access to  the  boards enal)led the team s to focus on the design 

of their devices rather than the support hardware. Team 3.2 made extensive modifications 

to the control board, guided by the associated docum entation on the SRT website. As is 

apparent from Figure 7.9. this occurred during the la tte r half of the course, in {)arallel with 

the prototyping of their device. The result was a control system customized for use with 

their final prototype. Tiie board ’s portability  was convenient when travelling to  dem onstrate 

their design to  clinicians and user groups. The team  member who took responsibility for the 

control board modifications felt th a t, w ithout the provision of the preassembled board and 

the online docum entation, this task would have been beyond the scope of the course. Team

3.1 relied less heavily on the board and made no modifications, as dem onstration of their 

design required only basic m anual control. Furtherm ore, the m iniature pumj) included on 

the board did not provide enough fluid pressure to  fully actuate  their final prototype, and 

they instead relied on a larger air compressor for use in final testing.

7.2.3 T he Social N atu re o f D esign

In Phase 1 it was observed th a t one of the  m ajor obstacles to providing useful learning ex

periences in OATPB courses was a  lac’k of access to engineering comm unities of practice. In 

Phase 2 course them es were used to  connect students with research groups in an effort to 

overcome this obstacle. The resulting interactions seemed beneficial for studen ts’ learning, 

and during Phase 3 a ttem pts were m ade to  provide a greater num ber of comiections between
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learners and experienced engineers. Projects were more deliberately aligned with the work of 

particular research groups, and more frequent guest lectures covering a wider range of topics 

were j^rovided. Combining these approaches allowed sj)ace for team s to exj>lore alternative 

solution technologies rather than being constrained to  work with only one predeterm ined 

research group. For example, the a ttem pt to align Team 3.4 w’ith  a particular research group 

was unsuccessful due to the j)roject taking an unexpected direction, but guest lectures in tro

duced topics relevant to their design and enabled students to make unplanned connections 

with a connnunity of practice. Thus, the combination of provisional project alignment and a 

large variety of guest lectures j)reserved the open-ended natm e of the  course while allowing 

support to be i>lanned in advance.

Figure 7.10 provides an indication of how each team  interacted with different types of 

experts throvighout the course. The general pa tte rn  is tha t, as expected, the team s relied on 

interactions with their clinicians prim arily in the early stages of the process while interac

tions with expert engineers predom inated in the later stages. Team 3.4 consulted exj)erienced 

engineers during concept design and again during detail design, while Team 3.1 Wtus in regu

lar contact with a ])articular researcher throughout their project. The overall trend in how 

team s interacted with engineering conununities of j)ractice indicates th a t students u.sed these 

interactions to  access detail j)r(>cedent knowledge, and concurs with observations from the 

previous phase and from the literature that highlight the role of social sources in tackling 

problems related to detail design (Ellis and Haugan. 1997: Milewski. 2007). Thus, the prob

lems of access in OATPB courses, identified during Phase 1. appear to have been addressed 

in a repeatable way during Phases 2 and 3.

There are two jjotential drawbacks to  connecting engineering students to  more experienced 

peers. The first is th a t easy access to domain knowledge may prevent students from tackling 

complex problems on their own and therefore have a negative impact on their learning. 

However, the observation d a ta  contains nniltiple examples of students being required to 

overcome challenges in adapting precedent knowledge to suit the context of their particular 

problem. Com paring between the six student cohorts observed in th is thesis, it may be the 

case th a t those with access to  engineering expertise engaged in more complex problem-solving 

ra ther than  less; one of the jirimary challenges the other team s faced was simply finding 

information, which is a logistical rather than  conceptual ])roblem. The second i)ossible issue 

is th a t students may acquire an understanding of a very specific technological field but fail
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Questionnaire Results: Access to Experts 

 Access to engineering communities of practice Access to clinicians

5

4

.3

2

0

Team 3.1 Team 3.2 Team 3.3 Team 3.4

F ig u re  7.10: Weekly questionnaire results indicating how helpful each team  found having 
access to  experts.

to learn more fundam ental knowledge about design practice. The social nature of design, 

and the role of interactions with more experienced peers in developing the social knowledge 

required for design, was not explicitly addressed in the com'se. Some students saw general 

educational value in these interactions while some did not (Table 7.4). The latter group 

viewed interacting with more experienced peers prim arily as a means of accomplishing a 

particular task  ra ther than  as a learning opportim ity. As a result, they may have benefited 

less from their experiences in the course. Thus, it may be ne^cessary to  make explicit the 

pedagogical rationale for connecting students with engineering comnum ities of practice.

Finally, a conceivable problem in developing and sharing a resource like the SRT is th a t it 

could be perceived as a surrogate for these social interactions in design education. R ather, it 

is intended as a resource to  support such interactions. The backgrovuid inform ation contained 

in the toolkit provides a common ground on which to base communication. By capturing 

much of the explicit knowledge about previous designs it enables discussions between experts 

and novices to focus on more subtle or tacit aspects of the experts’ knowledge. The plots 

in Figure 7.10 and student quotes in Table 7.5 dem onstrate th a t the team s were using the 

SRT to  support ra ther than  replace access to engineering communities of practice. It may be 

necessary to make the intended role of the  toolkit explicit for other educators so th a t it is not 

applied to  other learning environm ents without attention paid to  the pedagogical framework 

th a t informed its development.
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Table 7.4: Student perspectives on interacting with experts

Team 3.1 on problem-solving:

It was helpful if you were open-minded enough to take all these ideas and convert them 
into what you need specifically for your project rather than getting bogged down in "He 
said do this" and not being able to take that and adapt it to your particular situation. |...|
I guess if I was really desperate I would go to |the expert] and ask him how to do it but if 
I wasn't I would prefer to sit here and find my own way to do it.

Team 3.2 on learning outcomes:

I think just having the experience of interacting with .so many different other people for 
this one project miide me a lot more receptive to the idea of asking for help and also 
Again I think with a lot of these things it's that I'm more conscious of these things now.
It's not like I didn't know that I conld ask for help before, it's more that I'm much more 
aware that this is a very helpful thing and I've seen first-hand its benefits

Team 3.3 on learning outcomes:

H: Do you think those interactions helped you to learn things that are useful to you
beyond the course?

S: I mean a lot of it was more specific to the project, but now I know how to make soft
sensors!

Team 3.4 on learning outcomes:

They were definitely helpful in terms of working with nitinol or whatever material we 
_______ were working with, but also in tiie design process._____________________________________

7.2 .4  C om parison to  P revious P h ases

One of the challenges in improving OATPB courses, and one of the nicjtivations in devel

oping a collection of concept question to m easure design knowledge, is th a t it is difficult to 

compare between one iteration of a course and another. A common approach taken is to use 

student satisfaction cjuestionnaires to  m onitor changes in the course over time. At the end 

of each semester, all Harvard students are asked to rate  various aspects of the courses they 

have completed and provide feedback on their experiences. As a means of evaluating OATPB 

courses, this approach is problem atic as student satisfaction in these contexts may be influ

enced as nmch by their feelings about the success of their personal design projects as by any 

feature of the learning enviromnent. Furtherm ore, the respondents to  these questioimaires 

have no experience with previous iterations of the course and therefore are not capable of 

comparing one version of the environmc'nt with another. However, tliis thesis has relied pri-
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T a b le  7.5: Student perspectives on the role of the SRT

Team 3.2
S: I think the level of information that was given to us was fine. I mean we still went 
and talked to plenty of people on our own because there are so many things that are 
going to be specific to your one project that it seems like it's highly imfeasible to try and 
make a module on the site for every single thing you need to do. And a lot of it isn't "how 
to do this.” It's what does this researcher who has experience in this field think in general 
about your approach. That's not something you can present on a website.

Team 3.3
I saw it more as a starting place than "this is how you do everything forever"... It just 
.sort of gave me the basics. I don't know if it could really replace the researcher 
interaction. |...| I don't think any of the teams were necessarily exactly copying the 
instructions from the website, you were adapting them to whatever project so there's 
always going to still be questions that you might have outside of that.

niarily on the use of (jualitative data, and s\ibjective in terpretation of th a t data, to compare 

between learning contexts. This approach is also susceptible to distortion, particularly when 

the  researcher is actively involved in shajMUg the context being studied. Thus, this section 

examines the student satisfaction ratings from the three iterations of Course A described in 

this thesis. This is intended as another means of triangulating the d a ta  in order to improve 

the  trustw orthiness of the research.

In this questionnaire the students were asked to rate their satisfaction with four aspects 

of the course: the overall course, the coursework assignments, the feedback from teaching 

staff, and the learning m aterials provided. Figure 7.11 plots the average stiulent satisfaction 

ratings from each phase of Course A. The overall trends apparent in these plots concur with 

aspects of the observations and in terpretations presented in this thesis. The most substantial 

changes to the overall course occurred between Phases 1 and 2. when the focus of the course 

became medical applications of soft robotics. This corresponds to  an increase in student 

satisfaction in all aspects of the learning environment. Between Phases 2 and 3. the overall 

course s tructu re  remained the same, resulting in identical average satisfaction ratings for both 

the  overall course and the assignments. A reduction in satisfaction regarding the feedback 

from teaching staff during Phase 3 is very likely related to  the problems faced by Team 3.4. 

as discussed above.
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Student Satisfaction Ratings

3 ■

2 ■

1 ■

0  ■ — — ----------------------------------   ' — I------------------------------------------------------------------ 1----------------------------------------------------------------------------1—  — — ------------------------------------------------- 1

C ourse overall A ssignm ents Feedback M aterials

□ Phase 1 □ Phase 2 □ Phase 3

F ig u re  7.11: The mean student satisfaction with aspects of Course A for each of the three 
{)hases observed in this tliesis.

The primary change in the learning environment between Phase 2 and 3 ŵ as the intro

duction of the SRT and a set of tem plates to guide the studen ts’ work, and the only increase 

in satisfaction during Phase 3 relates to the provided learning materials. Thus, these results 

api^ear to confirm some of the results from the qualitative research. However, this should 

not be taken as definite conhrm ation. as there are a wide range of factors tha t may influence 

studen ts’ satisfaction with the course, as mentioned above. In particular, during the three 

y('ars the teaching staff became more experienced in the organization and delivery of Course 

A. and this may have improvc'd the quality of the course in a variety of subtle ways.

7.3 Conclusions

This C'hapter has described the th ird  and final phase of the research presented in this the

sis. The re.search during this phase focused on investigating the use of a database of detail 

precedent knowledge in an OATPB course, and on exploring in more depth the experiences 

and perspectives of students related to some of the issues identified in previous chapters. 

Particular attention was paid to the tension between the flexible and m ethodical aspects of 

the design process, the reuse of design knowledge, and interactions between student designers 

and engineering connnunities of practice. This chapter also described the introduction of an 

instrum ent designed to test a variety of mechanical design skills, including concej)t generation 

and evaluation. j)rototyping. and testing.
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The aim throughout this thesis has been to develop a pedagogical framework for OATPB 

courses by comparing theories and results from the literature to  the experiences of students 

and teaching staff in these courses. This section smnmarizes the results from the th ird  phase 

of research with reference to the framework. Additions to the framework in Table 7.6. based 

on results from the th ird  phase of research, are highlighted in underlined font.

D esign  P r o cesses  and S tra teg ies

Conflicts betw'een task  optim ization strategies and both learning and design strategies were 

again evident in the actions of students. Interestingly, these students were aware of the 

conflict and felt th a t it was caused by features of the learning environm ent. The root cause 

of the observed issues appeared to  be a high degree of project uncertainty combined with a 

lack of explicit permission for students to deviate from the overall course structure; although 

students were asked to engage in a depth-first exploration they ajipeared to  consider these 

requests subordinate to  the course milestones. This result implies a need to provide explicit 

permission to students to disregard milestones when appropriate. A [)otential approach to 

allow deviation while retaining overall structure  may be to  introduce secondary milestone 

deadlines, so th a t if a project requires more tim e spent on a particular task there is a formal 

mechanism to  accom m odate this and signal permission for students.

Pre- and post-test results indicated tha t completing the course positively affected stu

dents’ confidence in their own design process abilities. Significant learning gains were only 

observed in one category: fabrication. However, shortcomings in the use of the test instru

ment purely as a research tool were identified. The results appear to indicate th a t it is possible 

to use open-ended conceptual questions to  m onitor changes in s tuden ts’ design abilities over 

time. However, testing on larger cohorts of students is required to confirm this.

D esign  K n ow led ge  R eu se

The use of a database of detail design precedents was shown to provide nmch of the know'ledge 

required by students during detail design and prototyping activities. This in tu rn  was found 

to support interactions with engineering connnunities of practice by allowing many of the 

students basic information requests to  be addressed in advance of meeting with experienced 

engineers. The database recorded information about the design, fabrication, modelling, and 

testing of soft robotic component technologies. The students whose work drew on the contents 

of the database reported th a t the content related to  design and fabrication was more useful

170



RESEARCH PHASE 3 7.3. CONCLUSIONS

than that rehitod to testing and fabrication. A shortcoming identified in the design of the 

database was the inc lusion of only one instance of each category of comi)onent. Feedback from 

the students concurred with a fundamental principle of cognitive flexibility theory: nniltiple 

representations are required to facilitate transfer to other contexts and problems.

T h e Socia l N a tu re  o f  D esign

For a second time, the use of a course theme related to a particular type of technology was 

found to be beneficial in facilitating access to engineering conununities of practice. Aligning 

student projects with j)articular research groups established connections that most student 

teams exploited. However, not all projects involved participation in the e'xpected commmiities 

of practice. In order to retain the open-ended nature of the course it was necessary to 

recruit a wide range of guest speakers, which enabled unanticipated interactions between 

students and more experienced peers. The students’ interactions with experts increased 

throughout the course, indicating that the teams accessed detail i)recedent knowledge through 

social scjiu'ces. an ob.s('rvation which concurs with findings from the literatme. A potential 

issue with st\idents' perception of the role of connnvmities of practice in the com'se was 

highlighted: some students saw access to domain knowledge solely in terms of the details of 

that knowk'dge. rather than as an opportmiity to rehearse procedural knowledge related to 

anak)gical reasoning and the social nature of engineering design. This may be due to a failure 

of the environment to make these learning objectives explicit.
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Table 7.6: Pedagogical Framework for OATPB Courses 

Design Knowledge___________Guiding Theory______________ Learning Enviroiinient Feature

Strategies Strategic \a tu r e  o f  Learning
• Learning strategies • Metacognition • Overview of course process
• Design strategies • Reflection • Qualitative feedback rather than
• Task optimization • Alignment of tasks and quantitative grading

strategies learning goals • Explicit permission to deviate

Process Cognitive Apprenticeship
• Flexiiilc'-methodical • Coaching • Methodical: assignments and

process • Modelling milestones
• Problem-solution • Articulation • Flexible: coaching via regular

coevolution • Reflection review meetings
• Tolerating uncertainty • Monitoring tmderstanding via 

“muddiest point” questionnaires
• Open-ended concept questions as 

means of evaluating design 
knowledge

Models Social constructivism
• Sketching • Guided discovery • Introductory sketch modelling
• Prototyping exercise

• High-fidelity prototyping
• Facilities

Design Knowledge Reuse Cognitive Flexibihty Theory
• Precedents • Multiple representations • Concept precedents
• Fixation • Contextual information • Detail precedents from

• Concepts linked to documentary and social sources
precedents • Database containing nniltiple

• Emphasis on interrelations
• Knowledge assembly

representations of detail precedents

The Social Nature o f Fostering a Community o f
Design Learners
• Role of language • Dialogic base • Regular meetings
• Team roles • Distributed expertise • Assignment of individual
• Inter-team • Communities of practice responsibility

communication • Multiple zones of proximal • Access to stakeholders
• Distributed cognition development • Access to engineering communities

• Instructor guidance of practice via a technological
theme rather than a problem theme

• Anticipated connections via 
alignment of projects to research 
groups

• Unanticipated connections via wide
range of guest lectures



Chapter 8 

Conclusions
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This thesis has exjilored the learning environments of open-ended, authentic, team - and 

project-based (OATPB) engineering design courses. Such courses are an increasingly com

mon feature of engineering education. However, there are obstacles to successfully introducing 

these types of project-based experiences to the engineering cturiculuni. Design learning re

quires a fundam entally different approach to instruction compared to  th a t which ha« predom 

inated in engineering programs traditionally. Many faculty members have limited experience 

with design, and still less with design education. W hile argum ents in favoiu’ of introducing 

design experiences for students have been common, there is little by way of guidance for edu

cators to  indicate the types of knowledge th a t should be tatight and the m ethods ajjpropriate 

for doing so. Previous a ttem pts to support educators suffer from a number of shortcomings, 

in particular a lack of explicit pedagogical principles and a focus on activities and behaviours 

ra ther than knowledge and understanding. Support for teac'hing often comes in the form 

of conference and jomuial papers w ritten by and aimed at practitioners, however there is a 

disconnect between this m aterial and results from design and education research.

Thus, the objective of this research has been to develop a pedagogical framew'ork to 

guide educators in developing and improving learning environm ents for OATPB c'ourses. 

The framework is also intended as a tool to  support research in these contexts, by providing 

a lens through which to examine studen ts’ experience, based on both empirical and theoret

ical foundations. The initial version of the framework was developed in C hapter 3. which 

described results from a variety of empirical studies of design practice and in particular the 

types of know'ledge th a t characterize design expertise. Four categories of fundam ental design 

knowledge were identified: strategies and processes, models, knowledge reuse, and the social 

natu re  of design. These categories form the organizing structu re  of the framework, and are 

suggested as fundam ental learning objectives for OATPB courses. The work of educational 

psychologists and social anthropologists was then used to  identify a set of learning theories 

closely related to the types of knowledge essential for design. These theories were selected 

to  act as guidance in achieving the proposed learning objectives. The framework was thus 

constructed as a m atrix  in which each essential aspect of design knowledge was paired with 

a  theoretical perspective on knowledge and learning.

C hapters 4 and 5 described two phases of participant observer research in OATPB courses. 

The results were used to  identify aspects of the learning environm ents th a t aligned w ith the 

learning objectives and theories contained in the framework, as well as those th a t presented
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obstacles to student learning. The observations revealed th a t students often engage in re

hearsing aspects of design knowk'dge when given the ojiportunity. Problem atic aspects of 

learning environm ents were identified as those th a t impede such rehearsals. Issues tha t were 

identified as particularly problem atic include structuring courses in such a way as to  facilitate 

deviations from a top-down, breadth-first strategy and providing access to docm nentary and 

social sources of detail design knowledge. A ttem pts to address these issues yielded further 

insights into k'arning needs and indicated potential imi^rovements to learning environments.

Chapter (i described the development of resources to be used in the th ird  phase of research. 

The Soft Robotics Toolkit (SRT) is an online database of detailed knowledge relating to  the 

design, fabrication, modelling, and testing of soft robotics components. It is intended as an 

example of the tyjje of knowledge resource recjuired by mechanic al design students. The SRT 

was develop('d by recording the knowledge shared between exj)erts and novices during the 

preceding phase of research in one of the courses. Collaboration with experts enabled this 

m aterial to  be elaborated further. Contents of the SRT were tested for clarity with vohuiteers 

from non-engineering backgromids. The results of these tests were used to  improve the SRT 

and to develoj) general guick'lines to assist w'ith the creation of further wetisite content. 

C hapter (i also described the dcn'elojjment of a set of concej>tual cjuestions intendcxl as a 

means of evaluating students ' design knowledge. An initial instr\unent was ])ilot tested to 

identify the tyjjc's of cjuestions tha t wene most useful in differentiating lietween levels of design 

experience'. Based on the results of this test, a five-item instrum ent was developed for use 

during the subsc’cjuent phase of research.

Chajiter 7 dc’scribed the use of tlu'se resources in an OATPB course, and explored many 

of the issues previously identified in greater depth. Q iiantitative data  w'a.s used as a means 

of supplem enting and guiding the ciualitative research. M ethods of addressing problems in 

OATPB learning environm ents were validated, and issues tha t remained problem atic w'ere 

highlighted. The results of the researc h were used to improve the pedagogic al framework by 

adding guidelines on the design of learning environments.

The prim ary contribution of the tliesis is the pedagogical framework. The framework has 

been developc'd iteratively throughout the thesis, with certain aspects being rcnvaled during 

each phase. This chapter begins by describing the complete framework th a t has resulted from 

the three j^hases of research. Lim itations of the work j)resented in the thesis and potential 

directions for future research are then discussed.
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8.1 A Pedagogical Framework for OATPB Courses

This section describes the pedagogical framework tha t has resulted from the research pre

sented in th is thesis (Table 8.1). The framework is intended as a tool for understanding, 

developing, and imi)roving OATPB learning environments. It is not intended as a detailed 

course tem plate, bu t rather a collection of i)rinciples to guide educators and researchers. It is 

al.so not intended as a final and stable model. The framework will continue to  evolve through 

application in different contexts, and educators are encouraged to reflect critically ui)on its 

use. adapting elements to  best meet the reqtiirements of particidar settings. The inclusion 

of learning theories is intended to g\iide such critical reflection: the aim of basing the frame

work on a theoretical foundation is to allow surface details to change while m aintaining the 

underlying principles.

The framework could be used in combination with existing guidelines for engineering 

design educators, such as those discussed in C hapter 1. For c^xample. the CDIO syllabus 

(Crawley et al.. 2011) provides guidance on the development of engineering degree jirograms 

and can \>e used to  define the relationship of design experiences to other co\irses. Tluis. 

it addresses the general educational context. The pedagogical framework develoi)c'd here 

provides guidance on the development of particular cour.scs within engineering programs. 

Thus, it addresses the specific learning environment related to a given course. Finally, the 

Informed Design Teac'hing and Learning M atrix (Crismond and Adams. 2012) supports the 

planning and evaluation of specific activities within design courses: it addresses the details 

of student activity  carried out w ithin the contexts defined by the other guidelines. The 

pedagogical framework developed in this thesis is therefore conceived of as a contribution to 

an emerging suite of tools to  support research and practice in engineering design education. 

The rem ainder of this section describes the complete current version of the  framew'ork.

D esign P rocesses and Strategies

Design ability relies upon strategic knowledge. There is no single correct strategy, process, 

or heuristic th a t can be used to solve all design problems. Successful designers possess a 

“reperto ire” of strategies which allow them  to flexibly adjust their working process in response 

to aspects of the problem context, unexpected problems, or emerging solutions. Thus, the 

fundam ental objective of OATPB courses should be to  expose students to a variety of design 

strategies, and in particular strategies related to the overall j)rocess followed. The process
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Design Knowledge___________Guiding Theory______________ Learning Environment Feature

Strategies__________________ Strategic \a tu ie  o f  Learning
• Learning strategies
• Design strategies
• Task optimization 

strategies

Process

• Metacognition
• Reflection
• Alignment of tasks and 

learning goals

Cognitive Apprenticeship

• Overview of course process
• Qualitative feedback rather than 

quantitative grading
• Explicit permission to deviate

• Flexible-methodical • Coaching • Methodical: assignments and
process • Modelling milestones

• Froblem-solution • Articulation • Flexible: coaching via regular
coevolution • Reflection review meetings

• Tolerating uncertainty • Monitoring understanding via 
“muddiest point" questiomiaires

• Open-ended concept questions as 
means of evaluating design 
knowledge

Models Social constructivism
• Sketching • Guided discovery • Introductory sketch modelling
• Prototyping exercise

• High-fidelity prototyping
• Facilities

Design Knowledge Reuse Cognitive Flexibility Theory
• Precedents • Multiple representations • Concept precedents
• Fixation • Contextual information • Detail precedents from

• Concepts linked to dociunentary and social sources
precedents • Database containing multiple

• Emphasis on interrelations
• Knowledge assembly

representations of detail precedents

The Social Xature o f Fostering a Community o f
Design Learners
• Role of language • Dialogic base • Regular meetings
• Team roles • Distributed expertise • Assignment of individual
• Inter-team • Conmiunities of practice responsibility

conimvniication • Multiple zones of proximal • Access to stakeholders
• Distributed cognition development • Access to engineering connnunities

• Instructor guidance of practice via a technological 
theme rather than a problem theme

• Anticipated coimections via 
alignment of projects to research 
groups

• Unanticipated connections via wide 
range of guest lectures



CONCLUSIONS 8.1. PEDAGOGICAL FRAM EW ORK

followed ill courses should be “flexible-iiiethodical” (Fricke. 1996). T ha t is. the default process 

followed should be a methocUcal. top-dow'ii. breadth-first apj^roach to  problem-solving, but 

with the flexibility to  allow student team s to  deviate into depth-first explorations of potential 

solutions when appropriate. This thesis has confirmed the need for a flexible-methodical 

process by examining the experiences of team s who struggled with process-related issues.

The m ethodical aspect of the process may be achieved through the use of course milestones 

and deliverables. For example, in the early weeks of one of the courses studied in this 

thesis the student team s were expected to produce weekly docum entation describing the 

results of their needfinding research or prior art searches. After this background research 

had been conducted they Vv̂ ere required to define the project brief, by outlining a mission 

statem ent and set of functional requirem ents. During the concept design stage of the j)roject 

the team s were exi)ected to document the “top three” solution concejjts considered, indicate 

their chosen concei)t. and justifv’ this choice. Subsequent deliv’erables included a project plan, 

docunientation of tests, and detail design presentations.

The flexible aspect of the process may be achieved through regular design review meetings. 

The role of the educator in these m eetings should be guided by the theory of cognitive 

apprenticeship (Collins et al.. 1991). which suggests activities intended to  support learning 

of cognitive strategies and processes. Coaching involves providing feedback and guidance on 

student performance, or supplying hints while students complete a task. Modelling involves 

dem onstrating aspects of a task so tha t students may observe the strategies used by an 

expert. A rticulation requires students to explain their thought processes, and should be used 

to encourage reflection. These activities support the learner in engaging in metacognitive 

reasoning, or reasoning about their own knowledge and cognitive processes. This type of 

reasoning is characteristic of both  effective learning strategies and successful design strategies.

In courses with a large num ber of students, it can be difficult to  schedule sufficient tim e 

for thorough review meetings with each team . This thesis has found th a t simple weekly 

questionnaires, asking students to  identify any difficulties they are facing in their projects 

and the main unanswered question they have about the course (the ‘'m uddiest point” ), allow 

educators to m onitor the activities and experiences of team s (Hall et al.. 2002). Recurring 

difficulties or questions can be addressed during subsequent lectures. These questionnaires 

do not replace the need for regular review meetings, bu t allow general course issues to  be 

addressed outside of m eetings so th a t the reviews can focus on particular aspects of a team ’s
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project, thereby reducing the tim e required. The thesis has also describc'd the develoijnient of 

a set of open-ended (oncei)tual questions th a t m ay be useful for measuring studen ts’ design 

knowk'dge. Such cjuestions could be used throughout a course as a further means of providing 

feedback on coinse efficacy and identifying topics th a t may require more attention.

An inij^ortant issue highlighted throughout this thesis is the detrim ental role tha t task 

optim ization strategies can jilay in OATPB courses. W'hen faced with regular short-term  

tasks learners will often adopt strategies to minimize the am ount of tim e required to create 

the deliverable ])roduct (Scardamalia et al.. 1994). For example, regular design milestones 

may result in students focusing their efforts on producing satisfactory docm nentation rather 

than on conducting the work that is supposed to  be documented. Studies of learners’ task 

ojitim ization strategies have tyi)ically focused on the performance of schoolchildren complet

ing reading comprehension or w ritten composition tasks. Interestingly, this thesis has found 

th a t college students sometimes engage in similar behaviours.

Three asj)ects of OATPB learning environm ents have IxH-n identified as contributing to 

the \ise of task optim ization strategies. In one of the courses studied during Phase 1. the 

students were not i)rovid(‘d with information about the proce.ss being followed. As a result, 

it was difficult for them  to link im m ediate task-related goals with overall project or process 

goals, resulting in a focus on the former to the detrim ent of the latter. In one of the courses 

observed during Phase 2. frc'quent numerical grading of student deliv'erables overemphasized 

the inun('diate tasks, again causing some students to  focus their a tten tion  on the secjueuce of 

short-term  tasks rather than  the overall process. In this case, the use of grades also discour

aged deviation from a m ethodical process and experim entation with alternative strategies. 

The use of qualitative grading in another course seemed less likely to  encourage task opti

mization. However, even in an environment th a t provided students with detailed })rocess 

information and used qiuilitative feedback rather th an  (juantitative grading, task optim iza

tion behaviom- was observed. An interesting finding in this case was th a t the team  was aware 

of their liehaviour and identified it as a problem, indicating th a t m etacognition is not suffi

cient to overcome the issue. A cause of this team ’s problem appeart'd to be a lack of explicit 

permission to deviate from the imposed course schedule: even though teaching staff requested 

dei)th-first explorations in weekly review meetings, the students felt obliged to focus on the 

top-down, breadth-first milestones. This dem onstrates th a t the flexible aspect of OATPB 

courses may be underm ined miless it is made clear tha t students will not be re])rimanded
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for deviating from the schedule. A contribution of this thesis is the attention drawn to the 

issue of task optim ization strategies among students, and the identification of causes for its 

prevalence.

D esign  M od els

Design engineers rely on a variety of models, be they m athem atical, mental, physical, or 

graphical. Models are used to reduce uncertainty, and may represent the problem being 

tackled, the artefact or system being designed, or the process being followed. Students seem 

to naturally  rely on graphical modelling throughout the process, from freehand sketching to 

the production of CAD solid models. The development of graphical modelling skills appears 

to be a largely independent process in which student team s experiment with media and 

techniques. However, review meetings should be used as a means of providing guidance on this 

experim entation, for example by encouraging students to consider alternative representations 

if detailed CAD models are not appropriate for their project.

An emphasis on CAD and m athem atical models in engineering education results in a belief 

among students th a t engaging in other forms of modelling is “not engineering.” The use of 

introductory sketch modelling exercises, during which students are required to design and 

build devices using basic m aterials such as cardboard and tape, has been found to encourage 

students to engage in more physical modelling throughout their projects. The>se activities 

also seemed to  encourage other creative activities throughout the projects, including the use 

of videos and storyboards. It is proposed th a t sketch modelling activities signal permission 

to  students to  engage in activities th a t are not typically an aspect of engineering coursework 

and therefore tend to  be viewed as “not engineering.” These exercises can range in duration 

and complexity. In one of the courses studied, students were expected to  spend two weeks 

designing and constructing a “paper bike” th a t could be used to  transport a team  member 

during a com petition, using only cardboard and other paper products. In another, students 

were given 90 m inutes during which to  design and build as many mechanical graspers as 

possible using cardboard, string, and any other m aterial they could scavenge.

The observations carried out in OATPB courses have highlighted the value of including 

detail design and high-fidelity prototyping experiences. Many issues related to a design do 

not become apparent to  students until they a ttem pt to implement it. This appears to be 

true  for all types of projects observed, but particularly for those involving mechanical design. 

A conceptual understanding of m anufacturing processes does not equip students with the
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knowledge required to  design for these processes; they also require procedural knowledge 

resulting from producing prototypes or working with vendors to have parts made. Providing 

access to  the resources recjuired to  suj)port these activities is a m ajor challenge for educators. 

Due to the open-ended nature of OATPB courses it is not possible to predict in advance the 

eqtiipment. m aterials, or knowledge required for prototyjiing. This issue may be partially 

addressed through the use of a course theme, as discussed in the following section.

D esign  K n ow led ge R eu se

A substantial am ount of design activity involves identifying and synthesizing aspects of pre

vious solutions, or improving existing solutions through rt'design. Successful design reuse' 

requires extensive declarative knowledge related to precedents as well as procedural knowl

edge about how to make use of those j)recedents. Transferring elements of a solution from one 

situation to another require's an ability to identify the context-specific features of a previous 

design and reason about whether those features are appropriate for the problem at hand.

This thesis has identified two categories of design precedents: concept precf'dents and 

detail precedents. Concej)t preiedents are prim arily u s (h 1 during the  problem definition and 

concept design stages of a project, both to inspire potential solution concepts and to identify 

existing concej)ts tha t the team  wishes to  avoid. Students are capable of accessing information 

about concept precedents with minimal support, and typically identify candidate {)rc'cedents 

through prior art searches and ncvdfinding research. Detail j)rcx'c'dents are primarily usc'd 

during the detail design and i)rototyping phases of projects, and relate to  m ethods of re

alizing a particular concept. Dc'tail precedents may include specific mechanisms, machine 

elements, morphologies, m aterials, manufac'turing processes, electronic circuit designs, soft

ware algorithms, or progrannning teclmiciues.

Access to detail precedents has been found to be essential for s tuden ts’ learning. Howe\’ĉ r. 

jjrovlding the required access is difficult, particularly in mcx'hanical design. Given the wide 

and miprc'dictable variety of j)rojects involved in a typical OATPB course it is unlikely th a t 

course teaching staff would evc'r possess experience with all of the technologies relevant to 

studen ts’ designs. While detail j)recedents for electronic and software design are readily 

accessible from online databases, ('cjuivalent sources for mechanical design are rare. This thesis 

has dem onstrated tha t it is possible to develop this type of resource for mechanical design, 

and has identified the types of knowk'dge th a t should be rc'corcled in order to  address novices’ 

learning needs. In particular, it has identified th a t CAD files alone are insufficient, and th a t
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learners require detailed explanations of the procedures involved in designing, fabricating, 

modelling, and testing mechanical systems. These results may contribute to research on 

knowledge m anagement (e.g.. Deken et al.. 2012) and on “open” phenomena, in particular 

open source hardw'are.

Cognitive flexibility theory is proposed as a source of guidance when providing s tu 

dents with detail design information. The theory was developed as an ai)proach to teaching 

problem-solving in ill-structured dom ains such as engineering design (Spiro et al.. 1992). It 

prescribes the use of nudtiple knowledge representations as a means of supporting analog

ical reasoning and transfer. Concepts, theories, and precedent cases should be examined 

in nuiltiple contexts and from nm ltiple perspectives to allow students to reason about the 

role of context in solving ill-structured problems (Jacobson and Spiro. 1993). The thesis 

has confirmed asi)ects of cognitive flexibility theory, and has afforded insights into applying 

the theory in the context of mechanical design. Providing nmltij^le representations of a very 

l)road design principle may result in examples tha t are so dissimilar th a t students are un- 

al)le to make meaningful comparisons between them. Thus, preceiient knowk'dge should be 

arranged around particular categories of device or mechanism, with nmltij)le n 'presentations 

provided for each.

However, access to  docum entary sources of precedent information may not be sufficient 

to support design learning. Results from the literature indicate th a t design engineers also 

rely upon social sources, in particular more experienced peers, to retrieve information about 

detail precedents. Even when inform ation is ac(}uired from a docinnentary source, novices 

require input from more experienced engineers in order to interpret and use it (Demian and 

Fruchter. 2006). The lack of access to  detail design information is therefore also related to  a 

lack of access to  social sources of dom ain expertise. As discussed in the  next section, the use 

of a technological them e aligned with the  work of local research groups has been identified 

as a means of addressing this problem.

T h e Socia l N a tu r e  o f  D esign

Engineering design is a social process. It requires negotiation between multiple participants, 

each with their own technical perspective and personal preference. It relies heavily on the 

use and m anipulation of language: designers create language th a t defines the direction of 

a project (Bucciarelli. 1994) and rely on “verbal sketching” and rhetorical skills to guide 

decision-making (Lloyd and Busby. 2001). Knowledge about a design project is distributed
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throughout and between teams, departm ents, and organizations (Busby. 2001). Members of 

design team s must have an understanding of team  roles and an ability to judge when and 

how to share knowledge.

Guided by the Fostering a Conm nm ity of Learners (FCL) model (Brown and Campi- 

one. 1994). the prim ary activity in OATPB courses should be dialogue on nm ltiple levels: 

w ithin teams, between students and stakeholders, and between team s and experienced en

gineers. Regular meetings, presentations, and large group discussions are therefore crucial. 

Individual team  members should be encouraged to develop “expertise” in a given area and to 

rehearse interacting with other “expert” team m ates in order to identify strategies for m an

aging distributed cognition. D istributing specialized knowledge throughout the classroom 

creates nm ltiple zones of proximal development, thereby facilitating a variety of learning 

potentials. However, students nmst be encouraged to meet regularly with their team m ates 

rather than  simply ai)portioning ta-sks and working in isolation. Given these conditions, 

students in OATPB comses appear to  adopt many of the social behaviours of experienced 

designers, such as c reating a i)roject-speciftc language and (exploiting strategies for resolving 

disagreement. In the observed courses, explicit cc^aching of these strategies was not reqviired.

Situated learning thc'ory suggests tha t all learning occurs as a rc’sult of jjarticipation in 

a comnmnity of practice, which is a group who share a domain of interest and engage in 

and identify with a conunon practice (Dennen and Burner. 2007; Lave and Wenger. 1991; 

Wenger. 1998). Novices learn through contributing to the practice of the group and through 

interactions with other connnim ity members. From this perspective, it is essential to examine 

the learning environment in term s of the connnunities in which learners are participating. 

This thesis has identified a lack of access to engineering connnunities of practice as a m ajor 

obstacle to student learning in OATPB courses. As mentionc'd above, this is closely related 

to  the issue of access to detail design knowledge.

The thesis has dem onstrated a m ethod of addressing this issue. The use of a course 

them e that aligns student projcx'ts with the w'ork of local engineering research groups pro

vides opportunities for students to  interact wdth a wide range of domain experts. The use 

of a technological them e has bc>en fomid to be particularly effective. W hile focusing on a 

particular problem area as the covu'se them e also allows students to engage with experts, 

it can result in these expc'rts acting as stakeholders rather than  fellow practitioners. How

ever. adopting a technological them e nmst not be done in such a way as to  eliminate the
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oi)eii-endedness of a course. The approach described in this thesis involved the selection of a 

broad technological field, in which team s could pvirsne a wide range of trajectories, thereby 

preserving am biguity for the students. Guest lectures from engineering researchers should 

be used to expose students to  a broad range of topics, including technology m irelated to the 

theme. This allows for unanticipated connections and provides opportunities for team s to 

deviate from the them e while still benefiting from access to connnunities of i)ractice. The use 

of a database of detail prec'edents. as discussed above, can support novice-expert interactions 

by providing the  basic background information required for discussion of more specialized 

topics.

8.2 Lim itations

By groimding the  research firmly w ithin methodological and theoretical traditions, substantial 

effort has been made to  ensure the cjuality and trustw orthiness of this research. The research 

objective has been achieved, and the work has provided insight into a novel but increasingly 

connnon educational context. However, it is im portant to  acknowledge the lim itations of the 

research presented in this thesis.

8.2.1 D a ta  G athering

Q ualitative research in educational settings is inherently messy and is subject to m ultiple po

tential sources of distortion. In participant observation, the researcher is the instrm nent. and 

an exam ination of lim itations m ust therefore begin with the role and biases of the researcher. 

The author of th is thesis was trained as a mechanical engineer and not a social scientist, 

much less a qualitative educational researcher. W hile a tacit knowledge of engineering was of 

benefit in understanding the experiences and activities of students, a lack of experience with 

qualitative research m ethods resulted in a certain am ount of trial and error. As discussed 

in C hapter 2. the questionnaires used in Course A1 suffered from a num ber of flaws and a 

different approach was used in subsequent covirses. It is reasonable to  assume th a t the ga th 

ering of participant observation d a ta  during Phase 1 similarly suffered from flaws. However, 

learning to  collect fieldnotes has been a process of acquiring tacit, procedural knowledge, 

and it is therefore difficult to explicitly identify the changes in this aspect of d a ta  gathering 

throughout the  thesis.
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Evolving (lata gathering m ethods can be of benefit to the (}uality of research, as outlined 

by W allendorf and Belk (1989). However, they may also underm ine attem pts to compare 

results between one case and another. It is possible th a t some of the results observed during 

Phase 8 were present in earlier phases, or vice versa, and tha t the evolving m ethods caused 

phenomena to l)e observ('d in one case but not in another. However, the consistent use of 

participant obs(>rvation and data  triangulation should act as a check against this.

The researcher’s role a.s a member of teaching staff afforded a degree of access to students 

th a t may not have been possible otherwise. However, despite a ttem pts to j^revent students 

from feeling coerced into participation, it is extremely likely th a t the inherent jjower imbalance 

between teaching staff and students affected participation in the research. In particular, 

students who particij^ated in interviews may not have felt free to express their true feelings 

about the courses. The use of anonymous surveys and the scheduling of interviews after 

completion of the course may have' aided in coim teracting this effect, but it is unlikely tha t 

it was eliminated comj)letely.

8 .2 .2  R esearch  S e t t in g s

The research focus('d on six student cohorts in three educational contexts. Thus, the degree 

to  which the restilts. and in particular the pedagogical framework, may be transferred to other 

OATPB courses is >mclear. The three contexts studied were very different, and it is hoi)ed th a t 

this diversity increased the transferability of the framework. However, some imi(}ue aspects 

of the courses, and in j^articular Courses A and C. may represent lim itations in the research. 

E ducators may object tha t learning environm ents th a t can provide prototyping ljudgets of 

$2,500 or €'5.000 (respectively) per team  are extremely rare, and th a t the problems faced in 

such learning environments bear little relation to  those in environm ents th a t suffer from a 

lack of resources. However, the inclusion of Course B provides some balance in this regard. 

Furtherm ore, beyond the recom mendation th a t students be provided with some means of 

creating high-fidelity i)rototyj)es. no aspect of the pedagogical framework depends directly 

upon financial or other m aterial resources.

A related lim itation was the use of course themes as a means of connecting students 

with engineering connnmiities of practice. The soft robotics them e proved to  be particularly 

successful in this regard, but this may have been due to a serendipitous combination of an 

approj)riate technology type and a large and active local research connmmity. Thus, educators 

may struggle to re])licate this approach in o ther institutions. However, fostering connections
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between student team s and external conmumities of practice could be achieved in nniltiple 

ways, and the })articular approach followed in Course A is not intended as a general model. 

Furtherm ore, in settings w'here establishing social connections w'ith commvmities of j)ractice 

is impossible, the use of a resource such as the Soft Robotics Toolkit may allow the experience 

to  be simulated. Although th a t is not the intention of the resoiu'ce. if the choice was between 

access to the SRT with no social interactions on one hand and no access to  detail precedents 

at all on the other, the former would be preferable.

8.2.3 Participants

The vast m ajority of the students observed in this research were Caucasian, male, and rel

atively affluent native English speakers. This is prim arily due to a long-recognized lack of 

diversity among engineering students in Europe and the US. In term s of gender balance, the 

setting  with the greatest diversity throughout the research was Course A. with the proportion 

of female students varying between 23% and (j2%. However, the overall lack of diversity rep

resents a lim itation, jw rticularly in term s of the transferability of the research. A consistent 

them e throughout the thesis has been the im portance of context and of procedural knowl

edge acquired through experience. The range of cultural experiences present in a learning 

environment nuist therefore be considered, particularly if an aim of engineering education is 

to produce professional designers capal)le of practicing in a glolial economy.

8.2 .4  Learning O utcom es

A fim damental assum ption throughout the  thesis has been th a t providing support for students 

to engage in rehearsing design knowledge is essential for meaningful learning to  take jilace. 

W hile this assum ption is in agreement w ith the dom inant current theories about the  natu re  of 

knowledge and learning, the research presented here cannot confirm th a t it applies to  design 

education. It is not possible to  compare the learning gains of the students in Phase 1 with 

those in Phase 3. This is prim arily due to the difficulty in assessing design knowledge, and the 

thesis presented initial work towards the development of an instrum ent for m easuring design 

knowledge. However, testing of this instrum ent has relied on small num bers of participants; 

large-scale testing and validation is required before it could be considered a reliable research 

tool. Furtherm ore, a concern in developing such an instrum ent is th a t it could be perceived 

as an objective measure of overall design ability. Such a reductive view of design could only 

be detrim ental to the quality of design education.
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8.2.5 D esign  O utcom es

It is perhaps unusual that a thesis exploring the experiences of 35 design team s has contained 

almost no description of the designed products. As discussed in Chapter 2. this was due 

prim arily to concerns regarding participant privacy. However, a potential lim itation of the 

research is the lack of a ttention paid to the relationship between learning environm ent and 

quality of student work. The decision to  not consider design outcomes in the research is 

based on a number of assum ptions. F irst, it is assinned tha t the quality of student work is 

an insufficient measure of student learning: the  experience of producing an inferior design 

may lead to greater learning outcomes than  th a t of achieving a successful product. Second, 

it is assumed that the role of the learning environm ent in student performance cannot be 

definitively established: a team  may produce excellent work in spite of. rather than  because 

of. features of the learning environm ent. Third, it is assvnned tha t the diversity of projects 

w ithin OATPB courses renders a ttem pts to  define universal criteria for success fiitile.

However, these assum ptions may be unfounded. Many of the student projects achieved 

success according to external judgm ents of design cjuality. The 35 j)rojects observed during 

the research have resulted in nine peer-reviewed publications, three provisional paten t ai)pli- 

cations. two comj)lete patent applications, four design awards, participation by a team  in a 

business incubator program, and expressions of interest from two nuiltinational corporations 

in licensing .solutions. Considering these aspects of the courses, and in j)articular examining 

the  role of learning environm ents in producing successful designs, may have yielded greater 

insight into the contexts studied.

8.3  Future Work

T he research presented in this thesis aimed to  develop a pedagogical framework for a par

ticu lar type of project-base'd engineering design course. Out of necessity it has focused on 

a small number of research settings in order to  observe the effects of learning environment 

on the experiences of students and educators. Further research is now required to  evaluate 

the  aj){)licability of the framework to other OATPB courses. Such research should continue 

th e  i)rocess described here, in which the  framework was developed and improved through 

application to learning environments. Of particular im portance is the need to  further explore 

m ethods of achieving an appropriate balance between the flexible and m ethodical aspects of 

the  design process.
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Fnrthennore. this work may form the basis of similar research in other types of engi

neering design courses. It would be beneficial to explore the learning environments of other 

course models and identify the salient similarities and differenc-es. Many of the challenges 

encountered in OATPB covirses may not apply to  other contexts, or may V)e overcome in very 

different ways. For example, in the aircraft design program  described by Thom pson (2002). 

students participate in the project throughout the four years of their undergraduate degree. 

This is an elegant means of creating a comnnmity of practice; new entrants to the program 

have access to  more experienced students, and the senior students obtain experience m entor

ing other engineers. This teaching model is very different to those described in the thesis. 

i)ut it is a response to the same basic need of providing access to engineering connnunities of 

practice. Further research may result in a typology of courses with a pedagogical framew’ork 

developed for each.

M onitoring the activities and al)ilities of students in j)roject-based engineering design 

courses remains a significant challenge for educators, and an obstacle to making the type of 

iterative improvements (lescril)ed here. (Qualitative investigations of learning environm ents 

are extremely time-intensive, and it is tuilikely tha t many educators would have the opj)or- 

tun ity  to conduct in-depth explorations to  identify problems and jjotential .solutions. Thus, 

instrum ents to  provide feedback on course efficacy would be beneficial. The thesis has in

cluded initial work towards the development of such instrum ents. Further re.search is required 

to  improve and validate the concept questions developed in this thesis as well as the associated 

rubric.

The use of regular questionnaires has been found to be helpful in m onitoring understand

ing and informing teaching. It may be beneficial to combine two of the approaches used in 

this thesis: the muddiest point questionnaires and the  weekly student ratings. By providing 

a list of common design tasks and asking students to  ra te  their rec:ent difficulties related 

to  each task, it would be possible to  track the activities of each team  throughout a course. 

The results could serve as a means of identifying team s th a t are struggling and m ay need to 

deviate from the  course process. Furtherm ore, plots of a team ’s activities over tim e could be 

provided to the team  to serve as a visual aid encouraging reflection on design processes and 

thereby enable m etacognitive reasoning.

Finally, new learning resources are a connnon product of educational research. However, 

sustaining these resources is difficult and m aterials developed dm ing doctoral research typi-
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cally (lisai)])ear upon c'oinj)letion of the project. This thesis has proposed a model for the Soft 

Robotics Toolkit th a t is intended to enable the resource to  continue to grow beyond its initial 

development and testing. At the tim e of writing, the SRT has been shared with researchers 

and students beyond the context in which it was developed. For example, students from 

Harvard and the Indian Institu te  of Science. Bangalore are currently using the resource as 

part of a summer {)roject on medical devices for low-resource environments. Academics in 

Irish universities are using the m aterial on the website to tra in  new graduate students. Soft 

robotics researchers from a range of US imiversities have been invited to use the toolkit and 

to suggest additional m aterial. However, the feasibility of the model cannot yet be confirmed. 

Further work is needed in order to  identify viable approaches to  sustaining learning resources 

prochiced during educational research. W hile the knowledge gained as a result of developing 

siich resources may be of interest to  other researchers, the prim ary aim of work such as th a t 

presented in this thesis nuist always be to  support educational practice.

8.3.1 Siiminary

This thesis has described a i)eilagt)gical framework for open-ended, authentic. tean> and 

project-bas('d (OATPB) engineering design courses. To achieve this, learning goals were 

identified through a review of the literature on design {practice and cognition. An apposite 

learning theory was identifi('d and validated for each learning goal. The framework was used 

to  guide three pha.ses of research and intervention in OATPB courses. The results of each 

phase were used to further dewelop the framework. The objective of this work has been to  

address a paucity of research connecting learning goals, learning theories, and im plem entation 

guidelines for design education. The resulting framework is intended as a tool to suj^port both 

educators and researchers. \Miile the framework will continue to  evolve, this thesis provides 

a basis for future research on learning environm ents for engineering design. It also provides 

a foundation on which to improve the practice of design education.
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APPENDIX A COURSE A1 QUESTIONNAIRES

Course A1 Online Questionnaire 1
This short questionnaire is part of a multi-stage survey. The questionnaire is completely 
anonymous and should take between 5 and 10 minutes to complete. The responses of the class 
will be combined and used to generate the next round of questions, thereby giving you feedback 
on the opinions of your peers. We feel it is important that our research is as transparent as 
possible so that you can participate fully in helping us to improve engineering education. Thank 
you for taking part!

What issues or problems are you currently facing with your projects?
Please list any bottlenecks, annoyances, grievances, etc. Be as specific as possible.

What tools/methods are you using to test and demonstrate your design concepts?
This could include any software, physical or communication tools you have found useful.

Can you think of anything that would have helped you to identify design concepts, or 
would make it easier for you to prototype and test different approaches?

What engineering, science and math concepts are you using to perform initial analysis of 
your designs? Again, please try to be specific.

Are there any aspects of the design process that you find unclear?
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Course A1 Online Questionnaire 2
In the previous survey, you and your classmates identified 48 issues and problems that 
you were facing in your projects. These issues were then clustered by theme and 30 
common issues were identified. These are presented below. For each item on the list 
please indicate how significant a problem you felt it presented to you and your team.

In your experience in this course, how significant a problem did each of the 
following present to you and your team? (1 = Not significant at all; 5 = Very significant)

1 2 3 4 5
Making decisions when information available is ambiguous
Evaluating ideas
Choosing between ideas that seem equally viable
Access to ideas from people outside team
Resolving conflict/disagreement within team
Dividing workload within a small group
Lack of knowledge about surgical procedures
Getting to observe to surgical procedures
Navigating the initial stages of the design process
Defining the problem being addressed
Deciding how to build prototypes
Knowledge or skills required to build prototypes
Time required to obtain parts and build prototypes
Assessing usefulness of prototypes
Access to resources (machines, parts, processes, etc) required for 
prototyping
Working at small scales
Deciding how to test ideas in the lab
Access to testing equipment
Assessing results from bench level tests
Obtaining useful results from bench-level tests
Knowledge of the underlying science required for modeling, analysis 
and evaluation
Determining what type of analysis is required

Modeling devices, in order to perform analysis

Simulating surgical procedure and environment in the lab

Material selection

Obtaining materials

Knowledge of manufacturing processes

Budgeting

Steep learning curve for software or physical tools

Designing for usability
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Course A1 Online Questionnaire 3
In the previous questionnaire, you rated the significance of a list of issues faced in this course. 
The 5 issues w/hich were considered most significant are listed below. For each, please give a 
brief description of any resources or approaches which proved useful in addressing it. Then, list 
anything that you think would help future students facing the same problems that you and your 
team faced. What information or physical or digital tools could we provide to help students 
overcome this issue? All responses are anonymous and we are interested in all ideas so "blue 
sky" suggestions are most welcome.

H ow  did you deal w ith  this 

issue?

W h a t in form ation  or tools  

could w e  provide to  help  

w ith  this?

W orking at small scales

Making decisions when  

inform ation available is 
ambiguous

Time required to obtain parts 

and build prototypes

M ateria l selection

Evaluating ideas

What issues have you faced in recent weeks, e.g. when dealing w ith vendors and working on 

your final prototype?
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A P P E N D IX  B “ M U D D IE S T  P O IN T ” Q U E S T IO N N A IR E

Course: Date:

This feedback fo rm  is p a rt o f a research pro ject on improving engineering design courses. Please 
spend 2 m inutes on the foilow/ing questions. Your (anonymous) answers w ill help to improve the 
course - f o r  the rest o f the term and fo r  next year. Thank you!

1. What difficulties or frustrations have you faced recently in your design project?

2. What is the main unanswered question you have about your project or about the topics 
covered in the last week? What is the muddiest point?
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APPENDIX C COURSE A3 WEEKLY QUESTIONNAIRE

Course A3 Weekly Questionnaire

Project  Group;_____________________________________________  Date:_______

Please r ate  how  helpful you found  each of  th e  following resources and activities while working on 

your design project  during th e  pas t  week.

Did not 
use

Not a t 
all

To a 
limited 
ex ten t

To a 
m odera te  

ex te n t

To a 
g rea t 

ex ten t

To a very 
g rea t 

ex ten t

Lecture and  lecture notes O n / a Oi 02 03 04 05

Topics covered  in gues t  lectures Q n / a Oi 02 03 04 05

Lab session O n / a Oi 02 03 04 05

Weekly mee t ing On/a Oi 02 03 04 05

Interact ing with r esea rche rs  in Harvard labs O n / a Oi 02 03 04 05
Interact ing with clinician(s) O n / a OI 02 03 04 05

Course iSite O n / a Oi 02 03 04 05
Assignment  t e m pl a te s O n / a Oi 02 03 04 05
Soft robot ics kit control  board O n / a Oi 02 03 04 05

Soft robot ics kit websi t e O n / a Oi 02 03 04 05

An enginee ring  t ex tbook O n / a OI 02 03 04 05

O ther  onl ine tutor ials  o r  do cu m ent a t ion  

Please specify:
O n / a OI 02 03 04 05

General  c o m m e n t s  or  clarifications:

Are th e re  any resources not  listed above  t h a t  you found helpful for  your  project  this week?
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APPENDIX D INFORMED CONSENT FORMS

Consent Form: Development and Evaluation of Educational Resources for
Mechanical Design

P urpose o f  th e  research: I'he research  a im s to evaluate  the  elTectiveness o f  the  educational resources that have 
been  de \ e loped  lo r th is course, w ith the m ore general goal o f  be tte r understand ing  student learn ing in p ro jec t- 
based. open-ended  en g in eerin g  design  courses and accord ing ly  develop ing  gu idelines for im proving the learning 
env ironm en ts and resources in eng ineering  education .

W hat you w ill do in th is research: I f  you decide  to participate , you will com ple te  a  tak e -h o m e questionnaire, 
once  at the beg inn ing  o f  the  course  and once  at the end. Som e o f  the questions will be about y our eng ineering  
background  and skills, w h ile  o thers a rc  about the design  p rocess and so ft robotics. There will a lso  be short 
paper-based  surveys, co m p le ted  once a  w eek  during  lecture, for evaluating  the  course  resources used that w eek. 
O therw ise, the  research  is e thnograph ic  and fo llow s the  norm al curriculum  in the  class, w ith observational data 
in the form o f  field notes taken  during  weekly review  m eetings and lab sessions. T he coursew ork  your team  
subm its (includ ing  design  no tebooks and m ateria ls on  y o u r team  w iki) m ay be analyzed  i f  you agree to 
p articipate  in this research. Y ou  m ust be 18 o r o ld er to participate  in th is research.

T im e required; The beg inn ing  and end q uestionnaires w ill take approxim ately  30 m inutes to com plete. The 
w eekly  in-class su r \e y s  w ill take  less than 5 m inutes.

Risks: The only perceived  risk  to p artic ipa ting  is that you m ight feel as i f  it w ill in fluence your g rade, fo  ensure 
th is is not the  case, w e are co llabora ting  w ith  X X X X X . a research  s ta f f  m em ber in the B iodesign Lab (em ail: 
X X X X X @ seas .h a r\ a rd .edu). w ho  is not a part o f  the teach ing  staff, and w ill keep all data  confidential until the 
course  has ended . The faculty  and T I's  will not know  w hether and how  you are participating .

B enefits: T here are no d irec t benefits , but th is research  will help  im prove future iterations o f  this course, and 
m ore b road ly , im prove eng in eerin g  education , particularly  design  courses.

C on fld en tia lity : I'he q u estionnaire  data  w ill not include any personal identifiers, but will include pro ject group 
identifiers. T he observation  data  will be reco rded  as field notes con ta in ing  only p ro jec t group  identifiers. D uring  
analysis and  reporting  all id en tifiab le  in fo rm ation  w ill be  rem oved; only th e  resea rch er w ill have acce.ss to the 
link betw een iden tifiab le  and d e -id cn tilled  inform ation and on ly  for the duration  o f  the  data  analysis. W hen 
research  resu lts are reported , no iden tifiab le  inform ation  will be included and responses will be  aggregated  and 
described  in sum m ary.

P articip ation  and w ithd raw al: Y our participa tion  is com ple te ly  vo lun tary , and you m ay refuse  to participate  
w ithou t penalty  o r loss o f  benefit to w hich you  may o therw ise  be en titled . You m ay qu it at any tim e w ithou t 
penalty  o r loss o f  benefit to  w hich you  m ay otherw  ise be en titled .

T o C on tact the R esearcher: I f  you have questions o r concerns about th is research , p lease  contact: Donal 
H olland; 60  O xford  St. Suite  409 , C am bridge . M A 02138; Em ail; donaF«;seas.har\ ard .edu.

W hom  to con tact about your righ ts in this research , for questions, concerns, suggestions, o r com pla in ts that are 
not being addressed  by the resea rch er, o r research -re la ted  harm : C om m ittee  on the  U se o f  I lum an Subjects in 
R esearch at H arvard  U niversity . 1414 M assachusetts A venue. Second Floor, C am bridge . MA 
02138 . Phone: 6 1 7-496-C U H S (2847). Em ail: cuhs^S)fas.har\ard .edu.

A greem ent:
□  Y es. I agree  to partic ipa te  in th is study. T he nature and purpose o f  th is research  have  been suffic ien tly  
exp lained . I understand that I am  free to w ithdraw  at any tim e w ithou t incurring  any penalty .

□  No. 1 do  not agree to p a rtic ipa te  in th is study. Any data  re la ted  to  my p artic ipa tion  in th is course  will be 
d e le ted  from the data  set p rio r to  analysis.

P rin t N a m e :______________________________________________

S ignature:   D a te :_______________________
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Consent Form: Development and Evaluation of Educational Resources for
Mechanical Design

P u rp o s e  o f  th e  re s e a rc h :  The research aims to evaluate the effectiveness o f  the educational resources that 
have been developed for this course, with the m ore general goal o f  better unders tanding  student learning in 
project-based, open-ended  engineering  design courses and accordingly deve lop ing  guidelines for 
im proving the learning environm ents  and resources in engineering  education.

W h a t  you will d o  in th is  r e s e a rc h :  If you decide to participate, you will take part in one or more 
contextual inquiry studies and an exit interview. D uring  the contextual inquiry study you will discuss an 
aspect o f  your project coursework  with the researcher and demonstrate  the use o f  related resources. The 
exit interview will be conducted  upon completion o f  the course, and will involve the researcher asking you 
about your impressions o f  the course.

T im e  r e q u i r e d :  The contextual inquiry studies will take p lace during normal coursew ork  activities, and 
the time taken will be decided by you. The exit interview will take about 40 minutes.

Risks: The only perceived risk to participating is that you  might feel as i f  it will influence your grade. To 
ensure this is not the case, the TF conducting  the research will have no influence over  any s tuden t’s grade. 
The course lecturer (w ho is solely responsible for ass igning grades) will not know  w hether and how  you 
are participating.

Benefits: During the contextual inquiry studies the researcher will be available to assist you with project- 
related activities. There are no direct benefits to taking part in the interview, but this research will help 
improve future iterations o f  this course, and more broadly, improve engineering  education, particularly 
design courses.

C o n f id en t ia l i ty :  All information gathered  will be kept confidential. W hen research results are reported, all 
personal identifiers will be rem oved, and responses will be  aggregated and described in summary.

P a r t ic ip a t io n  a n d  w i th d r a w a l :  Y our participation is com plete ly  voluntary, and  you may refuse to 
participate  without penalty or loss o f  benefit to  w hich you m ay otherwise be entitled. You may quit at any 
time without penalty or loss o f  benefit to which you may o therwise be entitled.

T o  C o n ta c t  the  R e s e a rc h e r :  If you have questions or concerns about this research, please contact: Donal 
Holland; 60 Oxford  St, Suite 409, Cam bridge , MA 02138; Email: dona l@ seas .harvard .edu .

W hom  to contact about your r ights in this research, for questions, concerns, suggestions, or complaints that 
are not being addressed by the researcher, or research-related harm: C om m ittee  on the Use o f  H um an 
Subjects in Research at Harvard University, 1414 M assachusetts  A venue, Second Floor, C ambridge, MA 
02138. Phone: 617-496-C U H S  (2847). Email: cuh s@ fas .harva rd .edu .

A g re e m e n t :

□  Yes, I agree to participate in this study, and  agree to be audio  recorded during  the exit interview. The 
nature and purpose o f  this research have been sufficiently explained. I unders tand  that I am free to 
w ithdraw  at any time without incurring any penalty.

□  Yes, I agree to participate in this study, but do not w ish  to be audio  recorded during  the exit interview. 
The nature and purpose o f  this research have been sufficiently explained. I unders tand  that I am free to 
w ithdraw at any time without incurring any penalty.

□  No, I do not agree to participate in this study.

Print Name:

Signature:  Date:
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School of Engineering, Trinity College Dublin 

INFORMED CONSENT FORM FOR RESEARCH PARTICIPANTS

Information Sheet

Purpose of the Study. This study is part of a PhD research project. The study is concerned 
with the experiences of students in project-based design courses. The aim of the study is to 
improve design teaching.

What will the study involve? The study will involve completing anonymous weekly in-class 
questionnaires. Each questionnaire will take approximately 3-5 minutes to complete. As part of 
the research we will also conduct archival analysis of the team assignments submitted via 
Blackboard, and any coursework-related emails sent to the teaching staff containing student 
queries or problems on the course. Emails of a personal nature, or emails related to matters 
outside of the course, will not be analyzed.

Why have you been asked to take part? You have been asked because you are a student in 
[Course B].

Do you have to take part? No. Participation is voluntary and will have no effect on your grades. 
Even if you agree to participate now you have the option of withdrawing during the study. If you 
choose to withdraw at a later date, any data which is identifiable (e.g. archived emails) will be 
destroyed.

Will your participation in the study be kept confidential? Yes We will ensure that no clues to 
your identity appear in the PhD dissertation or any resulting publications. Any extracts from what 
you say that are quoted in the dissertation or other publications will be entirely anonymous.

What will happen to the results? The results will be presented in the PhD dissertation. They 
will be seen by the PhD supervisor, a second marker and the external examiner. The dissertation 
may be read by future students. The study may be published in a research journal.

What are the benefits to taking part? Your participation will help improve to the course for 
current and future students. Questions raised on the surveys will be addressed in class to 
improve your learning experience. The course content will be redesigned for future cohorts of 
students to improve learning outcomes.

What are the possible disadvantages of taking part? We don't envisage any negative 
consequences for you in taking part. The only perceived risk to participating is that you might feel 
as if it will influence your grade. Your participation or non-participation will not influence your 
grade in any way. To ensure this, these consent forms will be collected by another PhD student, 
who is not a part of the teaching staff, and will keep all data confidential during the term. The 
teaching team will not know whether you are participating until after the course grades have been 
assigned.

Any further queries? If you need any further information, you can contact the researcher, 
Donal Holland (holland@tcd.ie) or the research supervisor, Professor Gareth J. Bennett 
(gareth.bennett@tcd.ie).

If you agree to take part in the study, please sign the consent form overleaf.
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Consent Form

I.......................................................... agree to participate in this research study.

The purpose and nature of the study has been explained to me in writing.

I am participating voluntarily.

I give permission for my assignment submissions and any coursework-related email 

queries sent to the course teaching staff to be analyzed.

I understand that I can withdraw from the study, without repercussions, at any time, 

whether before it starts or while I am participating.

I understand that anonymity will be ensured in the write-up by disguising my identity.

I understand that disguised extracts from my survey responses and emails may be 

quoted in the thesis and any subsequent publications.

Signed....................................................................  Date..........
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APPENDIX E COURSE A1 SYLLABUS

Lectures Lab Tasks & Project M ilestones 
(due Tues of next week)

1 Welcome
Course
Overview and 
Logistics

IP Overview

Clinician
Presentations

• Sign up for Lab 
Access

• Solid Works: Part and 
assembly tutorials

Tasks
•  Sign up for machine shop and safety training: Feb 3 '“* 

at 9am and Ipm  in Physics Machine Shop
• Background research on presented clinical problems 
M ilestones
• SW parts and assembly files submitted

2 Clinician
Presentations

Students meet 
after class to 
form teams.

FRDPARRC 
and strategies, 
concepts, 
modules

•  Team s meet with 
course staff

•  Review ing the 
Literature and 
Patents: W here to 
search and how to 
organize the data.

•  Overview  o f  
prototyping tools 
(M ill, 3D printer. 
Laser Cutter). One 
team member 
assigned to each.

Tasks
•  Research  strategy options, and current standard o f 

care and create prelim inary list o f  questions
• Schedule m eeting for needs finding research 
M ilestones
• Top 3 project choices submitted
•  Safety training com pleted
•  Document understanding o f  presented clinical 

problem (template)
• M ission statem ent (see examples)
• Team W iki’s should be functional
•  Patent and Literature Review Com plete with 

References (patent PDFs uploaded to Wiki)

3 Ethnography, 
Needs Finding 
and Problem 
Identification: 
Guest Lecture

Fundamental
Design
Principles and 
Evaluation o f  
Ideas

• U ser-Centric Design 
Process: Preparing for 
interviews and 
observations

Tasks
• Choose and plan research methods for interaction 

with clinician
• A sk  your questions to one or more clinicians 
M ilestones
•  Documented research methods plan
•  Documented results o f  research methods plan
• Top 3 strategies selected, and described with their 

FRDPARRC tables completed

4 Sketching and
sketch
modeling.
Guest Lecture

Using modeling 
and
experim entation 
to evaluate 
design concepts

•  Sketching &
M odeling: creating 
good sketches and 
physical m odels to 
illustrate concepts

Tasks
•  Build SW model and physical model for each o f  the 

strategies
• Show  strategies to clinician to get feedback

M ilestones
•  Document sketching, physical and SW modeling o f  

strategies
• Document in detail the feedback you got from 

clinician
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5 Manufacturing 
and design for 
manufacture

Material 
selection and 
machine 
elements

T eam s’
Strategy
Presentations

•  l.ab on developing 
concepts and 
determining whether 
modeling or 
experimentation is 
appropriate for 
evaluation

Fasks
•  Develop at least three concepts for how to implement 

the chose strategy
• Create plan for evaluation o f  concepts

Milestones
•  Best Strategy Selected with its F'RDPARRC table 

complete
•  Summary documents for analysis / bench level 

experiments for concept selection

6 Actuators

Sensors.
1 ransducers & 
Instrumentation 
Guest Lecture

•  Assist with model 
making both looks 
like and functional 
models

• Support o f  use o f  
manufacturing tools 
in teaching labs

Tasks
• Build SW model and physical model for each o f  the 

concepts
•  Perform first order analysis or bench level 

experiments for concepts
•  Show  and  Play w ith > our models with your clinician
Milestones
•  Document sketching, physical and SW modeling o f  

concepts
•  Document in detail the feedback you got from 

clinician
•  Top 3 concepts selected, described with their 

FRDPARRC tables and solid models

7 I'ransmissions

T eam s’
Concept
Presentations

• l.ab on finalizing 
selected concept and 
identifying different 
modules o f  device

Tasks
• Identify the different modules, including Most 

Critical Module (MCM). for the best concept and 
assign responsibility

Milestones
•  One page documents summarizing analysis / bench 

level experiments for concept selection
•  Best Concept Selected with its FRDPARRC table 

complete
•  Detailed schedule to completion uploaded

8 Spring F<ecess Spring Recess Milestones
•  Take a break, climb a mountain or jump in a lake! But 

if  you are behind, get you and schedule aligned.

9 Interfaces:
Fit/Adhesives

Advanced 
Solidworks and 
engineering 
drawings 
Guest Lecture

•  Lab to support MCM 
engineering analysis 
and creation o f  full 
SW model 
(tolerancing etc for 
MCM)

Tasks
•  Create detailed solid model o f  most critical module 

(includes models o f  all custom machined and off-the- 
shelf component parts)

•  Create rough SW models o f  other modules
Milestones
• MCM engineering analysis and bench level 

experiments complete and documented
• SW model o f  full assembly complete with all detail 

for MCM
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10 Interfaces:
Flexures.
bearings

Medical 
Devices 101: 
Real World 
Engineering in 
the Medical 
Field.
Guest Lecture

•  Lab to support MCM 
engineering analysis 
and creation o f  full 
SW model 
(tolerancing etc for 
M CM)

T asks
• Refine MCM SolidW orks model based on analysis 

and feedback from weekly meeting and lab feedback
•  Play with your prototype parts with your clinician and 

document the interaction/results
• Begin detailed engineering o f  other modules
Milestones
• Document results o f  interaction with clinician
•  Detailed plan, and task list for rem aining time and 

updated schedule to com pletion updated

11 Interfaces:
KC/Bolts/Snap

Medical 
Devices 101: 
Guest Lecture

•  Lab to support 
preparation o f  final 
paper (com e with 
draft and look for 
feedback)

Task
• Begin working on final paper abstract, first paragraph 

& structure outline
•  Finalize detailed engineering o f  other modules
• Complete detail SW models o f  all modules

Milestones
•  Full SW model com plete with all o ff the shelf parts 

and custom com ponents with m anufacturing plan for 
design review presentation

12 T eam s’ Design
Review
P resen ta tions

•  Lab to support 
preparation o f  final 
part drawing, 
interacting with 
v endors and placing 
all orders

Task
• Show final detailed design and sketch model to 

clinician and docum ent feedback
•  Refine full SW' model based on feedback from design 

re\ iew in class and clinician feedback
•  Begin final manufacturing
M ilestones
•  Document feedback from clinician
•  Update plan, and task list for rem aining time and 

updated schedule to completion
• Parts out to external shops for manufacture and 

com ponents ordered from vendors
13 Intellectual 

Propertv Next 
Steps
Guest Lecture

Medical 
Devices 101: 
G uest Lecture

• Help with 
developm ent o f  
testing plan

Tasks
•  Finalize m anufacturing and assembly
• Prepare testing plan

M ilestones
•  MCM complete and demonstrated
•  Testing plan docum ented
•  M achining complete
•  Full assem bly competed

14 Medical 
Devices 101: 
Paths to
commercializati
on
G uest Lecture

•  Presentation dry run. 
Make sure you 
practice, its kind o f  a 
big deal!:

•  Help with final paper 
preparation

Tasks
• Prepare final presentation
•  Prepare final paper
•  l est your com pleted prototype in a realistic clinical 

setting with your physician

M ilestones
• Final presentation and final papers due to course staff 

for feedback
• Final paper draft due
•  Testing com plete and documented

15 Reading Period Final Evening 
Presentations

Final Presentation: Data and tim e TBA
Teams will present for 20 mins with 10 mins for Q&A.

232



A ppendix F

Course B2 condensed syllabus 
docum ent

233



APPENDIX F COURSE B2 SYLLABUS

W eek Lecture
& Design Loft Activity

Project M ilestones 
(due Saturday)

1 N eedfinding 1
A ssignm ent 3 submitted:
•  N eedfinding instrum ents and plan created
• Users identified

2

N eedfinding 2

Feedback on survey design, user 
recruitment, etc.

Assignment 4 submitted:
• Results o f  needfinding
•  Problem area selected

3
Universal Design

Feedback on problem area selection

4 Bank Holiday, no lecture

5 Reading Week: no lecture
Assignm ent 5 submitted:
•  Problem defined.
• M ission statem ent created

6

Idea Selection 

Feedback on strategies
Assignm ent 6 submitted:
•  3 strategies identified, best strategy selected

7

Student presentations; Strategy

Brainstorm ing 

Feedback on strategies

Assignm ent 7 submitted:
•  3 concepts selected and documented

8
Prototyping

Feedback on strategy selection

Assignm ent 8 submitted:
• 3 concepts developed and prototyped

9
Sem ester 2 Overview and Logistics 

Feedback on concepts

Assignm ent 9 submitted: 

•  Best concept selected

10
Student presentations: Concept

Feedback on concepts

Assignm ent A subm itted 

Assignment 10 submitted:
•  Plan for detailed design and prototyping w ork until 

mini Showcase

W INTER BREAK -  4 W EEKS
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11
Shalt  Analysis

Feedback  on detailed design work

12
Failure M o d e  and Effects  Anaivsis 

Feedback on proto typing
A ssignm en t  B subm itted

13
Limits and Fits 

F eedback  on proto typing

A ssignm ent  11 submitted:
•  Proto type built
•  Design docum en ted
• Presentation prepared
•  l -p ag e  g lossy -  features and benefits

14

Student presentations: Detailed  
Design and Prototypes

M ini-Show case

15 Finite F lem en t  Analysis
Assignm ent  12 submitted:
• Plan for redesign
•  I'asks delegated

16
Finite E lem ent Analysis 

I'ecdb'dck on re tm em en t  p lan
• A ssignm ent  C subm itted

17 Reading  W eek -  no lecture

18
Finite  E lem ent Analysis  

P roto typing session

19
Finite  E lem ent Analysis 

P roto typing session

20 Bank 1 loliday -  no lecture

21
Finite E lem ent Analysis  

P roto typing session

A ssignm ent  13 complete:
•  Final p roto types com ple ted
•  Final presentation prepared
•  Poster  prepared

Assignm ent  14 submitted:
•  FEA analysis conducted  and docu m en ted  in report

22
Final presentations

Show case
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A ppendix G

Concept Questions and Rubrics for 
Pilot Test
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

You have been  asked to  design an au tonom ous robot which can 
follow a black line drawn on a white surface. Describe th e  main 
subsystems th a t  will need to  be designed, and give a brief description 
of th e  tasks th a t  will have to  be undertaken  for each subsystem. rs
Code Rubric 0 1

lA
M entioned  all major subsystem s, e.g. s tructural,  ac tuation , sensing, 
so f tw are

Estimate th e  quantity of oil imported to  th e  USA annually. Show your calculations or provide a 
rationale for your answer.

Code Rubric 0 1

lA A ttem p ted  to  break problem  into subprob lem s

IB M odelled th e  problem in so m e way

1C G uessed quantities

You are  designing a wearable device to  assist with lifting tasks. Create a mathematical model of 
the  arm in the  position shown below, and use it to  es tim ate  the  to rque  th a t  m ust be applied a t  the  
shoulder to  hold the  arm in this position.

Code Rubric 0 1

IB Provided a m athem atical  model

1C Guessed quantities
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

Describe w hat will happen when the crank (A) rotates. W hat do you think is the purpose of this 

setup?

C(rack)

^  B (coupler) __ ^
( c r a n k ) 'j^JV A A .a A .T /X V u t/uV ^T -T A A A A .'V I— ,

E (rack)

Code Rubric 0 1

2A Rack amplifies motion

3B Angular to linear motion

Sketch a mechanism that converts continuous circular motion into interm ittent circular motion.

Input; Output:

Code Rubric 0 1

2B Produces a legible sketch

3B Depicts anything that would conceivably produce the required motion

Sketch a mechanism that converts continuous circular motion into reciprocating linear motion.

Input: Output:

U  —

Code Rubric 0 1

28 Produces a legible sketch

38 Depicts anything that would conceivably produce the required motion
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

You have been asked to judge four proposed solutions to a design challenge. The designers were 
asked to identify ways for social enterprises to improve the health of low-income communities in 
the developing world. Specific health concerns identified in the brief included: infant health and 
mortality; malnutrition; reproductive and sexual health; and unhealthy living conditions. Please 
choose the best concept from the list below and give a brief explanation for your choice.

Concept 1: Unmanned Aria! Vehicles (UAVs) to deliver medical supplies to remote areas. The UAVs 
would carry supplies from clinics to  remote areas, over d ifficult terrain. This would provide 
previously inaccessible areas w ith medicine. Local businesses could build, operate and service the 
UAVs.

Concept 2: Importing affordable medical devices. This concept is fo r a local business that would 
import low-cost medical devices, or purchase patents In order to manufacture devices locally. The 
aim is to  create jobs while providing access to safe and appropriate medical devices.

Concept 3: Health-care vending machines. The proposed enterprise would place vending machines 
stocked w ith medical supplies in remote villages, and would employ trained distributors to stock the 
machines. The aim is to reduce the need fo r travel to clinics or pharmacies to obtain basic supplies.

Concept 4: Food subscription and insurance. People in low-income communities tend to  buy food on 
a daily basis, which is more expensive in the long run than buying in bulk and often results in an 
unhealthy diet. The proposed business would allow families to  pay a fixed daily fee and receive a box 
of healthy food. The business would buy food in bulk, and the savings made would be placed in an 
insurance fund that the family could use when they can't afford their daily box of food.

□  Concept 1 □  Concept 2 □  Concept 3 □  Concept 4

Code Rubric

ID Related choice to brief

3A Selected 3 or 4, or gave good reason fo r other choice
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

You have been given the design brief below, and asked to think of as many analogies as possible 
that could be used as inspiration for the design. Please list any useful analogies you can think of 
(e.g. from nature, from other industries, from existing devices, etc.)

Design brief: Chain wear indicator. Chain hoists are used fo r listing and 
lowering movable loads. The lifting is done by an electric motor. Over 
time the chain wears, and the chain must be replaced if any of the 
follow ing conditions are observed: cracks, visible distortion, severe 
corrosion, or a 2% increase in length. Currently chain wear is measured 
by hand w ith  a caliper. The aim of this task is to  design a better method 
fo r monitoring chain wear.

Code Rubric

3C Gave at least one analogy

You are designing the column of an office chair. x-v 
What do you think is the most likely failure ^  ) 
mode that you will have to consider in your ^  
design? ^

Code Rubric 0 1

3E Makes some mention of buckling or bending
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

You are working with a team designing the surgical stapler shown below. Your task is to design the 
handle (A). When the surgeon pulls the trigger (B) the jaws (C) close and the staples are deployed. 
You have created initial designs for the handle casing and the internal mechanisms (which consist 
of pulleys and cables attaching the trigger to the jaws), and are now at the stage of prototyping 
and testing the handle. Briefly describe the tests you would carry out to validate or refine your 
design.

C ^

Code Rubric 0 1

3D Describes at least one useful test mentioning force

You are designing a device which includes the part shown, which
will be made from stainless steel. What manufacturing process .  ^
would you use to produce a prototype of this part to scale?

; .-f
■ r : %

mm

t

Code Rubric 0 1

4C
Mentions a viable manufacturing method taking account of the feature 
shapes (e.g. wire electrical discharge machining)
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

You are designing a device containing a motor which 
must lift a load of 200N at a speed of O.OOlm/s. Which of 
the motors from the catalog below would you choose for 
your device?

D=20mm

M otor

W=200N

Motor A Motor B Motor C Motor D

Rated power (W) 0.3 3.2 20 250

Weight (g) 2 38 240 2100

Price ($) 91.25 146.5 218,25 1006.00

Values at nominal voltage:

Supply Voltage (V) 3 3 6 70

No load speed (rpm) 18600 6890 4850 2610

No load current (mA) 21.3 23 123 120

Nominal speed (rpm) 5670 5820 3090 2410

Nominal torque (max. continuous torque) (mNm) 0.324 2,89 39,7 865

Nominal current (max. continuous current) (A) 0.242 0.72 3,55 3.54

Stall torque (mNm) 0.485 17.3 120 12600

Starting current (A) 0.336 4.19 10.4 49.7

Max. efficiency 56% 86% 75% 89%

□  M otor A □  M otor B □  M otor C □  M otor D □  None of these (explain)

Code Rubric

4B Selected C or provided good rationale for another choice



APPENDIX G CONCEPT QUESTIONS PILOT TEST

If gear A turns clockwise at a constant speed of 10 rpm, how fast and in what direction does gear B 
turn?

■

Code Rubric

2A 10 RPM counterclockwise

When the cut-out shape is folded along the solid lines, what is the resulting shape?

A

□
B

□
C

□
D

□
Code Rubric

2A Selected D
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APPENDIX G CONCEPT QUESTIONS PILOT TEST

Sketch an isometric view of the  object shown in third-angle orthographic projection below.

ru
Plan

\
n

Front Side

Code Rubric

2A D rawing c o r r e s p o n d s  t o  p ro jec t ion

2B P ro d u c e s  a legible sk e tch

Sketch the  plan view of the object shown in front and side views below.

?
■

Plan

1 1

Front S id e

Code Rubric 0 1
2A S k e tch es  any  f ea s ib le  s h a p e
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APPENDIX H COURSE A3 PRE- AND POST-TEST

E ng ineering  Design Q uiz

This is quiz is part o f  a research study focused on evaluating and im proving engineering design courses. Please 
do not spend more than 30 m inutes to com plete the quiz, so work as quickly as you can. Your responses will be 
collected and stored by a researcher who is not a mem ber o f  the teaching s ta ff  After the course has concluded 
and grades have been assigned the responses will be analyzed. The quiz data will not include any personal 
identifiers, but will include project group identifiers. During analysis and reporting all identifiable information 
will be rem oved; only the researcher will have access to the link betw een identifiable and de-identified 
information and only for the duration o f  the data analysis. When research results are reported, no identifiable 
information will be included and responses will be aggregated and described in summary.

Your participation in this study is greatly appreciated.

B.ACK GROU ND  IN F O R M A T IO N

A g e :_________________________

G en d er;_________________________

Project G ro u p :_________________________

Choose the category that describes you best;

O  Engineering Student (U ndergraduate)
O  Engineering Student (G raduate)
O  Non-Engineer with a Science Concentration (U ndergraduate)
O  N on-Engineer w ith a Science Background (G raduate)
O  Non-Engineer w ithout a Science Background

DIRECTIONS; Please answ er QJ by selecting the answers that best represent yo u r beliefs and  judgm en t o f  
yo u r current abilities, each question in terms o f  what you  know today about the given tasks.

Q l . Rate your degree o f  confidence (i.e. be lief in your current ability) to perform the follow ing tasks by 
recording a number from 0 to 100.
(0 = cannot do at all; 50 = m oderately can do; 100 = highly certain can do).

0 10 20 30 40 50 60 70 80 90 100
Conduct engineering design O o o o o o o o o o o
Identify a design need o o o o o o o o o o o

Research a design need o o o o o o o o o o o
Develop design solutions o o o o o o o o o o o
Select the best possible design o o o o o o o o o o o
Construct a prototype o o o o o o o o o o o
Evaluate and test a design o o o o o o o o o o o
Com m unicate a design o o o o o o o o o o o
Redesign o o o o o o o o o o o
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APPENDIX H COURSE A3 PRE- AND POST-TEST

DIRECTIONS: Please answ er a ll o f  the fo llo w in g  questions re la ted  to the design o f  soft robotic actuators and  

m edical devices.

0 2 .  Please list as many uses for this soft bending 
actuator as you can think o f  in five minutes.
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Q3. Y ou have been  asked to evaluate two concepts for the design o f  an endoscope. Endoscopes are used to 
exam ine the interior o f  an o rgan or cavity o f  the body. A m ajor challenge in endoscopy is effectively and 
safely m aneuvering the endoscope inside the patient. As the endoscope is pushed/pulled inside the patient, 
the forces that are applied on  the  cavity w alls can cause patient discom fort, pain, and potential tissue 
dam age. T his is especially  o f  concern w hen navigating sharp turns or places where the cavity is 
co llapsed/fo lded in on its e lf  Tw o concepts for an endoscope navigation system  that addresses these 
problem s are described below . G ive your opinion o f  each concept. W hat do you think are the im portant 
issues to consider when deciding betw een the concepts?

CONCEPT A

I his device sem i-autonom ously  advances 
through tubular cavities using an 
" inchw orm "- like m ethod. The body o f  the 
device consists o f  three  bellow s (A . B. C); 
the bellow s expand longitudinally  when 
inflated and contract when defla ted . Each 
end o f  the dev ice  consists o f  an anchoring 
m echanism . A s show n in Fig. 2d and Fig.
2e. the anchoring m echanism  w orks by 
applying a vacuum  to collapse the 
surrounding cavity  walls, and then inflating 
the relevant bellow s (in this case  C ) to grasp 
the collapsed tissue. The central bellow s (B) 
alternately expands and contracts to advance 
the device.

CONCEPT B

Instead o f  being  pushed or pulled, this endoscope is driven 
in and out o f  the colon, fh e  d riv ing  m echanism  is the 
eversion o f  a  flexible tube (see  figure on right), in w hich a 
set o f  gears pushes the tub ing  forw ard and it turns inside- 
out while pushing the endoscope head forward. As a 
result, there  is no m otion o f  the tub ing  relative to the 
cavity  wall.

©I
I

Endoscope
Head

Endoscope
Head
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Y our evaluation of Concept A:

Y’o u r  evaluation of concept B:

If you were w ork ing  on this p ro jec t  which concept would you select to pu rsu e?



APPENDIX H COURSE A3 PRE- AND POST-TEST

Q4. T he soft ro b o t show n  b e lo w  co n sists  o f  a  cen tra l flu id -filled  ch am b er th a t can  be p ressu rized  by exp an d in g  

an inner actu a to r, and an o u ter sk in  c o n sis tin g  o f  “ce lls” filled  w ith jam m ab le  slu rry . U n jam m ing  se lec ted  

cells  w h ile  p ressu riz in g  th e  cen tra l c h am b er causes spec ific  a reas to  bulge, ach iev in g  co n tro lled  

locom otion . See th is  v id eo  fo r m ore  de ta ils ; h ttp ://g o o .g l/lch 3 d 3
r n j a i i i i i u ' J  ( V l l s

J j t n m c J  C o l l s  '

P l i i i J

H ow  w ould  you  fab ricate  th is  rob o t?  P lease  p ro v id e  a  d e ta iled  p lan , d e sc rib in g  the step s you  w ou ld  tak e , the 

m ate ria ls and eq u ipm en t you  w ou ld  use, the  desig n  o f  th e  m olds ( i f  any) you  w ou ld  requ ire , and so on. Be as 
sp ec ific  as possib le . U se sk e tch es to  help  d esc rib e  y o u r plan.
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Q5. The actuator shown below consists o f  three cylindrical elastomer tubes, each radially constrained by 
Kevlar thread wrapping and held together by an outer skin. A central Bowden cable acts as the strain 
limiting layer. By pressurizing the cylinders individually or in combination, a range o f  motions can be 
achieved. Imagine that you are part o f  a team designing a pick a n d  p lace robotic  a rm .  One o f  your team 
members has made this actuator as a prototype for the arm. How would you evaluate the load carrying 
capabilities o f  the design? Describe the tests you would carry out and the equipment you would use.
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Q uestion 3 Rubric

0 - N / A 1 -  P o o r 2 - A c c e p ta b le 3 - G o o d 4 -  E xcellent

D escribes crite ria  
used  to  ev a lu a te  
co n c ep ts

Im possib le  to  te ll 
w h a t crite ria  w e re  

used  to  e v a lu a te  
concep ts .

C riteria fo r 
ev a lu a tio n  p rov ided , 

b u t th e y  a re  
inco rrec t o r m iss th e  

m o s t im p o rta n t 
crite ria .

S om e im p o rta n t 
crite ria  fo r 

ev a lu a tio n  a re  
im plicitly clear.

M en tio n s  a t  leas t 
o n e  im p o rta n t 

crite rio n  fo r 
eva lu a tio n .

Explicitly lists 
m ultip le  im p o rtan t 

crite ria  fo r 
ev a luation .

Choice re la te s  to  
eva luation

No ev a lu a tio n s , o r 
no choice.

Choice s e e m s  to  
c o n tra d ic t th e  

w ritte n  ev a lu a tio n s .

No clear 
co n trad ic tio n  b u t it 

is difficult to  
u n d e rs ta n d  w hy  th e  

c o n c ep t w as 
chosen .

Choice s e e m s  to  
fo llow  logically from  

ev a lu a tio n s .

W ritten  eva lua tion  
clearly  a rg u es  fo r 

th e  c o n c ep t 
se le c ted .

D em o n s tra te s  
u n d e rs ta n d in g  of 
m edical co n tex t

Evaluation in no 
w ay  m e n tio n s  issues 
re la te d  to  a m ed ical 

co n tex t

C onta ins only  vag u e  
re fe re n c e  to  

m edical co n tex t.

Refers to  m edical 
co n tex t b u t con ta in s  

erro rs .

R efers to  m edical 
c o n te x t w ith  no 

significant e rro rs .

M akes ex trem ely  
c lea r and  insightful 

re fe re n ce  to  
m ed ical co n tex t

Identifies 
s tre n g th s  of 
co n c ep t A

M akes no  m e n tio n  
o f s tre n g th s  o f th e  

c o n c e p t

Iden tifies  w eak n ess  
as  s tre n g th  w ith  no 
g o o d  e x p lan a tio n  of 

w hy

Iden tifies a sp e c ts  of 
c o n c ep t as 

s tre n g th s  w ith o u t 
any  ind ica tion  of 

w hy.

Explicitly d esc rib es  
and  exp lains o n e  
s tre n g th  of th e  

c o n c ep t

Explicitly desc rib es  
an d  explains m ore  

th a n  o n e  s tre n g th  of 
th e  co n c ep t

Identifies 
w eak n e sse s  of 
c o n c ep t A

M akes no  m e n tio n  
o f w eak n e sse s  o f 

th e  c o n c ep t

Iden tifies  s tre n g th  
as  w eak n e ss  w ith  no 
go o d  ex p lan a tio n  of 

w hy

Iden tifies a sp e c ts  of 
co n c ep t as 

w e ak n esse s  w ith o u t 
any  ind ica tion  of 

w hy.

Explicitly d esc rib es  
and  exp lains o n e  
w eak n e ss  of th e  

c o n c ep t

Explicitly desc rib es  
an d  explains m ore  
th a n  o n e  w eak n ess  

o f th e  c o n c ep t

Identifies 
s tre n g th s  of 
co n c ep t B

M akes no  m e n tio n  
o f  s tre n g th s  o f  th e  

co n c ep t

Iden tifies  w eak n ess  
a s  s tre n g th  w ith  no 
go o d  ex p lan a tio n  of 

w hy

Iden tifies  a sp e c ts  of 
co n c e p t as 

s tre n g th s  w ith o u t 
any  ind ica tion  of 

w hy.

Explicitly d esc rib es  
and  exp lains o n e  
s tre n g th  of th e  

co n c ep t

Explicitly desc rib es  
an d  explains m ore  

th a n  o n e  s tre n g th  of 
th e  c o n c ep t

Identifies 
w e ak n esse s  of 
c o n c ep t 6

M akes no  m e n tio n  
o f w eak n e sse s  of 

th e  co n c ep t

Id en tifies  s tre n g th  
as  w eak n e ss  w ith  no 
goo d  ex p lan a tio n  of 

w hy

Iden tifies a sp e c ts  of 
c o n c ep t as 

w e ak n esse s  w ith o u t 
any  ind ica tion  of 

w hy.

Explicitly desc rib es  
and  exp la ins o n e  
w eak n e ss  o f th e  

c o n c ep t

Explicitly d esc rib es  
an d  exp lains m o re  
th a n  o n e  w eak n ess  

of th e  c o n c ep t

Provides rea so n  
fo r cho ice o f 
co n c ep t

P rovides no rea so n  
for cho ice

P rov ides po o r 
rea so n  th a t  s e e m s  

to  c o n tra d ic t po in ts  
from  ev a lu a tio n

P rovides p o o r 
reaso n  th a t  re p e a ts  

po in t from  
eva lua tion

P rovides good  
rea so n  th a t  re p e a ts  

p o in t from  
ev a lu a tio n

P rovides good 
rea so n  th a t  goes  

beyond  th e  w ritten  
eva lua tion
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Q u estion  4 R ubric

0 - N / A 1 - P o o r 2  -  A c c e p t a b l e 3 - G o o d 4  -  E x c e l l e n t

W h a t  m a t e r i a l s  a n d  

e q u i p m e n t  will  b e  

n e e d e d ?

N o  m a t e r i a l s  o r  

e q u i p m e n t  l is te d .

V a g u e  m e n t i o n  o f  

u n s p e c i f i e d  

m a t e r i a l s  o r  

e q u i p m e n t .

M e n t i o n s  e i t h e r  
m o l d s  o r  m a t e r i a l  

b u t  n o t  b o t h

M e n t i o n s  b o t h  

m o l d s  a n d  m a t e r i a l

M e n t i o n s  m o ld s ,  
e l a s t o m e r ,  a n d  

o t h e r  s p e c i f ic  

m a t e r i a l s .

H o w  will  t h e  

j a m m a b l e  ce ils  b e  

m a d e ?

N o  d e s c r i p t i o n  o f  
m o l d s  o r  f a b r i c a t i o n  

p r o c e s s  f o r  t h e  
cells .

F a b r i c a t i o n  p r o c e s s  

( a n d / o r  r e l a t e d  

m o ld s )  m e n t i o n e d  

b u t  n o t  d e s c r i b e d  in 

a n y  d e ta i l .

D e s c r ib e s  m o l d s  in 

s o m e  d e ta i l  b u t  

d o e s  n o t  d e s c r i b e  
f a b r i c a t i o n  p r o c e s s  

(o r  v ice  v e rs a ) .

D e s c r ib e s  m o ld s  

a n d  p r o c e s s  b u t  

r e a d e r  w o u l d  h a v e  

t o  f ig u r e  o u t  m a n y  

o f  t h e  d e t a i l s  t o  

i m p l e m e n t  

p r o c e d u r e .

F e a s ib l e  p r o c e d u r e  

& m o l d  d e s c r i p t i o n  

w h i c h  c o u ld  b e  

f o l l o w e d  b y  a 

s t u d e n t  w i t h  

l im i t e d  e x p e r i e n c e .

H o w  will  t h e  cells  

b e  fi l led w i t h  s lu r ry  

& s e a l e d ?

N o  m e n t i o n  o f  t h e  

s lu r r y  in t h e  cells .

S lu rry  in ce ll s  is 

m e n t i o n e d  b u t  n o  

d e s c r i p t i o n  o f  h o w  

t h e  ce lls  will  b e  
fi l led o r  s e a l e d

V a g u e  d e s c r i p t i o n  

o f  h o w  t h e  ce lls  will  

b e  fi l led a n d  s e a l e d .

D e ta i l e d  d e s c r i p t i o n  

o f  h o w  t h e  ce lls  will  

b e  fi l led a n d  s e a l e d .

D e t a i l e d  a n d  

f e a s i b l e  d e s c r i p t i o n  

o f  h o w  t h e  ce lls  will 

b e  fi l led a n d  s e a l e d .

H o w  will  t h e  c e n t r a l  
c h a m b e r  b e  m a d e  

a n d  fi l led?

N o  d e s c r i p t i o n  o f  

f a b r i c a t i o n  p r o c e s s  

f o r  t h e  c e n t r a l  

c h a m b e r .

C h a m b e r  a n d / o r  

f lu id  m e n t i o n e d  b u t  

p r o c e s s  n o t  

d e s c r i b e d .

V a g u e  d e s c r i p t i o n  

o f  p r o c e s s .

D e s c r ib e s  p r o c e s s  
b u t  r e a d e r  w o u l d  

h a v e  t o  f i g u r e  o u t  

m a n y  o f  t h e  d e t a i l s  

t o  i m p l e m e n t  

p r o c e d u r e .

F e a s ib l e  p r o c e d u r e  

d e s c r i p t i o n  w h i c h  

c o u ld  b e  f o l l o w e d  

by  a s t u d e n t  w i t h  

l i m i t e d  e x p e r i e n c e .

H o w  will  t h e  

e x p a n d i n g  a c t u a t o r  

b e  m a d e ?

No  m e n t i o n  o f  

i n n e r  a c t u a t o r

A c t u a t o r  

m e n t i o n e d  b u t  

p r o c e s s  n o t  

d e s c r i b e d .

V a g u e  d e s c r i p t i o n  

o f  f a b r i c a t i o n  

p r o c e s s .

D e s c r ib e s  p r o c e s s  

b u t  r e a d e r  w o u l d  

h a v e  t o  f i g u r e  o u t  

m a n y  o f  t h e  d e t a i l s  

t o  i m p l e m e n t  

p r o c e d u r e .

F e a s ib l e  p r o c e d u r e  
d e s c r i p t i o n  w h i c h  

c o u ld  b e  f o l l o w e d  

by  a  s t u d e n t  w i t h  

l im i t e d  e x p e r i e n c e .

H o w  will  t u b i n g  b e  
c o n n e c t e d ?

No  m e n t i o n  of 

t u b in g .

T u b i n g  br ie f ly  

m e n t i o n e d  b u t  n o  

d e s c r i p t i o n  o f  h o w  

it will  b e  e m b e d d e d  

o r  r o u t e d .

V a g u e  d e s c r i p t i o n  

o f  h o w  t u b i n g  will 

b e  e m b e d d e d  o r  

r o u t e d .

D e t a i l e d  d e s c r i p t i o n  

o f  h o w  t u b i n g  will 

b e  e m b e d d e d  o r  

r o u t e d .

D e t a i l e d  a n d  
f e a s i b l e  d e s c r i p t i o n  

h o w  t u b i n g  will  b e  

e m b e d d e d  o r  

r o u t e d .
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APPENDIX H COURSE A3 PRE- AND POST-TEST

Q uestion 5 R ubric

0 - N /A 1 -  Poor 2 -  Acceptable 3 -  Good 4 -Excellent

How much detail 
is provided?

No test, equipment, 
etc. described.

Very vague mention 
of either the 

equipment or the 
procedure but not 

both.

Vague mention of 
both equipment 
and procedure

Main equipment 
and procedure 

described but not 
much detail

Most details are 
described but 

reader would have 
to figure out some 
parts of the setup.

What will be 
measured?

Impossible to tell.
Quantities 

mentioned do not 
include force.

Only force will be 
measured.

Force and a second 
quantity (e.g. 

pressure, time, 
range of motion, 

etc.l will be 
measured.

Force and two 
other quantities will 

be measured.

How feasible is 
the test(s) 
described?

Impossible to tell.
The test would 

probably not work.

The test might work 
but there are 
problems not 

considered in the 
answer.

The test would 
probably work.

The test would 
probably work and 

the answer 
mentions potential 

problems.

How accurate 
would the test(s) 
be?

Impossible to tell.

The test would 
probably not 

provide a 
measurement of 

the intended 
quantity.

The test might 
measure the 

intended quantity 
but leaves a lot of 
room for human 
error or other 

noise.

The test would 
probably measure 

the intended 
quantity.

The test would 
probably measure 

the intended 
quantity and issues 

of accuracy are 
discussed.

How repeatable 
would the test(s) 
be?

Impossible to tell.

The test involves a 
setup that would be 
almost impossible 

to  replicate 
multiple times.

The test involves a 
setup that would be 
difficult to  replicate 

multiple times.

The test would 
probably give 

similar results over 
multiple attempts 

of the same design.

A similar approach 
could be used to 
evaluate other 

designs.

Does the answer 
demonstrate an 
understanding of 
the relevant 
fundamental 
physics 
principles?

Impossible to tell.

Answer displays 
fundamental 

misunderstanding 
of basic physics.

Makes passing 
reference to 
fundamental 

principles with 
some minor errors.

Makes reference to 
fundamental 

principles w ith no 
obvious errors.

Discusses 
fundamental 

principles in some 
detail with no 

obvious errors.
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