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Engineering design is an integral resource that on the surface uses creative, scientific,
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reading between the lines, and thinking about design thinking. This information is
valuable to engineering designers in visualizing and performing the product
development process.
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apply cognitive research techniques to engineering design documentation to
understand what happens in the mind during the design process. This research can be
considered as an exploratory study of uncovering cognitive processes during design
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research by presenting a cognitive coding scheme capable of revealing insights into

the mind of the designers.
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Chapter 1: Introduction

Engineering design cognition studies make up a fundamental body of research
that seeks to understand the mind’s processes and abilities used during the design
activity. According to Cross et al. design activities encompass the highest possible
human cognitive levels [1]. Several researchers have focused on research in
engineering design [1-21]. Atman et al. of University of Washington highlights that
the body of work in cognition research in engineering design is evolving [4].
Research efforts similar to this dissertation have provided the foundation for the
insights into the cognitive processes of engineering designers. This dissertation is

situated in this evolving field and makes a contribution to its continuing progression.

1.1 Research Motivation

The art of innovation is essential to creating a dynamic society and securing
the future prosperity of a nation. All humans design at some level whether it is
designing a GPS-guided missile or designing a nursery for a new baby. During the
design process knowledge is applied to create something “new” to the designer. The
person designing is manipulating knowledge in his or her mind, alone or in
consultation with others, and using external tools to create the final design outcome.
Examples of external design tools are paper, pencils, materials, adhesives,
measurement devices and computer programs.

According to Alexander et al. (1991) knowledge is “an individual’s personal
stock of information, skills, experiences, beliefs and memories” (p. 317) [22]. While

engaged in the design process individuals are retrieving knowledge from two sources



to create the final design: working knowledge and domain knowledge. Domain
knowledge is defined as the broader realm of the knowledge an individual possesses
about a particular field [23]. Working knowledge is a sub-section of domain
knowledge that pertains to knowledge of how things work but not necessarily why.
Working knowledge can come from a variety of sources such as a freshman
introductory engineering design course or a Martha Stewart interior decorating book.
From the time we are born we are gathering information via our five senses to
perceive our environments and build this space of working knowledge. Once this
information has entered the mind various mental activities and cognitive processes
are performed in the brain (called cognitive activities) to decode the information and
organize it in the mind. The mind’s arrangement of this information is used to
energize the art of innovation.

Over time engineering designers develop strategies to fulfill their work duties
efficiently by means of working knowledge and practice. Classroom trained
engineering designers begin this strategy development at the university level. The
profession of engineering is purposed to design new technologies, products, and
systems that solve practical problems and make life easier. Ask any inventor: “How
did you come up with that awesome idea for new technology”? This question is often
answered with a shrug and a simple “I don’t know, it just came to my mind”’. Some of
these new ideas seem to be the result of divine inspiration even when design tools and
methods are strictly applied. Other ideas are clearly the result of the vigilant
application of an effective design methodology. When successful new technologies

are presented to the market they are often met with jaw dropping amazement



deserving of such innovative brilliance, as Steve Jobs did at many Apple, Inc.
shareholders meetings presenting new products. Design documentation such as design
journals, verbal protocol data, papers, and sketches can reveal an abundant amount of
understanding about the designer’s behaviors during the design process. It is possible
to use design documentation to create new tools to alleviate the mental burden of
designing something “new”.

To increase knowledge in engineering design, new methods are needed to
understand the cognitive operations and patterns used in the mind. Some common
cognitive operators used during design are analogies, search, questioning, and
problem statement clarification. As a way to understand the mind’s activities during
design, the field of psychology is a rich resource. Psychology literature provides an
abundant source for understanding the cognitive aspects that traditional design
research often overlook.

Engineering design researchers have an active history in the study of cognitive
processes. Topics appearing in cognitive research in engineering design include
development of expertise and individual differences in engineering design [4, 24-28],
analyzing design activity [1, 29-33], cognitive models in engineering design [34, 35],
cognitive processes in engineering design [11, 36], and engineering design learning|3,
37, 38]. The field of engineering design research that focuses on understanding the
cognitive processes of designers is evolving and being promoted in conferences and

technical peer reviewed journal articles.



1.2 Problem Description

Engineers need good design education and training to do quality design. Good
design education is the foundation for solid design practices, innovation, and forward
thinking in a global society. Quality engineering design happens when designers are
able to successfully use their technical, mathematical, and analytical knowledge to
solve a problem or address a societal need. In 1991 the National Research Council
published the statement “employers find recent graduates to be weak in design” (p. 2)
[39]. With new legislation like The American Invents Act and The White House’s
Educate to Innovate initiative the stakes for engineering designers are higher than
they have ever been. In President Barack Obama’s Strategy for American Innovation
(2011) he highlights the need to accelerate, support, catalyze, and promote innovation
in order to “drive future economic growth and continue to lead on the global stage”
[40]. The need to drive innovation forward with products that are smaller, faster, and
cheaper is exponentially increasing, not to mention products that also have aesthetic
features that promise market share. The quality of life that is desired for the future
depends on the invention of new cars, computers, cell phones, cameras and other
gadgets all while decreasing the manufacturing time and increasing the life cycle.
Innovation that will create clean energy sources, reduce nuclear threats, eliminate
financial crises, and avert the depletion of earth’s natural resources will sustain our
way of living for many years to come. Securing the innovation pipeline with quality
design education is essential.

The National Research Council (1991) defines engineering design as “the

technical element in the product realization process that involves the application of



knowledge and techniques from engineering, science, aesthetics, economics, and
psychology in establishing specifications for products and their associated production
processes; the technical processes by which engineering descriptions and
specifications are formulated to ensure that a product will possess the desired
behavior, performance, quality, and the cost (the reverse of engineering analysis)” (p.
82) [39].

It is important to note that not all engineering graduates will become full-time
designers; the vast majority will be involved in some part of the engineering design,
production or service processes. Society as a whole has high expectations of
engineering graduates; this increases the need to properly train them in the design
process. To overlook providing them with a quality engineering design training would
mean overlooking the significant need for future inventors and innovators that will
rely on effective design skills. Undergraduate and graduate engineering education
serves as a foundation for high-quality practice, effective teaching, and significant
research in engineering design [39]. Engineering firms’ intellectual property depends
on the ideas that exist in the minds of their engineering designers [41]. Such
proprietary knowledge is the basis for innovative products and designs that are the
result of the designer’s proficient skills and effective training.

The difficulty with delivering the best design education to engineers is that we
don’t fully understand the mental processes that occur during design. The more
knowledge that design theory and methodology research can uncover about quality
design thinking, processes, and practices of working designers the better the tools and

curriculum interventions are that can be developed. The obvious challenge is that we



can’t see with our eyes the cognitive operations of the mind. This requires looking for
evidence of these cognitive activities in other places, such as engineering design

documentation.

1.3 Goals of the Research

This dissertation is interdisciplinary in nature. The goal of this research is to
apply cognitive research techniques to engineering design documentation to
understand what happens in the mind during the design process. This research can be
considered as an exploratory study of uncovering cognitive processes during design
by developing a coding scheme that is applied to student and professional design
journals. A successful cognitive coding scheme can be used in different domains and
leads to development of new metrics for examining journal activities. This first study
will enable future work aligned with the larger research goal of improving the
understanding of design thinking. The broad impacts this dissertation has are t

According to the ED 2030 Strategic Plan for Engineering Design (2004): “The
key to successful design in general requires a deeper understanding of and support for
the creative cognitive processes; also the mapping of such cognitive models onto
design tools and methods is a critical research direction” (p. 8) [20]. This statement is
in line with the goals for this dissertation and future investigations that will follow.
The longer term research agenda will benefit professional engineers by providing
details about the cognitive activities that can supplement the education, abilities, and
ideas they already possess. This research track will also assists designers in

identifying best practices from experts and to create effective training programs for



novice engineers. A deeper understanding of the mind may be beneficial when the

design task changes from project to project.

1.3.1 Research Questions
This work’s goal is to investigate the following 4 research questions as part of a
larger research agenda:

1. How can cognitive activities be identified from studying engineering design
documentation from the classroom and in professional practice? This question
relates to finding a systematic way to relate what is written on paper with what is
happening in the mind. This research question is addressed in Chapter 3 by
detailing the methodology for creating the cognitive coding scheme and also
including verification and validation methods.

2. What cognitive activity sequences exist to aid designers in developing an
enhanced understanding of design problems? This question is about locating
patterns of design behavior across a group, looking at what similarities exist and
what are the differences. This research question is addressed in Chapter 5 where
the results from the cognitive coding scheme are presented and also in Chapter 7
where sequences of journaling behavior are the topic.

3. How do engineering design students respond to using hand written design
journals within a capstone design course and why? This question is important for
the future administration of design journals in engineering courses and the

possibilities that exist to enhance that experience using the results from this



dissertation. This research question is addressed in Chapter 5 in the quantitative
results section.

4. What can engineering design documentation reveal about participation within and
between capstone design teams design activities? This question will reveal the
team activities and behaviors that result from this dissertation. This research
questions is addressed in Chapter 4 where the metrics for tracking concepts is

introduces and then again in Chapter 5 where the results are presented.

1.3.2 Dissertation Format

This dissertation is organized as follows: Chapter 2 reviews literature on
cognitive processes, design studies, and implementing engineering design journals as
a research method; Chapter 3 is methodologies used for this dissertations cognitive
coding scheme including verification and validation steps; Chapter 4 is the design
journal coding process used in this dissertation; Chapter 5 is the results from a 3-
semester student study using design journal and subsequent qualitative findings;
Chapter 6 reveals the results from the study of professionals engineering design
documentation including qualitative data; Chapter 7 compares the students and the
professional design engineer on design behavior and design transitions and Chapter 8

includes discussions and contribution from this dissertation and future work.



Chapter 2: Literature Review

The research presented in this dissertation is interdisciplinary in nature. The
nature of engineering design is complex; therefore design research is just as complex
[42]. Studying human behavior in design starts with cognitive psychology because of
its long history of analyzing human behavior. Examining the practice of designers
will reveal the true influences in behavior and external design representations.

The following sections detail research studies and review related literature.
First, overviews of psychology, educational psychology, cognitive psychology,
cognitive science, and biology, which all have a focus on cognitive processes, are
highlighted. Second a historical perspective of the basic nature of design are defined
through the literature of Simon [43], Visser [44], and Schon [45] (with interpretations
from Dorst and Roozenburg [46]). Third relevant design behavior studies in
engineering are described briefly. Next design cognition studies in engineering that
present design thinking results related to this dissertation are discussed. These studies
include Grenier, Atman, Lindemann, Stempfle, Shah, and Williams. Finally
applicable design documentation studies in engineering are presented and the
importance of writing across the engineering curriculum is presented with relation to

this dissertation.

2.1 The Mysteries of Cognitive Processes

William James (1890) says it plainly “the first fact is that thinking of some

sort goes on” (p. 6) [47]. James goes into details about characteristics of thoughts,



awareness of thoughts, and connections between thoughts and the outside world.
Cognitive processes control everyday life and daily activities [48]. The study of
cognitive processes has a goal of revealing how people organize and use knowledge
in daily life or work situations. There are many mysteries surrounding cognition
because a map of the mind’s thoughts is an unobservable one. Even though this is
true, researchers in various fields have a long history of successful studies of the use
of knowledge and thoughts [49-52]. Such studies increase the understanding of the
unknown workings of the human thinking processes to maximize the usefulness of
tools and methods that promote metacognitive strategies. Underneath the umbrella of
fields that study cognitive processes are the interdisciplinary research areas shown in
Figure 1. It is important to note the interdisciplinary features of these fields. They do
not simply fit into the bounds of a particular area of scientific investigation. This
dissertation uses definitions and theories as supporting resources from these fields.
Starting with psychology as the foundational knowledge base, Figure 1gives
an overview of fields related to this research and topics included in each area. It is
important to highlight the similarities which can be seen in the overlapping parts of
the circles. The central theme in all these branches of cognitive research is a focus
around studies concerned with the mind. Other overlapping research agendas in these
sciences are learning, behavior, representations, human cognition, and language. The
research perspectives and how the questions are framed relate to the specific theories
about the mind that are widely accepted in that particular field or sub field. A detailed

historical perspective on cognitive studies in design can be found in the appendix.
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Figure 1: Psychological Disciplines [53-57]

2.2 Cognitive Fields of Study

The following is a detailed list describing of the cognitive based fields
including widely accepted definitions and examples of research questions related to
that particular field.

Cognitive Psychology is a branch of psychology that deals with mental processes and
how they occur inside the mind [55]. Cognitive Psychology researchers study
perception, attention, memory, imagery, and language [56, 58]. Anderson describes
cognitive psychology as being dominated by information-processing approaches that

analyze using ordered stages [59]. The goal of cognitive psychology is to use the
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scientific method to understand mental activity and improve intellectual training and

performance [56, 59]. Cognitive psychology overlaps educational psychology but is

more concerned with specific functions of the mind. Examples of questions cognitive

psychologists seek to answer are:

e Why can I remember my bank account number, e-mail passwords, and house
alarm password but I cannot remember where I parked my car an hour ago at the
mall?

e Why are certain people better at multitasking than others?

Educational Psychology involves advancing theories about the human mind and the
application of those theories to “add value” to the mind [60]. Educational
psychologists study teaching and learning phenomena. Social psychology plays an
important role in the field of educational psychology because learning occurs in
classroom settings which are affected by the social environment. Example questions
educational psychologist would seek to answer are:
e What would a model of learning look like for a novice engineer compared to an
expert engineer? [61]

e How do gifted students learn math?

Neuroscience is an interdisciplinary field that seeks to understand the human brain
and the nervous system. One goal of neuroscience is to apply scientific knowledge to
develop improved disease treatments and cures [62]. Neuroscientists look at the
cellular and molecular levels within the nervous system, neuronal systems for sensory
and motor function, and the basis of higher order processes of cognition and emotion

[63]. Example questions those neuroscientists seek to answer are:
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e What activity happens in the brain during sleep?
e How exactly are memories put in storage in the brain? [63]

e How does information flow to the brain when the body experiences physical pain?

Cognitive Science has a goal of understanding the nature of the human mind through
the interdisciplinary study of artificial intelligence, linguistics, anthropology,
psychology, neuroscience, philosophy, and education [64]. Cognitive science is a
broad field which also includes some areas of cognitive psychology. It is important to
note the abundant use of computer simulation of cognitive processes used in cognitive
science. Anderson states that cognitive science first appeared in 1976 with the
appearance of the journal Cognitive Science [59]. Example questions those cognitive
scientists seek to answer are:

e What would a map of the brain look like?

e What is the measure of the short term memory span in young adults for long and

short words?

Cognitive Engineering is a type of applied cognitive science. This field exists to

apply what is known from science to the design and construction of machines [65].

Cognitive engineering emphasizes the application of knowledge and techniques from

cognitive psychology and cognitive science to the design of the human-machines

systems [66]. Example questions those cognitive engineers seek to answer are:

e What cognitive tasks are most frequently used in complex environments such as
military combat?

e What factors influence the decisions of trauma nurses in the Emergency Room?

13



2.3 Behavior Studies in Engineering Design

There exist a wide variety of methods for researching designer behavior such
as verbal protocol analysis [4-6, 10, 36], design prompts [7], direct observation [1,
11], coding design journal content [30, 32, 67, 68], and interviewing designers [69].
The methodology used to study design activity often relates to the anticipated results.
The primary goal of design behavior studies is direct observation of designer
behavior. While cognitive findings may surface from such studies, this is generally
not the main research objective.

Design behavior studies are important for this dissertation because they are
the original type of design studies, they inspired the methodologies of cognitive
design studies, and their findings have increased the understanding of the design
process. Design behavior studies research the behavior of individual student
designers, student design teams, individual professional designers, and professional
design teams.

Mixed methods studies present comparisons and follow-ups with students
across their educational class standing [4-7, 69-71]. Similar studies group freshman
and seniors together, monitor behavior from freshman to senior year, compare seniors
beside freshman, and study student’s at the sophomore and junior year. Professional
engineering designers are often studied in parallel to a model of proficient design
behavior. The studies reviewed here are both in-comparison (professionals to
professionals/ students to students) and out-comparison (professionals to students).

Design behavior research is also present in research theories related to the apparel
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design process [72]. The engineering design process has broad applications for
creating innovative solutions in other design disciplines.

In a 2007 publication Atman et al. compared 19 professional engineers during
the design processes with 50 undergraduate engineering students [4]. The students
and the professionals designed a neighborhood playground in a lab setting for 3 hours
and were video and audio recorded. Each group was given the identical design task
and the same requirements for completion. The study is modeled after a classroom
study done by Dally & Zhang at the University of Maryland, College Park [73]. Half
of the students in the study were seniors and half were freshman and all were
identified as engineering majors. The Atman et al. study presents the design process
occurring three stages in the engineering career pathway-freshman, seniors, and
professional engineers. Verbal reports were collected during the sessions that focused
on problem scoping, project realization, idea generation, transitions, and total time on
design activities. Verbal protocol analysis method was used for analyzing the
transcribed audio data. Five stages of the design process were the focus - problem
scoping, project realization, alternative solution generation, distribution of activity
over time, and solution quality. A coding scheme was created to reflect engineering
design process models that were being used in the classroom to teach design to
engineering students. A finding from the Atman et al. study that is relevant to this
dissertation is that the time professional engineers spend in problem scoping and
project realization are greater than the students. This is interesting because this is
something that is expected to be found in the results from this dissertation using the

coding scheme that we have created. Also the rigorous methodological treatment of

15



the research, the similarities in comparing students with experts, and the findings that
have implications for both professionals and students designers are similar to the
work done for this dissertation. Atman et al. did not specifically set out to reveal
cognitive design behavior which is a gap this dissertation will fill in order to increase
understanding of the design process.

Professional industrial designers were the focus of a study done by Henderson
to analyze the role of online (electronic) and on paper (sketchbooks) visual
representations in day to day professional engineering behavior [74]. Examples of
electronic representations include CAD drawings and FEA simulations. Examples of
paper representations include sketchbooks, blueprints, notepads, and back of the
envelope drawings. Henderson observed the play between electronic and paper visual
representation uses by professional designers. Henderson came to the conclusion that
neither electronic nor paper visual representations have a complete advantage over
the other at enhancing the creativity of the design engineers. An advantage to using
electronic and paper was the ability to look at more than one visual at a time
increased the comprehension of the design engineer. Also Henderson found that
during the analysis phase of the design process paper was great for rapidly capturing
preliminary ideas. The foundational work done by the author of this dissertation was
on visual representations used in senior capstone design reports over 5 semesters at
the University of Maryland [75]. Henderson’s work concludes that both the online
and on paper visual representations are helpful during the design process which is
important for this dissertation because on paper visual representations are noted to

reveal as an integral part of design behavior.
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During the conceptual design phase of the design process Tang et al.
conducted a mix methods study on design behavior [76]. The study compared the
differences between the digital environment and the traditional pen and paper design
environment with 20 students working in teams of two. The students designed a USB
flash drive that also could operate as a personal weapon. The digital environment was
a separate but shared experience for the students using technological sketching and
communication software. Both environments were audio and video recorded and
transcribed for analysis by applying the function-behavior-structure (FBS) coding
scheme [10, 77]. The students also did a two minute poster presentation in front of
expert judges. Using the judge’s scores and the analysis of the design session
transcripts Tang et al. concluded that the digital and traditional environments
produced comparable design ideas. Tang et al.’s study is important to this dissertation
because it highlights the importance of the transitions between the design segments
and that can also be done with our cognitive coding scheme. We can present similar
comparisons using our coding scheme this will validate our coding scheme as capable

of producing at the least comparable results to published studies.

2.4 Coqgnition Studies in Engineering Design

Cognitive protocol studies are similar in many ways to design behavior
protocol studies except that they focus on researching unobservable behaviors and
abstract level cognitive activities.

For example capstone design course studies with a focus on cognitive

activities of designers have been done by investigators such as Grenier and Sobek.

17



Grenier et al. (2007) analyzed design journal sketches and notations of capstone
design students to learn “how students are learning and practicing design” (p. 1) [78].
A design study was done in the summer 2006 at University of Maryland by the RISE
(Research in Science and Engineering) research team on 12 students design journals
in a senior capstone design course. A 2006 study report by Jain and Sobek [29] was
used as the inspiration for the RISE (Grenier et al.) study. Sobek (the second author
of [5]) in fact provided research support during the RISE study by contributing design
journals from his senior capstone design students at Montana State University.
Grenier et al. shows that positive links exist between sketching and cognitive
processes. The journals of both capstone design teams studied (2 teams, 6 students
per team for 12 total student design journals) displayed high numbers of two
cognitive operators: generation and exploration. Motivating the students to use the
journals was noted as hard because the students did not understand the benefits they
would gain from using them. The analysis of design journals in the Grenier et al.
(2007) study presents promise for learning more about the cognitive processes of
engineering design students. Grenier concluded “research into cognitive processes is
necessary and has an extended and motivating future” (p. 9).

Another example is freshman cognitive protocol studies that study mainly first
year students design activities and design learning environments. Atman et al. has one
such reported study in the book Design Knowing and Learning: Cognition in Design
Education [6]. Atman et al.’s paper evaluates 4 verbal protocol studies and presents
some results and cognitive implications for engineering design education. Her study

was done using verbal protocol analysis, which is a popular method for studying the
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design process and also for understanding cognitive activities in any field. Sixteen
freshmen participated in a design project for approximately 2 hours at the beginning
and then again at the end of their freshman year. (The same students both times) The
objective of the Atman et al. study was to look at the impact that one semester of
engineering studies had on design knowledge. Positive implications were found
regarding effort, transitions steps, and criteria considered yet no definitive results for
design quality. A level of effort exerted by the students was calculated based on the
number of words spoken during the design process and compared between pre and
post freshman studies. Atman’s novel research supports this dissertation by showing
that it is possible to extract information about the cognitive activities during the
design process.

In the same book, Design Knowing and Learning: Cognition in Design, as
Atman’s study other empirical studies on design thinking are presented[33]. One
question important for this dissertation, which is a topic in the book: How do we filter
cognition from external articles? This dissertation proposes a way of doing that
through a detailed cognitive coding scheme and will present evidence of the findings.
The book authors and editors (several papers were contributed for the book) point out
well known models from cognitive psychology that can be applied to design thinking
such as mental imagery and visual reasoning [79], analogical reasoning [80],
reminding, thinking and creativity, and metaphorical reasoning. Cognitive
psychologists have created models of information processing that can form a
foundation for design thinking research [55-59]. The cognitive models will help

answer the How question in design thinking research. This dissertation will use
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external representations of design activities recording during the design process to
answer the How question about design thinking.

In the book Human Behaviour in Design Lindemann et al. evaluate the density
of design moves (comparable to the design segments found later in this dissertation)
and the interconnectivity with the effectiveness of design [24]. The goal was to
understand the differences between successful and unsuccessful design performance.
Human Behaviour in Design, which is actually edited by Lindemann, includes
various authors from engineering design and cognitive psychology that have come
together to discuss design thinking and strategies for engineering design using mixed
methodologies of individual designers as well as design teams. In the same book a
study was presented on sketching and the benefits of creating external representations
during the design process. Sketching was found to relieve short-term memory by
revealing contradictions or incomplete ideas that the mind may not have noticed. It
was also reported that cognitive design research such as this dissertation is important
for informing design, facilitating design, and improving our understanding of design
in order to create better tools and methods for doing design. Lindemann et al.
highlight the gap that exists in more than one research area between descriptive
research and prescriptive research but acknowledges the recent improvements in the
gap. As we progress in this field of design studies Lindemann acknowledges that
there exists a need for building our knowledge foundations[24].

Other similar design cognition studies report the field of study of participants
but not their class standing, yet are relevant to this dissertation. One such study was

done on team communication by Stempfle (2002) where he studied the thinking
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process of student design teams, which he notes as “a most important issue in design
research” (p. 473) [70]. Looking at three groups of mechanical engineering design
students (4-6 students per team) designing a sun planetarium for six hours while
recording the team communication. A coding scheme was created to analyze the team
communication in order to create a model of design team activity. According to
Stempfle (2002) four basic operations define thinking in design: “generation,
exploration, comparison, and selection” (p. 476). These four cognitive operations
were mapped to different stages of the design process to create the model of design
team thinking. Stempfle’s study produces three concluding results. The first is that
structuring the group development is significant in design team’s success. The second
is that 90% of the design team’s time was spent in the solution space. The third is a
two-process theory on design team communication for evaluating alternative design

solutions is shown in Figure 2.

— | generate ideals — generate idea

analyse ideals questions or *
I misunderstanding?
|
evaluate idea )
I — evaluate idea
. + .
solution solution .
i e accept idea
satisficing? accept kiea satisficing? P
[~ -
+ . * alternative
a“ematwe? solution/s?
solution/s?
| -
— analyse idea

Figure 2: Stempfle's Proposed Models of Design Team Thinking [70]
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The theory behind the two processes is grounded in what the three teams in
the study used: (1) quick evaluations of project ideas and (2) immediate analysis of
ideas, both with pros and cons. Stempfle highlights the need for design research that
takes into account the environment in which the professional designer is accustomed
and understands the design process from that perspective to create tools to assist the
designer. This dissertation uses design journals as a tool not only for collecting data
but also as a tool to teach the students to properly reflect and record during the design
process, which Stempfle (2002) highlights as a valuable tool for “modifying
inadequate thinking” (p. 496). The experienced based learning of creating an
informal design journal is a highly valued benefit that is expected to be a result from
all participants in the research for this dissertation.

Fully integrating the psychology with engineering methodologies, Shah studied
the cognitive processes that happen during the engineering design process through
design ideation experiments and created cognitive models to help understand the
design process [17-19]. The studies combined design (traditional engineering based)
and lab (traditional psychology based) experiments focusing at the ideation stage of
the design process. Shah’s study uses models of information processing from the field
of cognitive psychology, human problem solving, mental imagery, and visual
thinking. The results are preliminary cognitive models to inform the engineering
design process. Shah chose to utilize six ideation components in his study used during
the ideation phase of the design process:

1. Provocative Stimuli — * the introduction of abstract notions to solve a

problem’
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2. Suspended Judgment — * requesting designers to generate many ideas and
requesting designers to generate ideas with the highest quality’

3. Flexible Representation — “ use of sketches only or use of text only’

4. Frame of Reference Shifting — * introduction of new instructions that break
the initial problem representation with the objective to solve an alternative
simulated problem and obtain insight to solve the initial problem’

5. Incubation - ‘suspension of conscious problem solving for a specific period of
time’

6. Example Exposure — ‘introduction of well-defined ideas to solve a problem’

The study exposed groups of students to the six different ideation components
and recorded the results of the ideation process. Ideation components were studied
individually and also interactions between ideation components were studied. The
study group included 237 students divided into two groups then strategically exposed
to one or more of the ideation components and the results recorded. During the
experiments the students were asked to generate ideas for a specific design task after
being exposed to the ideation components. For example, for ideation component
‘Example Exposure’ the students were shown completed examples of the design task
before they completed the task. The resulting design ideas were rated based on
quantity, quality, novelty, and variety metrics created by Shah. These ideation
components, according to Shah, are commonly accepted terms in both engineering
design and cognitive psychology fields. Understanding the current limitations of

science on internal brain activity Shah combined cognitive psychology with
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engineering design to create experiments that would reveal a certain amount of
important information about design. The study concluded that the implementation of
the ideation components had a positive effect on divergent thinking during idea
generation. Shah created a framework for linking cognitive psychology theories with
engineering design through a cross-disciplinary study using terms common to both
fields. Shah’s work is important because it demonstrates the need and contributions
that can be found by combining disciplines towards a common goal. Shah’s work also
provides a basis for a different type of design experiment methodology that can lead
to metacognitive strategies to aid designers during the design process. This
dissertation is different from Shah’s work in the methodological approach and design
process but similar in searching for a deeper understanding of the cognitive activities
of designers.

Williams et al. conducted a protocol study before and after an introductory
design course on sophomore mechanical engineering students in order to study the
development of design thinking in engineering students [81]. The protocol study
included two design sessions where pairs of students were given a design task to
complete while being video and audio recorded for data collection. The transcribed
verbal text was coded using a FBS (Function, Behavior, and Structure) based coding
scheme and checked using inter-coder reliability. William’s research results were that
design courses focus did correlate with the differences seen in the students design
cognition but did not altogether conclude that the design course was the cause of the
changes. William’s study is important for this dissertation because it provides support

for being able to quantitatively measure design cognition.
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Howard et al. presents a study that merges the field of engineering design with
the field of cognitive psychology but with a focus on the creative process [82].
Howard’s research seeks to create a formal creative design process model. Reviews
of creativity and engineering design models are presented and a merging of the
creative aspects is presented. The creativity models come from the cognitive
psychology literature and the engineering design models come from engineering
literature. The tools presented by Howard are to aid the engineering designers during
the creative process. Howard shows how the creativity process mirrors the beginning
stages of the engineering design process which makes for a more cohesive creative
design process model.

Ahmed and Christensen conducted an in situ protocol study of expert and
novice design engineers working in the aerospace field to compare uses of analogical
reasoning[83]. This study is important to this dissertation for two reasons (1) the in
situ method of collecting data is not popular in literature and (2) analogical reasoning
is an important part of the cognitive coding scheme presented in this dissertation. The
in situ method means that the data was collected in the designer’s natural setting and
in this case the project that the design engineers worked on was assigned by the
company where they worked and where the data was collected. Although audio
recording devices were used in the study the natural environment appeared more
genuine than if a video recording device were present. Although Ahmed and
Christensen do not give a detailed account of the actual recording device, it is

assumed to be non-intrusive. The study of Ahmed and Christensen concluded that
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there are differences between the use of analogical reasoning by novice and expert

design engineers who participated in the study.

2.5 Documentation Studies in Engineering Design

All designers produce some type of documentation that reveals the
development of the design whether on paper, computer models, back of envelope
sketches, mind maps, etc. The American Society for Mechanical Engineers (ASME)
posts a monthly news article dedicated to asking professional mechanical engineers:
What’s inside your engineer’s notebook? Engineers have acknowledged through the
ASME site things like:

e “I always have an engineer’s notebook with me” (January 23, 2012) [84]

e “Ijot down everything from to-do lists to interesting ideas that I pick up when
I go to different conferences or seminars” (January 3, 2012) [84]

e “Engineers can’t talk without drawing, so if you’re sitting having a
conversation with someone, you have a way to sketch something out fairly
easily” (October 2011) [84]

e “lalso keep coding tips and tricks there, as well as documentation of any
special cases and special scenarios that [’ve encountered and that I’m likely to
encounter again” (July 2011) [84]

Studying written documentation can reveal many things about the original
writer and many famous records have been reviewed and made available to the
general public for various reasons. For example Thomas Jefferson’s personal letters,

Albert Einstein’s papers, and Leonardo da Vinci’s mirror written notebooks. In order
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to reveal information about the design process this dissertation will use written design
journals under the assumption that if the participants take the time to record text it
must be important.

Sobek, in order to find the correlation between thoughts and written
documentation during the design process, implemented design journals for a senior
capstone design course at Montana State University [30].The students were required
to keep the design journals and also received a portion of the course grade for keeping
them current. The students were given the journals at the beginning of the semester
with the grading requirements for completing entries and keeping the journals current.
Each member of the design team was required to keep a journal documenting the
process. In three different publications [30-32] Sobek reports the findings, results, and
lessons learned from these studies (n= 60 students). Twelve possible coding scheme
combinations were created and applied to the design journals to find out what design
process variables affect the design outcome. Sobek’s study concluded that design
process models do not suit novice designers as well as they do expert designers. It
was tempting for him to conclude that design process models do not have a place in
current engineering curriculum, but further study would be needed to substantiate
such a claim. Teaching engineering design process models to novice students who are
not as experienced in some engineering fundamentals does look different than
teaching expert designers. Although not expounded upon in his study, Sobek noted
the importance of the potential cognitive benefits students gain from using a design
journal [30, 32]. The main difference between Sobek’s study and this dissertation is

that our studies will use mixed methods of data collection that will be expanded on in
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Chapter 3. Two similar studies conducted by Ekwaro-Osire et al. involving senior
design students across their final 2 semesters of a design course [67, 68]. Design
journals were given to the students with detailed instructions for recording design
activities. The research focused on using student design journals to indicate team
participation and also to enhance creativity during the design process. The journals
were coded based on a weighted creative design process (in lieu of a traditional
coding scheme) with respect to design activity in order to capture and represent the
creativity of each student. The weighted creative design process included preparation
(10%), innovative opportunity (15%), divergence (25%), incubation (25%),
convergence (15%), and evaluation (10%) for a total possible score of 100%.
Ekwaro-Osire et al. concluded that creative thought is enhanced when students used
design journals. Both Sobek and Ekwaro-Osire et al. highlight the benefits of journal
writing and reflective thought during the design process. These benefits include
writing about diverse topics, pedagogical benefits, decision making, and increased
metacognitive strategies.

Visualizing during the design process can result in many forms of design
documentation such as design journals, final reports, presentations, notes, and
sketches. These documents can be studied to highlight steps taken during the design
process. Westmoreland et al. reviewed Capstone Design Reports visual
representations in the form of sketches, CAD drawings, simulations, line drawings,
and photographs to find correlations between amount and types of visuals used with
course grade [75]. Sketching skills revealed in engineering design documentation

have been the topic of several research reports [78, 85-88]. Several advocates exist
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that promote writing in engineering courses and have research documenting the
metacognitive advantages and benefits for students [89-94]. This dissertation will
collect data through writings found in engineering design journals to support writing

during the engineering design process to alleviate mental loads and aid memory.

2.6 Coqnitive Coding Schemes

A cognitive coding scheme is defined as a system developed for the
classification of design documentation content for quantitative analysis. Studies of
design processes create a record of the designers’ activities with as much detail as the
study can provide. For example, a protocol may require the designer to talk about
what they are doing throughout a design session. Protocol studies may also include an
observer who will prompt the designer to speak by asking questions like, “Why did
you erase part of your sketch?”” The study must output a record describing what the
designer did so that it can be analyzed in some fashion. A cognitive coding scheme
seeks to provide a lower level of detail about the designers’ activities during the
design process.

Previous design studies have been published that seek to reveal the cognitive
activities of designers [6, 11, 34, 36, 70, 78, 95] . Suwa et al. created a cognitive
coding scheme that was applied to a protocol analysis study which revealed the
definitiveness of design actions and lead the way for microscopic analysis of design
behavior [11]. Another example is freshman cognitive protocol studies which look
primarily at first year students design activities and design learning settings. Atman et

al. has one such reported study in the book Design Knowing and Learning: Cognition
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in Design Education [6]. Atman’s paper reviews 4 verbal protocol studies and offers
some results and cognitive implications for engineering design education. Fully
incorporating the psychology with engineering methodologies, Shah studied the
cognitive processes that happen during the engineering design process through design
ideation experiments and created cognitive models to help understand the design
process [17-19]. The studies combined design (traditional engineering based) and lab
(traditional psychology based) experiments focusing at the ideation stage of the
design process. Adams created a multidimensional coding scheme that included the
following categories: information processing activity, decision activities, step, design
cycle, and process [36]. A sample list of basic cognitive activities found from this

literature search is shown in Figure 3.

Design A

Sobek (2002
Prelim)
Jain/Sobek
(2006)
Ekwaro-Osire
(2009)

Atman (2007)
Stempfle
(2002)
Adams/Atman
(1999)
Grenier (2007)

DAC
Problem Definition
Project Realization
Clarification Strategies
Gathering of Information
Idea Generation
Engineering Evaluation
Feasibility Analysis
Decision
Design Refinement
Project Control
Planning

Figure 3: Design Behavior Codes

A visual representation coding scheme from Westmoreland et al. is adapted
for this work that had previously been applied to final reports from the senior
capstone design course [75]. This coding scheme was created to find a correlation

between visuals used in the final design report with the grades that the students
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received. Since some of the codes applied to the visuals were transferrable to the
design journals this was a good starting place for the coding scheme. Details about
the visual representation coding scheme can be found in the Westmoreland et al.
paper from 2011 [75].

The purpose of the design of these research studies for this dissertation was to
capture design thinking in the most natural setting for the design without using audio

and video recording as was done in previous studies found in literature.
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Chapter 3: Methodology- Developing Cognitive Coding
Scheme

This chapter presents the detailed development of the cognitive coding
scheme. First (Section 3.1), the approach used to create the cognitive coding scheme
is presented with references from literature. Second (Section 3.2), the participants are
presented and a brief description of their recruitment is given. Third (Section 3.3), the
iteration process used to create the cognitive coding scheme is detailed including the
involvement of the design journal studies. Also a final version of the cognitive coding
scheme is presented. Finally, the verification (Section 3.4) and validation (Section
3.5) steps used for the cognitive coding scheme are presented.

Definitions important for this chapter are cognitive code, cognitive class and
cognitive cue. A cognitive code is a design behavior activity that is linked to different
design thinking processes. Cognitive class is a group of cognitive codes that is
expected to be found together in the design journals. A cognitive cue is text or

graphic entry that is found in the design journal that implies design thinking.

3.1 Introduction

Coding schemes are used to quantify and process design thinking research
data. Identifying these cognitive activities will improve knowledge about the design
process. In Chapter 2 previously published coding schemes are discussed [6, 11, 34,
36, 70, 78, 95]. Coding schemes are developed by researching literature to find
common knowledge for a preliminary scheme, applying schemes to data sets, and

using previously created schemes. Most of the studies previously published do not
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present great detail on the development of their coding scheme outside of referencing
sources. A good cognitive coding scheme is one suitable for extracting evidence to
imply cognitive activities from design documentation. Applications of such a coding
scheme could benefit design researchers progress towards developing design
competency tools and help clarify the differences between novice and professional
design engineers. Previous literature was also used as the initial source for the
groundwork of the cognitive coding scheme created for this dissertation. This section
describes the detailed literature search and the iterations with the data set used to

refine the cognitive coding scheme.

Engineering Cognitive
Design <> Psychology
Literature Literature
. ' Sobek (2002), Jain/Sobek
Literature Cognitive Codes e (2002),Grenier (2007), Ekwaro-
— Osire (2009), Stemfple (2002),
& Adams/Atman (1999)
) Cognitive Codes
Update Validation
Expand 1. Atman et al. (2007)

2. Suwa et al. (1998)

Student Design Study 1
\
Professional Design Study 1 ‘
y
Student Design Study 2
\
Student Design Study 3

3. Jain et al. (2006)

P

N Nt

Cognitive Codes Verification

Figure 4: Diagram of Process Used to Create the Cognitive Coding Scheme
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A cognitive coding scheme has been developed to reveal insights about design

thinking. The coding scheme was created based on the iterative model shown in

Figure 4 that should be interpreted in the following order:

1.

First engineering design and cognitive psychology literature was reviewed to
find out (a) what cognitive operators exist in the psychology literature that
can be helpful for to designers and (b) what cognitive coding schemes already
exist in engineering design literature.

Next a first version of the cognitive coding scheme was created that came
from common terms found in the literature.

Then four design studies were conducted to collect design thinking data for
verification of the cognitive coding scheme. Three studies with students in
the senior capstone design course at University of Maryland- College Park.
One study was done with professional design documentation loaned to the
authors by a former mechanical engineering designer.

After applying the codes to the first two student studies and the professional
study the cognitive coding scheme was updated and expanded each time. The
coding scheme was applied to the first study and then updates were made
based on information from the study data. Then the coding scheme was
applied to the professional study and then more updates were made based on
information from the professional study. Finally the coding scheme was
applied to the second student study and then updated again based on that data.
The final version of the cognitive coding scheme was applied to the last

student study in fall 2011.
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6. Finally the cognitive codes were further analyzed and compared with results
from three comparable studies found in literature for validation of the
cognitive coding scheme. Validation for this dissertation means answering
the question: Is the data found from the cognitive coding scheme a true
reflection of the design process? In order to asses this we seek to present
results that are parallel to other design research.

More details about the studies, the participants, and the subsequent changes made

to the coding scheme are given in the following sections in this chapter.

3.2 Study Participants

Students selected as subjects were from three semesters of the Mechanical
Engineering Senior Capstone Design course. The studies were done under the
management of the author of this dissertation, who was also the course teaching
assistant, with the additional guidance of Dr. Linda Schmidt. The design journals
collected for these studies as data allowed the researchers to expand and refine the
cognitive codes. Assuming that what the designers record in the design journals is
significant and relevant to the solution of the design problem is central. The records
in the design journal will be used as cues to cognitive activities of the designers. A
basic assumption for the study is that in order to record in a design journal some type
of thinking has to happen. This leads to the conclusion that the cues are material
evidence of design thinking. Moment to moment we can imply thinking from the

concrete evidence in the design journals. We are not assuming that every thought has
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been recorded. Even so, designer patterns in thinking can still be implied from this
material external evidence.

As in the Sobek study previously mentioned (Chapter 2 Section 2.6) students
in this study were given design journals to use during their lab session, in after-class
team meetings or while working alone [30, 32]. Participants in this study recorded
their design thoughts in team meetings, during management meetings, during lab
classes, in offices, at home, and anywhere at any time that they performed their
design work. The design journals gave the students a place to sketch concept
drawings, write notes, create lists, record reflections, and document design decisions.
The design journal pages were scanned each week using a portable document scanner
in the first and second study and also during the final study (Fall 2011) the design
journals were signed off on each week of the semester.

The assumption was that when the journal writer recorded something in the
journal it has meaning to them at that particular point in the engineering design
process. The time during the design process when entries were made is important for
the findings of this dissertation. In the student design journal studies, it was requested
that each entry include a date. This instruction was included in the design journal
guidelines given to the students. Dated design journal entries allow the design
segments to be correlated with course due dates for particular assignments as well as
particular parts of the design process.

All student participants were given lined and numbered design journals to use
during the course of the semester with a one-page design journal guideline to help get

them started. These design journal guidelines are shown in the Appendix. Each
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student was participating on a design team of 4-8 students and had one semester to
complete a senior level design project. According to the syllabus each team will “use
the mechanical design process to create a physical artifact to satisfy a particular
need”. The student teams follow the product design and development process outlined
in Engineering Design, 4th Edition [8]. A sample poster presented at the annual ME
Design Day is shown in Figure 5; this is how the design teams present their final
design to the university community.

The four design studies shown in Figure 4 were carried out to develop and
verify the coding scheme and are described in more detail in the next sections. The
aforementioned studies received approval by the University of Maryland under IRB
Protocol: 10-0530- Cognitive Design Tasks Study (See Figure 57 and Figure 58 in the
Appendix). Under the IRB contract all participants signed consent forms allowing
the use of their work for research purposes (See Figure 59 and Figure 60 in the
Appendix). Student journaling data was collected over the period of three successive

semesters.

Table 1: Study Details

Study Details
Student Design Study 1: Fall 2010
N=15
Duration: 5 Weeks (5) 15 Weeks (10)

Professional Design Study 1: Spring 2011
N=1
Duration: 5 Years
| Student Design Study 2: Spring 2011
N=4
Duration: 5 Weeks (4)
| Student Design Study 3: Fall 2011
N=9
Duration: 15 Weeks (9)
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3.2.1 Student Design Study 1

In the fall semester of 2010 a pilot study was conducted with students (N =

15) from the Mechanical Engineering Senior Capstone Design course (ENME 472).

The students in this study were split into two smaller groups, one called Team Study

(n=10) and one called Individual Study (n=5) including students from the different

sections of ENME 472 course. Each student in the Individual Study was from a

different design team working on a different project.
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The students in the Individual Study were solicited to volunteer through e-

mails from the author of this dissertation who was at the time the ENME 472 teaching

assistant. The e-mail simply stated:
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Hi 472 Students,
I am looking for 5 volunteers to participate in a small study using design journals during the
mechanical engineering design class. In this study participants will record information in a design
journal (that I will provide) and compensation is available for participants. This is a small pilot study
that 1 am doing for research towards my PhD in Mechanical Engineering.”

Figure 6: Recruitment E-mail for Student Design Study 1

The data collection details for Student Design Study 1 are summarized in
Table 2. Team Study students were required to keep a design journal for 5% of their
ENME 472 course grade per the instructor guidelines (Dr. Linda Schmidt was their

instructor). Students in the Individual Study participated as volunteers.

Table 2: Student Design Study 1 Context

| Student Design Study 1 Details

Study Time Fall 2010
N= 15 students in two groups
Participants e Team Study: 10 students (course required participation)

e Individual Study: 5 students (volunteer participation)

e Team Study: The satisfactory completion of the journal was a course
requirement worth 5% of the total grade. The journal pages were scanned

Motivation periodically and students were be given feedback as to their adequacy.

¢ Individual Study: Students who successfully completed the study were
provided with a gift card to a local establishment, i.e. the campus bookstore.

Context Students enrolled in mechanical engineering senior capstone design

e Team Study: During entire semester
e Individual Study: Used design journals during concept generation phase of
their course only

Data Collection
Period

Journal Entry
Oversight

No formal oversight

The Team Study group included 10 students working in 2 teams on 2 separate
projects. The section was unique in that 5 students participated in the course through
videoconferencing from the Southern Maryland Higher Education Center (SMHEC).
These remote students were interns at the Patuxent River Naval Air Station Aircraft
Division (NAWCAD) who were the first cohort of students to participate in a
program that involves distance learning for many of the Junior- and Senior-level

courses. Each capstone design team was made up of a mix of on-campus and remote
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students. The projects were sponsored by NAWCAD personnel. All students in Dr.
Schmidt’s section participated in the study for the entire semester. The students in this
section were given specific Design Journal Guidelines on filling out the journal
shown in Figure 61 of the Appendix.

The Individual Study group consisted of 5 volunteer students from the 3
traditional sections of the course. Individual Study students did not receive course
credit for their participation. The Design Journal Guidelines given to the students in
the Individual Study were the same except the compensation section read “Student
who successfully completes this study will be provided with a gift card to a local
establishment, i.e. the campus bookstore”. (Reference Figure 62 of the Appendix)
Students in the Individual Study were notified of all the guidelines of the study
including a recorded exit interview at the completion of the study. The duration of the
Individual Study was 6 to 8 weeks, depending on when they first received their design
journals. The original intent of this time-restricted study was to capture design
documentation during the entire concept generation period in the design process.

Design journals were collected from the students in both studies, at the end of
the semester for the Team Study and at the end of 8 weeks for the Individual Study.
The students in the Individual Study were contacted within 2 weeks after completing

the study to participate in the exit interview.

3.2.2 Student Design Study 2

In the spring semester of 2011 a second design journal study was conducted

with students (N = 4) from the Mechanical Engineering Senior Capstone Design
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course (ENME 472). The students in this study were split between two teams, with 2
students working on one project and 2 students working on a different project. All
students in this study were from the same section of ENME 472 which was being co-
taught by Dr. Linda Schmidt and the author of this dissertation. The students were all
volunteers in this study. Volunteers were recruited by e-mails sent through the
teaching assistant and also by announcements made during the student’s lab sections.

The e-mail simply stated:

Hi Teams in Section 0101,

Myself (TA-Nikki) and Dr. Schmidt are looking for 10 volunteers to participate in a short 5-week
team design journal study that will start Tuesday March 8th through Friday April 8th. We are asking
students to keep design journals for short periods of time during the design process in order to gain a
more in-depth understanding of the different aspects of mechanical design. This is a short pilot study.
Participants will be compensated for their time and efforts towards the study with a $30 gift card to
Barnes and Nobles. Please reply to me via e-mail at snwest@umd.edu if you would like to participate.
Design Journals will be distributed on Tuesday so please reply to me before our lab section. We are
only looking for 10 volunteers.

Figure 7: Recruitment E-mail for Student Design Study 2

The data collection details for Student Design Study 2 are summarized in
Table 3.

Table 3: Student Design Study 2 Context

Student Design Study 2 Details

Study Time Spring 2011

N= 4 students in two groups (course assigned groups, not chosen for this study)

Participants Individual Study: 4 students (volunteer participation)

Students who successfully complete the study will be provided with a $30 gift

Motivation card to a local establishment, i.e. the campus bookstore.

Context Students enrolled in mechanical engineering senior capstone design

Data Collection 5 weeks- began on March 8, 2011 and ended on April 8, 2011.

Period
Journal Entry The journals were reviewed each week by the researcher to ensure entries had
Oversight been made and answer any questions the students may have had.

This study introduced the Smartpen technology with the journal recording.
The Smartpen technology Livescribe allows the students to capture audio and text

through the pen device and sync together for future review. The product promotes a
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“Never Miss a Word” Smartpen device. The Smartpen features an infrared camera,
built in speaker, microphone, audio jack, USB connector, and OLED display. One
student on each team in this study was given the Smartpen technology with up to 200
hours of recording capability and 2GB of memory. Included with the pen is the
software required to sync the recorded design sessions on the computer and create
movies to share with other team members. Also included is a lined design journal
with 50 front and back pages especially suited for use with the Smartpen technology.

Figure 8 shows the Smartpen technology including labels for the main components.

Audio jack for the Pulse 3-D
Recording Headset enables
distance recording.

Microphone records dlear
sound.

High—contrast OLED display
makes it easy to use Pulse
smartpen applications.

Transfers notes and audio to
your computer and recharges
YOur smartpen using a
standard cable connection.

Built-in speaker plays back
your recorded audio.

Infrared camera captures
everything you write and
draw on dot paper.

Figure 8: Smartpen Technology [96]

This technology was chosen because it uniquely joins new technology with
traditional paper and pen style of recording. Engineering students live in a technology

driven society and the design of this product is meant to promote recording by hand
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without the fear of missing information simply because you cannot transcribe fast
enough. It was assumed that this technology would promote interest in keeping a
design journal. The 2 students using the Smartpen technology were given an
additional waiver to sign because of the costs involved with acquiring the pens and to
ensure future uses of the technology. This simple agreement is shown in Figure 64 in
the Appendix.

The experimental design required that one student from each team was asked
to use the Smartpen technology. The other 2 students in this study were given the
traditional design journal to record during the semester. Both participants each
received a lined design journal with 96 front and back numbered pages. The duration
of this study was 5 weeks, from March 8, 2011 to April 8, 2011. The intent of this
time restricted study was to capture design documentation from right after the concept
generation process leading into the embodiment design part of the design process.

The study was managed in a similar way to the pilot study. Journals were
checked every week to ensure that the students were actually using them and also to
correct any issues acclimating with the new technology for the Smartpen users. The
students in this section were given specific Design Journal Guidelines on filling out
the journal shown in Figure 63 of the Appendix. All the students in this study
completed exit surveys and returned them to the author via e-mail after the end of the
semester. Design journals and Smartens were collected from the students in both

groups at the end of the 5-week period during the week of April 8, 2011.
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3.2.3 Student Design Study 3

The final design journal study was done in the fall 2011 semester with the
students in the Mechanical Engineering Senior Design course (ENME 472). The
authors decided that in order to capture the full picture of the design process as
apparent in the professionals design journal the students would need to use the design
journals for the entire semester.

Motivating the students in student design study 1 and 2 to actually complete
their journals was a challenge and is something that the authors addressed for student
design study 3. In order to capture the design journals in a more natural setting it is
not favored to pressure the students or micromanage the journaling process because
that would compromise the data. Strategies were implemented that encouraged the
students to use the journals such as a strict review and feedback policy. If the students
know that the journals will be reviewed on a certain day each week and detailed
feedback given then they may be more inclined to engage in the journaling activity.

After learning from the previous studies best practices were gathered for
acquiring volunteers and monitoring the plan for this study was created. The students
who volunteered for the study were given both the protocol information and also the
Design Journal Guidelines shown in Figure 65 in the Appendix. In order to get a high
number of participants for the study volunteers were solicited during the very first
lecture of the semester for the course. A short presentation was created that detailed
the design journal study, the benefits of using a design journal, and how the study
correlated with the goals for the senior design course. The slides from this

presentation are shown in the Appendix in Figure 66 and Figure 67. No e-mails were
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sent for solicitations because all the students heard about the study during the first

course lecture. The data collection details for Student Design Study 3 are summarized

in Table 4.

This design study was administered over the entire fall 2011 semester that is

15 weeks. Students who were interested in volunteering to participate in the study

were given the design journals during the first course lecture.

Table 4: Student Design Study 3 Context

Student Design Study 3 Details

Study Time

Objective

Participants

Motivation

Context

Data Collection
Period

Journal Entry
Oversight

Administration

Fall 2011
As students are participating in their Capstone Senior Design Project we want to
introduce design journals as a design documentation method and study the content
and students attitudes towards using design journals. During this investigation we
seek to answer the question: “What can engineering documentation reveal about
cognitive sequences or patterns that exist?”’
N= 15 students in nine groups (course assigned groups, not chosen for this study)
Individual Study: 15 students (volunteer participation) )
Students who consistently record in the design journals were compensated every 5
weeks with a $20 Gift Card to Barnes and Noble that was delivered electronically
to their e-mail address for a total of $60 for all semester participation.
Students enrolled in mechanical engineering senior capstone design from nine
groups with projects ranging from solar powered tents to harvesting energy from
walking systems.

15 weeks

The design journals will be checked weekly by the researcher and signed to
monitor student participation. This is to ensure that the students are actually using
the journals and not waiting until the end of the semester to make entries.

The study is best administered an integrated part of the course assignments. The
researchers are able to give an introduction to the study during the first class
lecture. The design journals should be given to the students during the first lab
period, immediately after teams have been formed.

Although the goal was to have 20 students participating in the study, only 15

volunteered and, of those 15, 9 participated throughout the entire fall 2011 semester.

It was actually expected that some of the students would drop out of the design

journal study because of other obligations that burden students at the final stages of

their undergraduate careers. The students who did not complete the study were still
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asked to fill out the exit survey for their short participation in the design journal
study.

The students in the senior design course meet for lab once per week and
during this time each week the design journals were checked by signing and dating
the final entry to ensure that the students were actually recording in the design
journals. Each week the journals were checked and signed by the author of this
dissertation. Throughout the semester the students were sent emails to remind them to
record in the design journals and also to answer any questions that they may have
during the study. On occasion a student may have forgotten to bring their design
journal to lab then it would be checked during the following week’s lab period. Also
when the journals were checked short notes were taken by the researcher to provide
adequate feedback to the students when necessary. Since dating of the journal entries
is important to correlate them with important course due dates students were also
gently reminded weekly to date their records. The content of the entries was left
entirely up to the students giving them control of how they would utilize the journals
for their benefit during the design course. Students who participated in the design
journal study the entire semester also completed exit surveys that they submitted to
the teaching assistant through e-mail. The design journals were collected from the

students at the end of the semester on December 13, 2011.

3.2.4 Professional Design Study 1

The goal of learning a craft is to become proficient. Comparing the students’

design journals with one done by a professional design engineer will delineate the
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differences. A professional design journaler was sought as part of the data collection
for this dissertation. His official job title during the time when the journals were
recorded was research engineer. He was trained as a mechanical engineer at a large
public university in the northeast. His career spans some 30 years in the field of
engineering. The complete project, funded by NASA, was a satellite launched into
space by a rocket in 1996. He was responsible for designing everything mechanical
on the project. He was working on a global team of engineers, scientists, and other
project managers.

He previously worked for the government on a space related mechanical
engineering design project and permitted the author to also include his design journals
in this research. He created 3 design journals for this 1 project that he worked on for 5
years. The professional designer was not asked to create these design journals; this
was something that he was accustomed to doing for his design projects. His journals
were acquired after he created them in order to make comparisons with the student’s
journals and also to help with the refinement of the coding scheme. Due to the nature
of the work and the agreement with the researchers the content of the journals will not
be published.

The professional design engineer also participated in a video recorded exit
interview about the design journal that he created. This interview was transcribed and
details will be given in Chapter 6. The data collection details for Professional Design
Study 1 are summarized in Table 5.

Table 5: Professional Design Study 1 Context

| Professional Design Study 1 Details
Study Time Summer 2011
Participants N= 1 professional engineer
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Motivation None
Context Government contractor working on a design project
Data Collection Period | May 1, 1991 to November 22, 1996

3.3 Creation of the Initial Coding Scheme

Quantifying any data that we found in the design journals required the
formation of a comprehensive coding scheme. The process of creating the cognitive
coding scheme started with sifting through a mass of literature related to cognitive
activities of designers (particularly engineering designers) to create a thorough list of
cognitive activities. Previous studies were not limited to design journal research
because other protocol studies offer insights into cognitive processes that can be
applied to this dissertation. A more comprehensive survey of these previously done
research studies can be seen in Table 6, these are also general references to coding
terms adapted for this research.

Table 6: Cognitive Processes Literature Review

Cognitive Processes from Literature

Author Research Summary
Grenier et Coded design journal sketches and text and also identified which individual student did
al. [78] the work. 2 Teams, McGown [87] Sketch Levels, and Stempfle [70] codes used. (Goal
) Clarification, Idea Generation, Analysis, Decisions, and Project Control)
Ball et al. Coded’student verbal text's from interyiews and also coded sFudent diaries that were done
[34] according to the format given by the instructor. (Goal, Solution Idea, Planned Method,
Constraint, Decision Method Used, and Comments)
Suwa et CodF:d video/audio recor'ding and hgnd ske'tches. Vifieo/auflio was segmented for coding.
al. [11] Subject was asked questions following while watching a video of the design session.
' (Physical, Perceptual, Functional, and Conceptual)
A 5 dimensional coding scheme was created based on the following categories:
Adams et infonpgtion processing acti\./it.y? decision activit.ies, step, design cycle., gnd process.
al. [6, 36 Cognil‘gve processes and activities were broken into three types: cognitive processes,
71] A cognitive triggers, and cognitive decisions. (Define, Specify, Integrate, Clarify,
Organize, Search, Conceptualize, Evaluate, Assess, Examine, Capture, Modify, Plan,
and Monitor)
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Various terms from literature were collected and merged into a list of
cognitive activities commonly found among researchers in this area. Missing from the
literature were commonly accepted terms for the types of cognitive activities that
occur during design thinking. Uniformity in the terms used was sought by comparing
the researcher’s definitions of various cognitive indicators. Even though common
terminology is missing, the terms from literature were grouped into categories based
on previous researcher intention. These terms were not used everywhere with
identical language but in many cases the context was the same. For example Adams
defines problem clarification strategies as “Examination of information to understand
or interpret the nature of the problem” [36] and Grenier defined problem clarification
strategies as “‘communicative acts dealing with the goal space” [78] and both were
interpreted as similar definitions of “goal clarification” which is shown in the
cognitive code table as such. Sifting through the terms and creating a spreadsheet
with the different cognitive activities identified by the researchers gave us the breadth
of the literature that was before us. Finding commonality between the meanings and
intent of the cognitive activities was a challenging task. This required the author to
presume in certain cases the meaning of terms that were not explicitly defined in
literature. The first version of the cognitive section of the coding scheme is shown in
Table 7.

The cognitive codes presented in Table 7 represent the most common terms
categorized from literature. An example Solution Generation statement is “Go home
and make 3 designs before the next team meeting”. An example Goal Clarification

statement is “What is our goal?” An example of Artifact Analysis is “What are the
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forces on the object?” This first coding scheme was to be applied to a set of data to

start the verification process. More details about the verification steps are described in

the next section.

Table 7: First Version of Coding Scheme

Cognitive Coding Scheme Draft Version

Cognitive Cognitive Cue Definition Reference
Code
Goal 2bjuei(r:telr\r/1?r; t(sc?lsltf(())rrnn?;)tion Explaining the objective of the | [34, 36, 70,
Clarification quire ’ design project 71, 78]
gathering
Solution gr(:ijglclts};;‘;?sngélnz?;eiieCtlon’ Production or creation of [34, 36, 70,
Generation P & solutions to the design project 71,78, 97]
sketches, concepts
. Questioning: how much? Inspection of artifact and
ﬁg;fazzs questioning involving math, components including 547?’ 70,78,
Y physics, and free body diagrams | mathematical reasoning
o 0 dosi
Artifact er(l)iitslgrgrngr'slor:;:Vféllétggmgn Assessment of design process [36, 44, 70,
Evaluation p . prog stages 71,78, 97, 98]
questions
Artifact Finalizine desien ideas A choice made during the [34, 36, 70,
Decision & & design project 71,78, 97]
Content Verl.fymg.ﬁnal design . Managing variables related to
specifications, controlling . . [34, 70, 78]
Control . . . . the design project
variables during design testing
Assuming parameters Making statements or guesses
Assumptions cons train%sp ’ related to constraints needed for | [97]
the design project
Analogical Use of words “like”, “similar”, Showing similarities and [44,95]
Reasoning “as” to relate by use of analogy likeness between two objects ’
Explanation To establish action by reasoning | Clarification of something [97]
Self- Thoughts, pgrsonal Writings, Contemplation about the design
. inner revelations, evidence of . [36, 71]
Reflection . . product and the design process
time spent in thought
3.4 Verification

As indicated in the model (Figure 4) the first coding scheme (Table 7) was

applied to the data from Student Design Study 1 and thereafter changes were made to

the cognitive coding scheme based on what the data revealed. This section will detail

the changes made to the first version of the cognitive coding scheme after it was
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applied to Student Design Study 1 & 2 and Professional Design Study 1. The

application of the coding scheme details have been dedicated to Chapter 4.

3.4.1 Student Design Study 1

The first version of the coding scheme shown in the previous section was
applied to the student design journals from Student Design Study 1 for the first step in
the verification process. Some items in the cognitive coding scheme were noted as
needing a change but were not actually changed until after looking at the

professionals first design journal.

3.4.2 Professional Design Study- Journal 1

The professional design journals (3) were coded in 2 steps- journal 1 was
coded with the original coding scheme (Table 7) and then changes were made to the
coding scheme and then journal 2 and 3 were coded with the revised version of the
coding scheme. This section will discuss the changes made after the coding of journal
1. These changes were made because new types of records were found in professional
design study journal 1 and the student design study 1 journals. The professional
design study journal 1 was coded on site over a period of 1 week using the first
version of the scheme shown in Table 7.

During the coding process notations were made. Those later revealed the

changes that needed to be made to the coding scheme. The major changes made after
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the professional design study journal 1 and student design study 1 were coded are
shown in Table 8.

As seen in the table original codes were expanded to be more specific rather
than just design process related. The revisions described in the table were done
because the coding scheme was not presenting the level of detail that the researchers
were looking for. According to what was found in the first design journals, the coding
scheme was expanded to include more cognitive codes. This was done after the
coding of professional design study journal 1. The project management codes were
added because the professional engineer included a wider variety of cognitive
activities than student design study 1. The professional engineer also included many
cross-references and personal record keeping notes.

Table 8: Changes Made to the Coding Scheme after Professional Design Study
Journal 1 and Students Design Study 1

First Round of Changes Made to the Coding Scheme

Changes Made (Added Codes) Definition/Cue

1. Search Split out from Goal Clarification

2. Customer Requirements Split out from Goal Clarification

3. Problem Statement

Clarification Split out from Goal Clarification

4. Project Ideas Split out from Solution Generation

5. References Split out from Solution Generation

6. Material Options Split out from Solution Generation

7. Estimates Split out from Solution Generation

10. Calculations Split out from Artifact Analysis

11. Questioning Split out from Artifact Analysis

12. Testing Procedures Split out from Content Control

13. Variables Split out from Content Control

14. Recommendations Split out from what was found in Other
15. Conclusions/Results Split out from Decisions

16. Explanations Split out from Decisions

17. Criteria List Split out from Decisions

18. Design Changes Split out from Decisions

19. Personal Notes Split out from Self Reflection

20. Design Process Notes Split out from Artifact Evaluation

21. To Do Lists Split out from Self Reflection

22. Revelations Split out from Self Reflection

23. Meeting Notes Split out from what was found in Other
24, Task Assignments Split out from what was found in Other
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25. Acquired Items Split out from what was found in Other

26. Price Quotes Split out from what was found in Other
27. Task Completion Split out from what was found in Other
28. Project Milestones Split out from what was found in Other
29. Field Trip Notes Split out from what was found in Other

Added from what was found in professional design study journal

30. Mistakes 1

Added from what was found in professional design study journal

31. Cross References 1

Added from what was found in professional design study journal

32. Design Revisions 1

Added from what was found in professional design study journal

33. Illegible Entries 1

Added from what was found in professional design study journal

34. Designer Signature 1

The main change that was made to at this step was to tease out some more
cognitive codes from the cognitive cues that we found in the design journals. For
example goal clarification was broken down into search, customer requirements, and
problem statement clarification. Another example is that self-reflection code was
changed to personal notes, design process notes, to do lists, and revelations.

One of the reasons for adding the additional codes found in Table 8 was
because a high number of the design segments were coded as “none” meaning that the
previous codes did not apply. It was surprising that the “none” category was higher
than any other coding category using the first version of the coding scheme from
Table 7. The professional’s journals were immediately found to be rich with details
and information that was not found in the student’s journals. The cognitive part of the

coding scheme was expanded to include 33 cognitive codes.
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3.4.3 Professional Design Study- Journal 2 & 3

The second version of the cognitive coding scheme was applied to the
professional design study journals 2 &3 for further verification. This version of the
coding scheme had 35 detailed cognitive codes. Also the professional design study
journal 1 was re-coded using the newer version of the coding scheme so that the
professional data would be uniform. The professional design study journal 1 was
coded on site over a period of 1 week. The minor change made after the professional
design study journal 2 &3 were coded is shown in Table 9.

Table 9: Changes Made to the Coding Scheme after Professional Design Study
Journal 2&3

Second Round of Changes Made to the Coding Scheme
Changes Made (Removed Code) | Definition/Cue
32. Design Revisions Merged with Design Changes

After coding professional design journals 2 & 3 we found 2 codes that meant
the same thing but used different words: design changes and design revisions. One of
the codes was removed. This was done after professional design study 1. These
similarities caught the researcher’s attention as something that needed to be captured

to increase our understanding of the design process.

3.4.4 Student Design Study 2

The third version of the cognitive coding scheme was applied to the student
design study 2 journals for further verification. This version of the coding scheme had
34 detailed cognitive codes. The minor change made after the student design study 2

journals were coded is shown in Table 10.
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Table 10: Changes Made to the Coding Scheme after Student Design Study 2

Third Round of Changes Made to the Coding Scheme |

Changes Made Definition/Cue

Code Added
36. Definitions Added because found in students journals
37. Engineering Characteristics | Added to show course instructor influence

The codes shown in Table 10 are related to the specific design instruction
given in the ENME 472 course. This reveals the influence that a design course has on

the design process.

3.4.5 Final Cognitive Coding Scheme

Throughout the process of creating the cognitive coding scheme each change
had to be rationalized according to story that the data told. Changes made to the
coding scheme are outlined in the previous sections. The changes shown above were
warranted due to the records found in subsequent design journals. The final version of
the coding scheme to date is shown in Table 11. This final version of the coding
scheme was applied to the student design study 3 journals that were conducted in the
fall 2011 semester. We now have confidence that our coding scheme is useful for
revealing the cognitive activities that occur during the design process. The final
coding scheme will allow for comparisons between the students and the professionals
level and patterns of design thinking at different stages of the design process.

The cognitive codes shown in Table 11 were grouped into “coding classes”
according to similarities in the type of cognitive activity described by the code. The
coding classes are information seeking and noting, problem understanding, idea

generation, analysis, decisions, project management, reflection, and other. It is
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important to note that there are items recorded in the design journal that have no
significance to design thinking and that is what comprises the “other” cognitive class.
These classes will be useful in finding some relationships between occurrences of
codes in one journal and the comparison of occurrences between journals.

Table 11: Final Cognitive Coding Scheme Including Class Definitions

Cognitive Code | Cognitive Cue

1. Information Seeking and Noting — searching, framing, and marking instances for collecting
information that will support the development of a solution to the design problem. This also
includes records of inquiries made or needed in reference to the design problem or process.

Looking for information relating to the design project at any stage of
1. Search ;
the design process

Source of information such as books, blogs, person, tables, and charts

3. References that needs to be available for future reference

Requesting information about the project that is not at the time

1. Questioning known, usually ending statements with a question mark

An estimate from a vendor or company related to the price of

26. Price Quotes .
Qu products or services

36. Definitions Meaning of a word.

2. Problem Understanding- an interpretation of the nature of the design problem

2. Customer Requirements Describing the product requirements from the perspective of the

customer
3. Problem Statement Making the problem statement clearer by explaining it in greater
Clarification detail

List of things that must be considered when making a decision or

17. Criteria Lists judgment about the project

37. Engineering

Characteristics A solution-neutral way of describing the customer requirements.

3. Idea Generation- creating, sketching, outlining, and selecting various solutions or solution
parts to the design problem.

Variations of the project ideas for selection, different options

4. Project Ideas considering, and project concepts

99 ¢

Use of words “like”, “similar”, “as”, etc. Using text or visuals to

8. Analogical Reasoning compare components of the project

6. Material Options Choices of materials to use for the project

4. Analysis- systematic examination or separation of the problem components into individual
parts order to understand it or draw conclusions from it

7. Estimates Rough assessments of various parts of the project
9. Assumptions Supp051t19ns made and accepted to be true without prior
confirmation

Involving math, physics, and free body diagrams. Number and

10. Caleulations formulas used with mathematical operators

12. Testing Procedures Establishing testing specifications and methods for the project

13. Variables Project components that is liable to change before the project is
completed

16. Explanations To establish by reasoning

5. Decisions- conclusions and alterations made to the design, including recommendations from
outside sources

14. Recommendations | Suggestion to what is a good or beneficial thing to do for the project
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Cognitive Code

Cognitive Cue

15. Conclusions

The outcome of some action or the outcome of the project. A
decision made after some analysis for the design project

18. Design Changes

A difference in the design from a previous version of the design

6. Project Management- statements related to organization of the design project, including (but
not limited to) team members and budget constraints

21.To Do Lists

A list of items that need to be completed for the project by the journal
writer or by others associated to the team

23. Meeting Notes

An unofficial record of what is said or done during a meeting

24. Task Assignment

Something given to the journal writer to complete by someone else
who chose them to do it

25. Inventory

Things obtained for the project such as computer programs,
materials, and other parts

27. Task Completion

Recording the act of completing something for the project

28. Project Milestones

Significant dates and accomplishments in the history of the project

29. Field Trip Notes

Notes about a trip to any place related to the project and how it is
related to the project

7. Reflection- turning one’s thoughts back, especially the process of reconsidering previous

actions, events, or decisions

19. Personal Notes

Informal notes about various parts of the project including feelings
about the design

20. Design Process Notes

Related to how well the design artifact is progressing in the stages of
the design process

22 .Revelations

A new thought or idea about the project that was not previously
known

30. Mistakes

Recorded error made in the design journal

31. Cross References

Notation directing the writer or reader of the design journal to look
elsewhere for more details or updated design notes

8. Other — none of the other classes apply

33. Illegible Entries

Journal entry that is not legible and therefore not able to be coded

34. Designer Signature

Designers name signed in the journal entry

35. No Evidence of
Cognitive Activity

No clear evidence of the cognitive process from the given text or
pictures. This includes titles, lists, assigned tasks, paper review,
report outlines, poster outlines, professor comments, etc.

3.5 Validation

Coding schemes present in literature are varied by content and by what they

are trying to reveal about the design process. For example some coding schemes are

created for design activities that only occur during the conceptual design part of the

design process. Studies comparable to this work are (1) a design activity study done

by Atman [4], (2) a design process study done by Jain and Sobek [29], and (3) work

done to reveal cognitive behavior patterns by Suwa et al. [11]. In order to show that
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the proposed coding scheme is comparable to others found in literature, this section

will show that the scheme can be as successfully used as the other code sets.

3.5.1 Atman et al. (2007)

Atman et al. (2007) present a study comparing students (freshman and
seniors) to experts. The experiment involved “real world” professional design
engineers in order to appropriately target design-learning outcomes. Atman et al. used
a verbal protocol method while the participants designed a playground, then the
transcripts were segmented, time stamped from the protocol’s video and audio
recording, and coded. The coding scheme applied to the transcripts was based on a
composite of general models of the engineering design process developed by Atman
[99]. The model that she presented in the paper was developed from her experience
with freshmen course design texts.

It is important to note the differences in execution of the Atman et al. study
and the study done for this dissertation.

e Atman et al. [4] participants designed a playground for children. Student

Design Study 3 students were all seniors and participated on different teams in

a capstone design course. They created projects such as eco-powered tents and

automatic house door locking systems. The expert in Professional Design

Study 1 worked on the mechanical and electrical components on a space

mechanism.

e Atman et al. [4] used a timed playground design activity that only lasted 3

hours and the students in Student Design Study 3 recorded in their design
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journals for 15 weeks. Professional Design Study 1 lasted 5 years. The coded

segments in the Atman et al. paper were time stamped because the verbal

protocol process utilized actual live audio recording.
e Atman et al. [4] analyzed the verbal protocol data from both the students and
the professional in her study. Student Design Study 3 and Professional Design

Study 1 recorded the design process in written journals.

e Atman et al. [4] used 19 experts, 26 freshmen, and 24 seniors in her study.

Student Design Study 3 used 9 students and Professional Design Study 1 used

1 expert.

Major classes declared in the Atman et al. coding scheme are problem
definition, gather information, generate ideas, modeling, feasibility analysis,
evaluation, decision, communication, and other. Atman’s design activity codes are
comparable to some of the codes from this dissertation’s cognitive coding scheme.
The comparable codes for the proposed coding scheme are shown in Table 12. These
groups of cognitive codes are used to compare the results from this study with the
study done by Atman et al. [4]. It’s not surprising that this dissertation’s cognitive
coding scheme has many codes that don’t apply because of the difference in durations
of the design activities. Atman’s codes were applied to a timed design activity and
the coding scheme that is in this dissertation can be applied to design problems that
are solved over a longer period of time, like months or years.

Table 13 shows selected design activity results from the Atman et al. paper’s
design study [4]. These results are matched with results that are similar to the coding

scheme in this dissertation.
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Table 12: Comparing Coding Schemes: Atman et al. [4] and this Dissertation

Comparison of Atman et al. Study Codes to Proposed Cognitive Coding Scheme

Atman et al. Design Activity Coding Scheme

Cognitive Codes

Problem Definition (A1)- “defining what the problem
really is”

Customer Requirements (2), Problem
Statement Clarification (3), Criteria Lists

)

Gathering Information (A2)- “searching for and
collecting information (i.e., facts, data) needed to solve
the problem”

Search (1), Questioning (11), Assumptions
(9), Definitions (36)

Generating Ideas (A3)- “thinking up potential solutions
(or parts of potential solutions) to the problem””

Project Ideas (4), Analogical Reasoning (8)

Modeling (A4) — “detailing how to build the solutions
(or parts of the solution) to the problem. Applies to
initial solution concepts as well as the final design”

Estimates (7), Calculations (10), Variables
(13)

Feasibility Analysis (AS5)- “assessing and passing
judgment on a possible or planned solution to the
problem (or parts of the problem)”

Engineering Characteristics (37)

Evaluation (A6)- “comparing and contrasting two (or
more) solutions to the problem on a particular
dimension (or set of dimensions) such as strength or
cost”

Testing Procedure (12), Material Options
(6), Explanations (16)

Decision (A7)- “selecting one idea or solution to the
problem (or parts of the problem) from among those
considered”

Recommendations (14), Conclusions/Results
(15), Design Changes (18), Mistakes (30)

Communication (A8)- “communicating elements of the
design in writing (e.g., sketches, diagrams, lists, and
reports), or with oral reports to parties such as
contractors and the community”

References (5), Personal Notes (19), Design
Process Notes (20), Acquired Items (25)
Project Milestones (28), Cross References
(31)

Task Assignment (24), To Do Lists (21)

Other (A9)- “none of the above codes apply”

Revelations (22), Illegible Entry (33),
Designer Signature (34), Other/No Evidence
of Cognitive Activity (35), Meeting Notes
(23), Price Quotes (26), Task Completion
(27)

Field Trip Notes (29)

The comparisons in Table 13 are not only more evidence that the coding

scheme can collect similar information but also that in some cases (result 2 and 3) the

results are in agreement. Recall that the studies’ methodologies were different and the

design projects and time durations were also different. The Student Design Study 3

codes related to a project that lasted 15 weeks, much longer than the 3-hour

playground design task.
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Table 13: Comparison with Atman et al. 2007 [4] Paper

Findings from the Atman et al. Design Study Compared to Proposed Cognitive Coding Scheme

Findings
Atman et al. Result Student Design Study 3 (SDS3) and Professional
From transcripts of think aloud protocols Design Study 1(PDS) Comparable Results
1. ““Experts spent more time in the problem
scoping stage including problem 1. The expert recorded 4% entries in the problem
definition (A1) and information gathering scoping stage and the students recorded 11%
(A2)”

2. ““Experts spent more time in the project
realization stage including decision (A7)
and communication (A8) activity”

2. The expert recorded 34% entries in the project
realization stage and the students recorded 23%

3. “Experts spent more time on the overall 3. The expert recorded 95% more design sessions
design problem” than the students

4. *“Experts had significantly more coded 4. The expert recorded 98% more design segments
objects than the students” than the students

5. The expert transitioned 96% more between

5. "Experts and students did not have a design activities (A1l- A9) than the students

significant difference in number of total
transitions (design activity and design

. 0 .
phase transitions)” The expert transitions 73% more between design

phases than the students

The numbers in the right hand column from the proposed cognitive coding
scheme do not agree with Atman’s conclusions in the case of findings 1, 4, and 5.
This is not surprising because the professional was working on a much more complex
project, than the students’ capstone design projects. If the subjects were working on
the same design problem we might expect that similar results to Atman’s.
Nevertheless, this validation exercise shows that this dissertation’s coding scheme
can collect similar information to the one used by Atman and even more detailed

design process information.

3.5.2 Jain and Sobek (20006)
Jain and Sobek (2006) conducted a design journal study with senior capstone
design students at Montana State University [29]. The design journals were used in

situ during the 15-week capstone design course, similar to how journals were used
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with the students in Student Design Study 3. The Jain and Sobek students recorded 47

design journals across 14 design projects. There were differences between the two

studies.

The Jain and Sobek students’ projects come from industry with a written
needs statement; the students in Student Design Study 3 come up with their
own project ideas and must define their own customers and identify the needs
of those customers.

The Jain and Sobek students work on teams of two to four students and the
Student Design Study 3 teams range from five to seven.

The Jain and Sobek students received 15% of their course grade for the design
journal. The Student Design Study 3 students were all volunteers receiving a
$20 gift certificate after periods of journaling.

Hence the Jain and Sobek student’s journals were periodically graded with a
pre-determined rubric. The students in the Jain and Sobek study were
monitored more closely than the students in Student Design Study 3 and the
students were more consistent with time and date stamping entries in their
design journals. The Student Design Study 3 design journals were checked
weekly but not for content just to ensure the students were consistently using
the journals. The Student Design Study 3 journals were also signed each week
and blank spaces were crossed out.

The coding scheme created by Jain and Sobek is actually a coding matrix

shown in Table 14. This matrix based coding scheme allowed for each design activity

to receive 2 codes. One code describes the design activity. The other code is the
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concept, system, or detail level of design that the entry refers to. Jain and Sobek also
coded for project management, report writing, and presentation preparation but did
not use those results for analysis in the cited publication.

Table 14: Coding Scheme from Jain and Sobek 2006 [29]

Jain and Sobek Coding Matrix

Design Activities Concept System Detail
Problem Definition C/PD S/PD D/PD
Idea Generation C/1G S/1G D/IG
Engineering Analysis C/EA S/EA D/EA
Design Refinement C/DR S/DR D/DR

Included in the journal coding identification process for this dissertation is a
classification for design phase. The proposed coding scheme in this dissertation
results in a design string which is a set of numbers that refer to different codes
classifying the data found in the design journals. The comparable codes from this
dissertation with Jain and Sobek’s are shown in Table 15 with the exception of the
system and detail codes. These groups of cognitive codes are used to compare the
results from this study with the study done by Jain and Sobek. The “other” category
in Table 15 shows that this dissertation’s proposed cognitive coding scheme has a
level of detail that is beyond what the Jain and Sobek coding scheme captured.

Table 16 presents the proposed cognitive coding scheme results that are
similar to the concept level coding scheme results from the Jain and Sobek paper
[29]. These show that the proposed cognitive coding scheme can collect similar
information to the previously published one.

The results shown in the table for Student Design Study 3 are only from the

conceptual design phase of the project. The results shown in the table from the Jain
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and Sobek paper are only from the concept part of the coding matrix shown in Table

14.

Table 15: Comparing Coding Schemes: Jain and Sobek [29] and this
Dissertation

Cognitive Codes used for Validation with Jain and Sobek Design Study

Jain and Sobek Design Related Activity Coding
Scheme

Cognitive Coding Scheme

Concept (C) — addresses a problem or sub-problem
with preliminary ideas, strategies, and/or
approaches [29] (p.62)

Problem Definition (C/PD) — gathering and
synthesizing information to better understand a
problem or design idea through activities such
as: stating a problem, identifying deliverables
and researching technologies[29] (p.62)

Customer Requirements (2) Problem
Statement Clarification (3) Criteria Lists (17)
Search (1)

Questioning (11) Assumptions (9) Definitions
(36)

Idea Generation (C/IG) — those in which teams
explore qualitatively difference approaches to
recognized problems, such as brainstorming
activities, listing of alternatives, and recording
“break- through”” ideas[29] (p.62)

Project Ideas (4) Analogical Reasoning (8)

Engineering Analysis (C/EA) — formal and
informal evaluation of existing design/ideas(s),
e.g. mathematical modeling and decision
matrices[29] (p.62)

Engineering Characteristics (37) Testing
Procedure (12) Material Options (6)
Explanations (16)

Design Refinement (C/DR) — modifying or
adding detail to existing designs or ideas,
deciding parameter values, drawing completed
sketches of a design, and creating engineering
drawings using CAD software[29] (p.62)

Estimates (7) Calculations (10) Variables (13)
Recommendations (14) Conclusions/Results
(15)

Design Changes (18) Mistakes (30)

Other (these codes don’t apply in any of the Jain
and Sobek categories)

Codes that don’t apply:

Revelations (22) Illegible Entry (33)

Designer Signature (34) Other/No Evidence of
Cognitive Activity (35) Meeting Notes (23)
Price Quotes (26) Task Completion (27)

Field Trip Notes (29)References (5) Personal
Notes (19) Design Process Notes (20)
Acquired Items (25) Project Milestones (28)
Cross References (31) Task Assignment (24)
To Do Lists (21)

The Jain and Sobek study’s methodology is more similar to the studies

presented in this work than the Atman study, but the types of design projects and the

study administration was still different. The studies time periods are the same.
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Table 16: Comparison with Jain and Sobek [29] Paper

Findings from the Jain and Sobek Design Study Compared to Proposed Cognitive Coding Scheme

Findings

Jain and Sobek Result

From design journals in a senior capstone design

course

Student Design Study 3 (SDS3) Comparable
Results from conceptual design phase only

1.

“Teams in the sample spent an average of
13.14% of their total design effort on concept
level PD activity” [29] (p.65)

“Teams in the sample spent an average of
4.41% of their total design effort on concept
level 1G activity” [29] (p.65)

“Teams in the sample spent an average of
2.94% of their total design effort on concept
level EA activity” [29] (p.65)

“Teams in the sample spent an average of
1.39% of their total design effort on concept
level DR activity” [29] (p.65)

The students recorded an average of 18% of
their journal entries on concept level PD
activity

The students recorded an average of 46% of
their journal entries on concept level IG
activity

The students recorded an average of 5% of
their journal entries on concept level EA
activity

The students recorded an average of 6% of
their journal entries on concept level DR
activity

These comparisons show that the coding scheme in this dissertation is able to

track the amount of dedicated time spent on different design activities and collect

comparable information to that found by Jain and Sobek [29]. The results shown in

Table 16 do not match exactly and this can be explained by noting course’s

differences.

3.5.3 Suwa and Gero (1998)

Suwa et al. (1998) presented a cognitive coding scheme to track a designer’s

cognitive actions using verbal protocol analysis data [11]. The study used a protocol

analysis approach on a practicing architect designing an art museum while talking

aloud and also making sketches on tracing paper for the museum. The specific time of

the design task was 45 minutes.
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Four levels of codes were chosen to describe cognitive actions: physical,
perceptual, functional, and conceptual.
e “Physical refers to actions that have direct relevance to physical depictions
seen on paper” [11] (p. 460)
e “Perceptual refers to actions of attending to visuo-spatial® features of
depicted elements on sketches[11] (p. 460)
e ““Functional refers to actions of conceiving on non-visual information which
depicted elements and their visuo-spatial features are able to carry” [11] (p.
461)
e ““Conceptual refers to cognitive actions that are not directly suggested by
physical depictions or visuo-spatial features of elements™ [11] (p. 462)
These four cognitive actions include a finite set of design actions that belong
in each level. The order of these actions support what cognitive scientists propose
about the way information is processed in humans. The first level of processing is
sensory which corresponds to the physical actions. The second level is perceptually
and semantically which corresponds to the perceptual, functional and conceptual
actions. Examples of physical actions are those relating to depictions made on the
paper. Examples of perceptual actions are attending to shapes, making a grouping,
and finding similarities. Examples of functional actions are exploring the drawn
figure’s interactions with people and considering the motivations of people. Examples
of conceptual actions are making preferences for items and memory retrieval. The

frequency of the three levels of functional, perceptual, and physical design actions

! The author of this dissertation interprets visuo-spatial as relating to the visual perception of spatial
relationships among objects.
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were coded from the design pages produced by the architect. The study researchers
concluded that the design process used by the architect contained three phases:
problem analysis, spatial arrangement, and functional exploration.

The studies done for this dissertation did not video or audio record any
designer’s actions so the physical action category will not have any meaning for this
dissertation. The Suwa and Gero [11] study shows a side of design research from the
architectural or industrial design perspective, which is different than the engineering
designer’s. Although the methods are different there are connections between the
cognitive activities needed to create something new from nothing. The conceptual
actions of Suwa and Gero’s [11] study are important for comparisons with this
dissertation’s cognitive coding scheme because they are exclusively related to
cognitive actions.

Suwa and Gero [11] propose three types of conceptual actions: designer’s
preferential evaluation treatment, setting up goals, and retrieval of knowledge from
memory. One of their findings from reviewing the architects 7 pages of sketches is
that he used ““three distinct design phases: problem analysis, spatial arrangement,
and functional exploration” [11] (p. 476). The other finding is that the cognitive
actions found in the data are characteristic of specific design phases. In the words of
Suwa and Gero:

e ““Functional actions occur more frequently in the phase of functional

exploration than in other phases™ [11] (p. 476)

e “Physical actions dominate in the phase of problem analysis™ [11] (p. 476)
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e “The phase of spatial arrangement is intermediate between the two™[11] (p.
476)

The cognitive coding scheme presented in this dissertation does not have the
context needed to make comparisons with the Suwa and Gero study like the ones
previously shown for Atman and Jain and Sobek. The physical and verbal responses
used in the Suwa and Gero study comprised a larger part of their coding scheme

results and analysis.

3.6 Conclusions

In conclusion, coding schemes are useful in quantifying cognitive cues in
design journal documentation. Applying any proposed coding scheme to a particular
data set will reveal information needed and present a more robust coding scheme for
application to future data sets. The verification process helped answer the question:
Are we creating the coding scheme correctly? Planning for collecting the data may
involve a short pilot study period to survey the level of participation that could be
expected for future studies. A pilot study will also help the researchers understand the
motivation of students to record design journals. Using current published research to

validate the coding scheme provided proof that similar information can be collected.
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Chapter 4: Journal Coding Process

The journal coding process describes the steps taken to categorize the design
journal data into a format that can be analyzed. This chapter details how the journal
coding process was done. The journal coding process developed a design string,
which includes design sessions, design segments, design phase, concept codes,
cognitive codes, and visual codes. First (Section 4.1), the details and components of
the design string are given. Next (Section 4.2), the segmentation process is explained
and a step-by-step journal coding example is presented. Section 4.3 presents the
coding process for the professional’s design journal, which is slightly different from
the student design journals. Finally, in Section 4.4, inter coder reliability analysis is

presented for the cognitive coding scheme.

4.1 The Design String Elements

The journal coding process produces a design string for each journal entry of
interest. A design string is defined as the set of 6 numbers assigned to a coded journal
segment. The design string is made of numbers representing each component shown
in Figure 9. The coding process starts with segmenting the design journal into design
sessions and ends with coding for the visual type. The components of the design
string are:

e Design session is a combination of written records found in the design journal
that have occurred on a single date or during a single period of concentrated

time that was given to the design task.
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e Design segment is section of work within each session in the journal on the
same design thought which can be described by a single cognitive code.

e Design phase code assigns one of the 4 phases of the design process to the
segment: 1- conceptual design, 2-embodiment design, 3-detailed design, and
4-re-design.

e Cognitive code is one of a set of terms used to identify actions and thinking
processes that are inferred by the documented records (Detailed in Chapter 3
in Table 11 Page 56).

e Concept is the code in the design string that indicates the concept (if any) to
which the segment is referring.

e Visual type is the code that classifies a visual representations found in the
design segment: 1- sketch, 2- CAD, 3- photo, 4- simulation, 5- line drawing,

6- electrical drawing, 7- chart/table, 8- free body diagram, and 9 — none.
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Figure 9: Elements of the design string assigned to each journal segment

For example a design string may be “1.3.2.4.1.1.” (See Figure 10), in which
each of the six elements correspond to an element describing information in the coded
segment and the design session in which it is found. It organizes the coding process
for the design records. The period between the numbers is used for space purposes
only. This system also allows easy retrieval for revisiting the data when looking for

specific information.
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The number in the design string in Figure 10 is interpreted as follows:

First design session

Third design segment within the design session
Embodiment part of the design phase

Cognitive activity is project ideas

Relating to concept #1 found in this design journal
Visual representations type is a sketch
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Figure 10: Design String Example from Student Design Study 2

Terms that are relevant to the proposed cognitive coding scheme and used
throughout this document are journal, entry, and journal writer. A journal is a bound
notebook with lined pages used as a permanent record of what happened during the
design process, i.e. the development of the design. An entry is any record found in the
design journal including (but not limited to) written text, sketches, and inserted design

documents. The journal writer is the author of the design journal records.

4.2 Journal Coding Process for Students Journals

Researchers have proposed various types of journal coding processes [11, 29,
34,36, 44, 71]. In order to extract quantitative data from the design journals a

systematized plan had to be created to classify and evaluate the data. The design
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journals from Student Design Study 1-3 were collected and scanned for analysis. The
steps A, B, C, D, E, and F in the journal coding process shown in the example in

Figure 11 are presented in the following sub-sections 1 through 6 in that order.
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Figure 11: Design Process Coding Example

4.2.1 Step A: Journal Design Sessions

Meaningful segmentation of the design journal entries must be done in order
to section them off to facilitate future analysis. Researchers have used a variety of
methods for segmenting design data collected during design protocols. Atman et al.
define segmenting as “the process of breaking the verbal text into units (or segments)
that can be coded with a pre-defined coding scheme” [5]. Atman used sentences as a
basic segment unit and further segmentation was done per sentence if it contained
more than one idea. Grenier et al., investigating students’ cognitive processes in

design journals, segmented and coded every sentence or phrase in the each student’s
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journal [78]. In Sobek’s study of student design journals his research assistants coded
each journal entry segment by date across the team. For example if a team had 5
members who each made an entry on May 1, all 5 of the May 1 entries were coded
before the next dates in the set in order to view the design process from the point of
view of each team member [32]. Ekwaro-Osire’s research looked at the individual
design process in sequential order and segmented first by date entry and then sub-
coded by a tri-level rubric based on design level, creativity level, and context level
[67]. Previous research methods of segmentation were based on the goals of the
research and used to create coding protocols for extracting desired data.

The way in which the students’ journal entries were segmented depended on
several factors. One factor is how the students were instructed to make entries such as
including a date and/or time whenever they made entries into their journals. Dated
and timed entries make the segmentation process simpler by setting some boundaries.
It can be difficult when entries are not dated because the coder is left to decide where
the designer’s recorded ideas and thoughts begin and end. The assumption was made
that a cohesive design session will only occur in one day and hence is one design
session. In rare cases that the student or professional designs through the night and
intentionally changes the date at midnight, this is an unlikely occurrence.

The design session number is the first number in the design string. The
students design journals were first segmented according to design session. This will
separate the sequence of events into parts in order to help identify patterns. The dates
delineated the design sessions. An example of a design journal session from Student

Design Study 2 is shown in Figure 12. The date for this page is shown at the bottom
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to be April 3, 2011. The page is the beginning of “design session 4”. In this example
the student’s insertion of a new date for this particular entry easily identifies the

design session.

4.2.2 Step B: Journal Design Segments

The design segment number makes up the second number in the design string.
The larger design sessions are divided into smaller design segments. The design
thoughts create the smaller design segments. Separating sessions into segments is the
most difficult task of the coding process.

The initial division of the sessions is often done by the journal writer
themselves. There are various ways the beginning and end of a design segment can be
recorded by the student. Ways the student can do this are by drawing straight lines
between design activities, changing the time within the same date, and changing the
color ink/lead used in the pen/pencil. Cohesion is indicated as “continued” or “next
page” statements, arrows indicating a sequence or flow or representations (this means
no segmentation may needed), and listing a topic for the design segment. Written text
entries in paragraph form are sometimes segmented by blank lines, indented leading
sentences, and numbered sentences (not lists). A design segment may be left
undefined by the journal writer. If its focus is on the same design thought then it will

be interpreted as one design segment.
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Figure 12: Design Session Example from Student Design Study 2

When a design segment is not defined by the journal writer the interpretation
is left to the coder. Representations such as written text, equations, sketches, flow

charts, etc. are considered a single design segment if the design thought is the same.
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There may be multiple design thoughts included per paragraph requiring the coder to
separate them out with different cognitive codes assigned to each one. The number of
design segments in some design sessions is relatively high.

Not all journal writers are the same and, therefore, will not always provide
these design segment division indicators. In this case the coder will interpret and
manually section-off or divide the entries into design segments. Manual segmentation
can be done by looking for spaces between entries, starting a new page when not
necessary, labels for representations, and a change in the subject. An example of 7
design journal segments from Student Design Study 2 is shown in Figure 13. That
session is divided as indicated by the large boxes. Each design segment is interpreted
by the coder as unique design thoughts of the journal writer. The segments are then
numbered starting with “1” in the design session they belong to and then in numerical
order as they appear on the page.

Identifying design segments within sessions allows for comparisons between
journal writers. These differences underscore the need to have a journal coding
scheme that is specific. Additionally, the journal coding process must allow the
researcher to label segments with enough detail that observations can be made about

the cognitive activities of the students during the design process.
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Figure 13: Design Segment Example from Student Design Study 2

4.2.3 Step C: Journal Design Phase Coding

The design phase code makes up the third number in the design string for each
segment. Design phases are defined as stages in the engineering design process being
used in the class. The design phase coding was done by design segments meaning that
one segment can show evidence of only one design phase. The design phases used are
as defined in Engineering Design: 4th Ed. as conceptual design (1), embodiment (2),
detail design (3), and redesign (4) and can be seen with a more thorough explanation
in Table 17 [8]. The design phases were coded by assigning the numbers 1 — 4

correlating to each of the 4 design phases.
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Table 17: Design Phase Categories

Design Phase Categories for the Engineering Design Process

Design phase

Description

Conceptual
design (1)

The process by which the design is initiated, carried to the point of creating a
number of possible solutions, and narrowed down to a single best concept.
This Includes: Benchmarking, House of Quality, Patent Search, Functional
Decomposition, AHP

Embodiment
design (2)

Structured development of the design concept including the main functions to be
performed by the product.

This Includes: Product Architecture, Materials Selection, Manufacturing, Robust
Design, DFM, DFA

Detail design (3)

The point when the design is brought to the stage of a complete engineering
description of a tested and producible product.

This Includes: Finalize PDS, set the dimensions for key parts, create engineering
drawings

Redesign (4)

Stage done after testing to refine or change the design concept.

Other (5)

Does not clearly fall into one of the design phases

All students who participated in this study were in the Mechanical

Engineering Capstone Design Course (ENME 472) which requires the text

‘Engineering Design: Fourth Edition’ and therefore the definitions are directly

applicable to this study [8]. The students in the course are required to follow the

Product Development Process detailed in Chapter 2 (p.39) of the course textbook [8].

Segments that did not easily fall into one of the defined design phases were

coded as other. The segments in the example continued from Figure 13 all belong to

the embodiment design phase and therefore are coded as “2”.

4.2.4 Step D: Journal Cognitive Coding

The cognitive code is the fourth number in the design string. The design

journal segments were coded using the cognitive coding scheme detailed in Chapter

3. Figure 14 is an example of the cognitive code to-do lists from Student Design

Study 3. The design phase for this example was conceptual design. The students have
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time, money, and resource limitations for their design project, which requires them to
utilize project management skills. One such skill is making to-do lists, which are
items that need to be completed for the project by the journal writer and also by other
team members. This list includes three items that need to be done but does not
specifically state who is going to complete them, whether the journal writer or
another team member. The student including the title “To-Do in Class” makes it
straightforward for the journal coder to identify this segment as a to-do list.

The author of this dissertation who has significant experience in design and a
thorough understanding of the design process identified the cognitive codes in the
design journals. The author also has experience reviewing design journal content and
understanding the different stages of the design process. The cognitive class was first
identified for each design segment and then the applicable cognitive code selected

based on the definitions given in Table 11.

Project No.

18 Book No. TITLE

From Page No

e M i L N0

Figure 14: Cognitive Code Example of To Do Lists (21)
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Two examples of the cognitive code project ideas are shown in Figure 15 that
come from Student Design Study 2. The examples are outlined with the boxes. The
design phase for this example was conceptual design. The student on this team in
Student Design Study 2 was creating a device to power a cell phone or other small
electronic device through USB on a bicycle. The two boxes show that the student was
considering different options for setting up the parameters. The fact that this type of
set-up appears twice on the page and the student numbered the different ideas leads

the coder to the conclusion that these would be coded as project ideas.
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Figure 15: Cognitive Code Example of Project Ideas (4)

The example in Figure 16 shows the cognitive code for design changes from

Student Design Study 2. A design change is a type of decision made a team to alter
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existing or previously chosen design requirements. The design phase for this example
was re-design, which is unexpected for design project with such a short time period.
This student actually labeled this section “Redesign Sketches” which made it clearer
during the coding process to identify these sketches as design changes. The nature of
design is that sometimes ideas and analysis don’t always produce the desired results
and at times call for the re-design step in the design process. Each of the sketches

shown in the figure below would have been coded a separate design segments.

[

REPE lil CI<F

101418 0.1

[ S i 10541801
10241801”‘“_,- . . DIV {0

Figure 16: Cognitive Code Example of Design Changes (18)

The example shown in Figure 17 is of the cognitive code for customer
requirements from Student Design Study 3. This project was to design a device that
can harvest energy from human footsteps in busy metropolitan areas such as subways

and high traffic sidewalks. The design phase for this example was conceptual design.
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In this design segment the student was noting the differences in the speed of walkers
that might utilize their device. The speed of the user is important for the amount of
energy that can be captured by the device and re-used for another purpose. The
effectiveness of this type of device depends on the amount of foot traffic, which is
relative to the speed of the walkers. This type of statement can be used to describe the
product requirements from the perspective of the customer. The example shown in
Figure 18 is also of the cognitive code for customer requirements from a different

student in Student Design Study 3.
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Figure 17: Cognitive Code Example of Customer Requirements (2)
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Figure 18: Cognitive Code Example of Customer Requirements (2)

Figure 19 is an example of the cognitive code for referencing from Student
Design Study 3. References are found in the design journal as sources of information
such as books, blogs, webpage’s, persons, tables, and charts that include information
that will be needed in the future. This example is unique because it shows a non-
written design journal entry that is relevant to the design process and that can be
included in the design journal coding process. The design phase for this example was
embodiment. This project was to create an eco-powered camping tent and this
reference information was most likely used to select a tent to use with the prototype.
The team was not trying to build a tent so selecting and purchasing a standard
camping tent was important for the project. This example shows ways in which
students documented information that they were collecting for the design project.
Searching for information to frame the design problem or solution is an important

part of the design process.
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Figure 19: Cognitive Code Example of References (5)

It is expected that there will be higher occurrences of certain cognitive
activities during certain parts of the design process. Certain hypotheses that are
shown in Table 18 are expected outcomes from the cognitive coding scheme. The
class project management is not shown in this table because it is expected that there
will not be significant differences across the different design phases for this class. The
four hypotheses shown in the table are based upon where these classes traditionally
show in higher numbers. The results will be shown in the next chapter (5).

Table 18: Hypothesis for Cognitive Activities in Different Design Phases

| Design Phase Hypothesis for Conceptual Design |
H1: Information Seeking and
Noting (1), Problem
Understanding (2), and

Greater than All other Classes

Idea Generation (3)

| Design Phase Hypothesis for Embodiment Design |
H2: Analysis (4) Greater than  All other Classes

| Design Phase Hypothesis for Detailed Design |
H3: Decisions (5) Greater than Al other Classes

| Design Phase Hypothesis for Re-Design |
H4: Reflection (7) Greater than  All other Classes
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A table with more examples of each of the cognitive codes can be found in the

Appendix.

4.2.5 Step E: Journal Concept Coding

A code indicating the concept to which the action of the segment is related is
the fifth number in the design string. This includes the initial ideas, embodiment
ideas, detailed design ideas, final design, and components of the final design product.
Developing the design of a new or improved artifact is the whole reason to participate
in the design process. Students in the course were tasked with developing the design
of a new or improved artifact.

The process first requires the generation of a number of alternatives for the
artifact design. During design concepts are generated and recorded with the
expectation that they may solve the design problem. Each alternative design is called
a concept. The purpose of this coding for artifacts was to track concepts as multiple
members of the same team adopted them. A concept or one of its modifications will
ultimately develop into the final design.

Each concept appearing in a journal is assigned a number and all segments
about that concept are labeled with that number. Each journal has a separate list of
concepts found within that journal. Table 19 shows an example of concept codes 1-4
from one of the teams in Student Design Study 1 which is just part of the listing of
concepts found from that team. The concepts were numbered as a way to track them
across design journals and label them accordingly; regardless of in which member’s

design journal they appeared. The concepts shown in Table 19 come from two
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different students, which is apparent by the differences in the handwriting. Concept 1

and 2 belong to the same student and concept 3 and 4 to a different student.

A list of concepts was created for the entire team and tracked between the

different students design journals for the Team Study group in Student Design Study

1. The initial purpose of concept tracing was to track concepts as they were generated

and considered by multiple members of the same team. Tracking concepts will give

some insights into the journal writer’s adaptation of concepts not their own and also

team member participation among the students.

Table 19: Concept Code List Example from Student Design Study 1 (Team

Study)

Actual Concept

Concept Number |
1 !




Figure 20 shows an example of how different concept references might occur
in a student’s journal regardless of the author. Here the student is listing advantages
and disadvantages (using yellow sticky notes) of the different concepts created by the

other team members.

87



e T T T T f f f T F : T T

o & i =0
Comeepd | >l S
- \\;r Zodily ctacke Lie )ﬁ.;*“‘PEQ —]
| 4 leas ocreat as clable S
s JS - heaen ‘;uf'!%nc.s Wl'é & i

2 4 [ —gl
rplee) Natie rmi\ condacd & (e

 + Zeily cel wp | ,,,j,'_,f,-hé(f

% V\pm:;
| like  the miv 1gedt

)l srple

" Ctmr:,r—f 2
i + h’?cb 7@;3],«((%,,{ _  ned as ;-{‘,cfc«é(c. y T
R p -l 15 ol SVIJf’m"'-c‘, T
—.‘ Secuenaley
1 : a -
g i o S =t e S
Lomeapt | o M -+
~ Sera) cowld come loose = 4 4}* 5u&v7l€ 3 g“!’:f,&bt‘:{{
ontie clump  conld dtde/ = ligt fome ) goull autod, T
uibiaAiont

Sraten Jo
Tilke e 9.?[,-"3 5 M&.L(LC i splace  ofand
-H'( ;“V,’x"‘f et @H fr;"b

@3 + gones SGTE. space.
Jle LDC€£€ !/-'J)'rm;,,,\.\) - |
4 5 - 6Ne  more 5‘{’[‘ b
(ovvc) 2 ; I ;F{f‘P = A
Fsimple s 3

= L'JJ o?’ 'f‘“"!;'

Figure 20: Concept Example from Student Design Study 1

Figure 21 shows an example of how the concept codes are coded in the design

journal.
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Figure 21: Concept Code Example from Student Design Study 2

The concept example shown in

Figure 22 is a reflection that the student was writing in the design journal that

mentions which concept was chosen to move forward. This is a unique way in which

a concept was mentioned that was not created by this particular journal writer. The
students name is mentioned as the creator of the final concept. The concepts that

originated in another students journal are then counted as being referenced here by

this journal writer.
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Figure 22: Concept Code Example from Student Design Study 1

Figure 23 is another example from the concept part of the coding process from
Student Design Study 3. This student labeled each concept with a number, which
made it clear that they were different. Also in this design journal the student’s

concepts were all found one page after another during the conceptual design part of

the design process.

Figure 23: Concept Code Example from Student Design Study 3

4.2.6 Concept Referencing Ratios

Nomenclature
C’jM = set of all concepts appearing in journal j

(;’}‘{’ = set of all concepts appearing in journal j originated by member |
IM = set of all concepts generated by members of team M
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M = identification number for a design team from (1, 2...T), where T is the
number of teams
N; = number of concepts that appear in journal

§; = total number of referencing instances appearing in journal j

ch = k™ concept appearing in journal j on team M; this concept is originated by

J
member I;  j=1,2..mM and I=1, 2...mM
j = identification number for each member of a design team M; j=1, 2...m"
kj, = final design concept selected for team M
mM = number of members on design team M
njx = number of times concept k appears as a referencing instance in journal

1;° = self concept reference ratio
1” = others concept reference ratio
rjt = team concept reference ratio

r}.f = final concept reference frequency ratio

The coding scheme allows quantification of a subject’s documentation of
concepts generated by the team. It is expected that a student will use a design journal
to document and develop their own concepts prior to a team’s selection of a final
design concept. A very thorough design journal will also include references to the
concepts generated by other team members during the conceptual design phase. After
conceptual design, thorough journals would reference only the final concept selected
by team and any variations to it (embodiment, detail, and redesign phases).

Metrics based on the number of references in a journal to the journal-writer’s
concepts, team members’ concepts and a team’s final concept are instructive. These
metrics can suggest the amount of participation outside of their individual concept
generation process as a team member.

A concept is one that is clearly defined by the students with a label. A concept
can also be final assembly of the product that was not previously seen in the journal.
The concepts appearing in a student’s (j) journal on team M make up a set as shown

in Eq. (1). The size of the set will vary. Team concepts were coded, as they appeared
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in the journals, which were coded in random order, each concept appearing in a

journal will have a numeric identifier (k).

cM = {C}‘,leVj € M;Vk,and Vl}
(1)
where j is the member whose journal is being coded and | identifies the team member

who originated the concept. Equation (2) defines the set of concepts appearing in the

journal of member j but originated by team member .

e ={chIVieM;Vk}
(2)
Establishing authorship of concepts that appear within several team members’
journals is difficult. Some team members gave attribution to the concept originators.
(This should be the case in good journaling practice.) Otherwise the date is used to
determine the concept originator.
In team design project courses members generate a set of several concepts

from which to select an alternative to develop during embodiment design. Equation

(3) defines the set of all concepts generated by team M.

M= ymicH 3)
In Eq. (3) a union (emphasizing the “and/or” declaration) constitutes the set of

all distinct concepts appearing across the journals of team M. One of the concepts
generated by the team will be selected as the final concept (k) emerging from the
conceptual design process.

A concept reference is defined as a distinct journal entry (or segment) that is
associated with a concept. Equation (4) defines the sum the frequency of concept

references appearing in journal j.

Nj

Sj = Lg=q ik )
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where nji is the number of times concept K appears as a referencing instance in journal
J-

Several concept reference ratios were developed to quantify the students’
referencing behavior. These ratios indicate the involvement of the journal writer with
concepts developed and discussed by the team. The Self Concept Referencing Ratio

(17°), shown in Eq. (5), compares the set of concepts referenced in journal j created by
member j with the set of all concepts referenced in journal j. In other words 7" is the

percent of time the student referenced their own concepts.
= o] )

The Others Concept Referencing Ratio (;°), shown in Eq. (6), compares the
set of concepts referenced in journal j not created by member j with the set of all
concepts referenced in journal j. In other words 7;° is the percentage of time the
student references other team member’s concepts.

M M
o _ le7-le;

T e ©
The Team Concept Referencing Ratio (rjt), shown in Eq. (7) compares the set

of all team M concepts that appear in journal j with the set of all team M concepts
created.

cM
= % (7)

The Final Concept Referencing (Instance) Ratio (rjf ), shown in Eq. (8)

compares the referencing instance of the final design concept of team M with the

referencing instance of all team M concepts created. Referencing instance is defined
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as the frequency of entries appearing in the student’s journal. 73.f is different than the

previous three because it counts referencing instances and not just one single

reference. For example a team member may reference concept K up to n times and

each of those are counted for in 7}.f .

P

r/ = i (8)

~
[0}
-

4.2.7 Step F: Journal Visual Coding

A code for the visual type in the segment (if one is included in the segment) is
the sixth and final number in the design string. The visuals included in the design
journal are a very important part of telling the design story. Westmoreland et al.
provided the foundation for a visual component to this coding scheme by defining
four categories of visual representations including: sketch, line drawing, CAD, and
Photograph [75]. These codes were expanded during the research for this dissertation
into the visual codes shown in Table 20. A visual representation part of the coding
process was added after the professional’s design journals were coded because

similarities found with the students design journals.
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Table 20: Visual Code Categories

Visual Code Categories and Descriptions

Visual Code Description
Sketch (1) A sketch is a drawing that is done without concern for detail in order to capture a
general idea. A sketch is made without the use of any instruments, such as a straight
edge [75]. )
CAD (2) A CAD is a visual image created with a formal computer aided drawing package
(e.g., AutoCAD, Pro/ENGINEER, and Solid Works) [75]. )
Photo (3) A photograph is an image that is produced with the use of a camera. The image is

Simulation (4)

Line Drawing

(5)

Electrical
Drawing (6)

Chart/Table
(7

an exact replica of what the human eye would perceive at an instant in time [75]. )
A FEA (Finite Element Analysis) simulation visual is created with formal computer
aided software such as Solid Works. It produced a model of a design or component
with stresses and loads for analysis. )
A line drawing is a picture made of lines created by hand or by computer; drawn
with assistive instruments. A visual made with the drawing tools of a word
processing software falls into this category [75]. )
An electrical drawing, also known as a flowchart, represents the electrical current in
a system. The drawing is created with standard electrical symbols such as resistor,
capacitor, power supply, lamp, and transistor. )
A chart is a graph that presents a set of data usually representing the numbers as
bars or dots. A table is an organized text box that also presents a set of data usually
numbers.

Free Body A free body diagram is a drawing used to visualize the forces acting on an object

Diagram (8) and uses physics principles to depict the object in a given situation. This visual
made by hand or with the computer usually contains a box, arrows, and force
values.

None (9) None of the other codes apply

Figure 24 shows an example of the visual codes in the design journal from

Student Design Study 3. This example the student included a sketch (1) while

generating different concepts for their design project.

95



WAL PESIGN SKETH

PARTS UsT

O V' oMeAR paUATOR. B MWW LEVER
@ comporemsT tousinb (B BouT SLEEVE
6 MorAvic gour B wamELr Paek
8 MmivaL ot @ ELEcTRoML S Pk

Figure 24: Visual Code Sketch Example

Figure 25 shows an example of the visual codes in the design journal from
Student Design Study 3. This example is a photo (3), which was found in the design

journals as a visual representation of project ideas.

5 TII'\-"’J ﬂt""\ll
[ & Y
Coyay T Wemg > Plecisely
I't:'u'."' \u . \.l"'-'-"-l"l*"\t"l:_,_;.
% -
- Calld e
Hesty o Cels ’-rpcxrf LEXTS 9o along
2 e k@ No¥ AblwAaS

Figure 25: Visual Code Photo Example
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Figure 26 shows an example of a visual in the design journal from Student
Design Study 3. This example is a CAD drawing (2) of a component found in the
students design journal as an inserted page. The CAD drawings (2) are important for

students and required as a part of their final design reports for the capstone design

course.
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Figure 26: Visual Code CAD Example

Figure 27 shows an example of the visual codes in the design journal from
Student Design Study 3. In this example an electrical diagram (6) is drawn by the

student to show a possible electrical set up.
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Figure 27: Visual Code Electrical Diagram Example

The six codes in the design string previously described were applied to the
design journals and then the data was entered into a spreadsheet for analysis. The

setting of this study is considered natural or in situ, which can account for some

inconsistencies in the data collected.

4.3 Journal Coding Process for Professional Journal

The way in which the professional’s design journal was segmented was the
same as the students with one exception. The professional’s design journals were not
scanned but coded directly into Excel using the same journal coding process as the

students. The design journals from the professional were coded by hand on location

with the designer for confidentiality.
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Although the professional engineer did not use the same course textbook and
specific instructor guidelines he did use a similar process that he described in the exit
interview. The professional designer’s employer did not mandate a specific design
process so he reverted to design experiences from previous design jobs he held and
also remembered the design process he learned in college. Tracking concepts in the
professional’s journal was challenging due to the nature of the project he was
working on. As the lead mechanical engineer on the project he was responsible for
working on several components at one time. Different iterations of various
components were found but hard to track in his journals. He wrote three design
journals with many pages for this particular project. Tracking the conceptual
development of all these components across many journal pages is what made the
task challenging.

Figure 28 shows an example of the notations made by the author while coding
the professional’s first design journal. Initially the journals codes were written and
then manually input into Excel spreadsheet for analysis. The lists shown were made
during the coding of the professionals design journal 1. The purpose was to identify
the concepts by a name or title that is found to be recurring in the professional’s
design journal. Even this was challenging because the professional did not always
make a reference or call specific components by name. Since this was his project it is
assumed that he probably didn’t need to for every single reference to a components

concept.
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Figure 28: Concept Coding Lists Made for the Professionals Design Journal

Figure 29 shows a sample from the hand coding of design journal 1 in the set
of professional’s design journals. Looking at the lettering going down the middle of
the page “E” is the concept code. The three design segments shown here each refer in

some way to the aluminum shielding which is “1” from the right list in Figure 28.
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Figure 29: Sample Concept Coding Notes for the Professionals Design Journal

4.4 Inter Coder Reliability

The main coder for the Student and Professional design studies is the author of

this dissertation who is an advanced graduate student with a background in design
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knowledge. For the reliability study, an undergraduate research assistant also coded

25% of the design journals from Student Design Study 2 and Student Design Study 3

using the cognitive code of the design string only. The design journals coded by the

undergraduate research assistant were pre-segmented by the main coder. The

undergraduate research assistant is a sophomore mechanical engineering major at the

University of Maryland- College Park. The main coder trained the undergraduate

research assistant by the following steps:

1.

Review of relevant literature that included journal papers on the subject of
segmentation, design journal studies, and design coding schemes. [4, 30, 32,
68, 75]

Review of the cognitive codes including definitions and examples. Also
reviewed the proposal (unpublished) written for this dissertation by the main

coder.

. Independent coding of 5 previously coded sample pages by the research

assistant and the main coder simultaneously followed by discussion about the
differences. Out of 42 coded segments the agreement between the main coder
and the research assistant was 30 or 71%. The codes with the highest
percentages of differences were project ideas (41% out of the 12 non-agreed
codes) and assumptions (25% out of the 12 non- agreed codes). The reason for
the discrepancies with these two codes is because a project idea can be
presented with underlying assumptions that are not explicitly stated by the

journal writer. For example a student may suggest that the project be marketed
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in the Baltimore-Washington region which could also be seen as an initial
assumption for market share.

. Repeat the independent coding of 5 previously coded sample pages (new set
from #2) by the research assistant and the main coder simultaneously followed
by discussion about the differences. Out of 32 coded segments the agreement
between the main coder and the research assistant was 18 or 56%. The codes
with the highest percentages of differences were personal notes (22% out of
the 14 non-agreed codes) and recommendations (27% out of the 14 non-
agreed codes). Each discrepancy was discussed and a resulting code was
agreed upon.

. Repeat the independent coding of 5 previously coded sample pages (new set
from #2 and #3) by the research assistant and the main coder simultaneously
followed by discussion about the differences. Out of 16 coded segments the
agreement between the main coder and research assistant was 16 or 100%.
This completes the undergraduate research assistant’s training for the journal
coding process.

The undergraduate assistant coded of 25% of the Student Design Study 2
journals which came out to one full design journal. Out of 66 coded segments
the agreement between the main coder and the research assistant was 42 or
63%.

The undergraduate assistant coded 25% of the Student Design Study 3
journals which came out to two full design journals. For journal 1 out of 99

coded segments the agreement between the main coder and the research
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assistant was 41 or 41%. For journal 2 out of 123 coded segments the

agreement between the main coder and the research assistant was 31 or 25%.

Table 21 shows the raw agreements and Cohen’s Kappa (-1 to +1) for the three

samples done for inter coder reliability. The first two samples show good agreement

according to Kappa scale interpretations. The third sample shows fair agreement

according to the Kappa scale. The second coder will undergo additional training and

code another journal sample from SDS3 to provide a third rating comparison.

Table 21: Inter Coder Reliability Results

Inter Coder Reliability Results

Sample Study Segments | Raw Agreement | Cohen’s Kappa (-1 to +1)
A 1 journal from SDS2 66 0.64 0.6207
B 1 journal from SDS3 99 0.41 0.6471
C 1 journal from SDS3 123 0.25 0.2198

4.5 Conclusions

The journal coding process starting with segmentation of the design journals

is time consuming yet provides the rich data set found in this dissertation. The

concept referencing ratios can be applied to other types of design documentation such

as verbal protocol analysis studies data. Including the professionals design journal in

this study helped to expand the contributions from this dissertation to design research.

There are a lot of benefits to having the design string elements for data analysis. The

next chapter will highlight the types of analysis the design string provides for the data

from the design journals.
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Chapter 5: Student Design Study (1-3) Results

This chapter presents the results from the three Student Design Studies during which
students recorded in design journals throughout their capstone design course. First
(Section 5.1) is a look inside the design journals that highlights the content of the
records that the students made. The results from the three studies are presented
separately because they were each administered differently. Second (Section 5.2)
describes which cognitive activities were found in the design journals. This section
highlights the cognitive activities by class and also by design phase. In Section 5.3
team concept development results are given using the concept coding metrics
presented in the previous chapter. In Section 5.4 visual representations found in the
design journals are presented. In Section 5.5 differences within Student Design Study
2 are observed between students using traditional design journals and the students
using the Smartpen technology. Finally, Section 5.6 presents the qualitative data
obtained from exit interviews that the students participated in after the completion of

their design journals relating to their design journaling experiences.

5.1 Inside the Design Journals

This section goes inside the design journal content from the students’ detailed
records. The design journals included a vast amount if information about the students’

design experiences. The amount of journaling activity can be measured by the design

sessions and design segments which result in the activity density.
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5.1.1 Student Design Study 1- Individual Study

Student Design Study 1 is composed of two groups- Team Study (N=10) and
Individual Study (N=5). This section will present the results from the Individual
Study group. This pilot study effort was done with the purpose of capturing the
design activities that occur during the conceptual design phase. Detailed information
about the students in this study is shown in Table 22, including design journal activity
density. All students in Student Design Study 1 (Individual Study) were given a
traditional design journal (11.75x9.25) with 152 pages. The length of the study was 4-
6 weeks depending on when the students were given their design journals.

Table 22: Student Design Study 1 (Individual Study) Detailed Subject
Information

Student Design Study 1 (Individual Study) Detailed Information |

. Team Journal Activity
Student Team Project Size Pages Used Density
1 The Natural Born Griller 6 9 9
2 A Stable Walker for Stairs 6 14 4.87
3 Automated Window Control System 6 34 4.67
4 Napkin Set Roller 4 15 2.67
5 Automatic Egg Cooker 7 7 2
Average 5.8 15.8 53
Standard 1.09 10.70 330
Deviation

The Individual Study design journals included 59 design sessions averaging
12 sessions for each student. The number of design segments was 253 averaging 51
segments per student. The total number of journal pages used was 79 with the average
being 15.8 pages used per student. Inserted pages were found in the design journals,
34 to be exact. The average number of journal entries written by hand is 43%. The
numbers of dated sessions are 49 or 63%. Table 23 shows the number of design

sessions with the number of design segments, and the variation shown is expected.
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This comparison shows the difference in the number of cognitive activities that can

be found in the design sessions. It is expected that the number of design segments will

be higher than the number of design sessions.

Table 23: Student Design Study 1 (Individual Study) Number of Design Sessions

and Design Segments

Student Design Study 1 (Individual Study) Design
Sessions and Design Segments

Student Design Sessions Design Segments

1 4 36

2 15 73

3 21 98

4 12 32

5 7 14
Average 11.8 50.6
Standard 6.68 34.08
Deviation

The design phase segment coding results are shown in Table 24 for the

students in the Individual Study group from Student Design Study 1. It is not

surprising that the majority of the design journal entries were made during the

concept generation phase because this study was meant to capture that specific phase.

The students who wrote journal 4 and journal 5 were probably moving faster in the

design process than the pace that is set for the class. Although the instructors plan the

course for the students to progress at a certain pace often times the students will often

initiate a change in design phase especially in circumstances where they are

progressing rapidly.

Table 24: Student Design Study 1 (Individual Study) Design Phase Percents

Student Design Study 1 (Individual Study) Relative Activity per Design Phase

Student Cogg:i%t#al Embodiment DD:stiE;I:w Redesign Unknown
1 89% 0% 0% 0% 11%
2 90% 8% 0% 0% 1%
3 46% 5% 3% 0% 46%
4 28% 63% 0% 3% 6%
5 14% 71% 0% 0% 14%
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5.1.2 Student Design Study 1- Team Study

Student Design Study 1 also included a Team Study (N=10). The students in
this group were from two intact teams and participated in the pilot study for the entire
semester as a course requirement. This section will present the results from the Team
Study group. Detailed information about the students in this study group is shown in
Table 25, including design journal activity density. All students in Student Design
Study 1 (Team Study) were given a traditional paper-bound design journal (8.5x11)
with 96 pages. The length of the study was the entire 15-week semester and the team
size was 5 members each.

Table 25: Student Design Study 1 (Team Study) Detailed Subject Information

Student Design Study 1 (Team Study) Detailed Information |

Student Team Project \L]JosLézjnal Pages Activity Density
1 Helicopter Simulator 33 3.48
2 Helicopter Simulator 14 2.89
3 Helicopter Simulator 23 6.11
4 Helicopter Simulator 19 4.55
5 Helicopter Simulator 25 4.15

1 Tiny Microphone Stands 9 3.91
2 Tiny Microphone Stands 20 6.67
3 Tiny Microphone Stands 38 7.05
4 Tiny Microphone Stands 16 3.88
5 Tiny Microphone Stands 66 4.94
Average 26.3 4.47
Standard Deviation 16.39 2.055

The students in the Team Study were on two teams with 5 members working
on the projects listed in Table 25. The Team Study design journals resulted in 164
design sessions averaging 16 sessions per student. The total number of design
segments is 800 averaging 80 design segments per student design journal. The total
number of journal pages used is 263 with the average student using 26.3 pages. It was

found that students inserted loose papers into the design journal using tape or staplers;

109



55 such pages were found in the Team Study journals. This means that of the 263
pages used in the design journals 79% were actually written by hand. The design
journal guidelines required that the students date each session and it was found that
only 55% of the session were actually dated.

A table of the segments and sessions by student is shown in Table 26. This is
similar to the Individual Study in that the number of design segments is going to be
higher than the number of design sessions, which is considered normal.

Table 26: Student Design Study 1 (Team Study) Design Sessions and Design

Segments
Student Design Study 1 (Team Study) Design Sessions and Design
Segments
Student Design Sessions Design Segments
Team 1 1 23 80
2 9 26
3 18 110
4 11 50
5 20 83
Team 2 1 11 43
2 12 80
3 19 134
4 8 31
5 33 163
Average 16.4 80
Standard 7.77 45.0
Deviation

Table 27 shows the design phase results by percent of design segment for
Team Study group from Student Design Study 1. The students in the Team Study
were using the design journals the entire semester hence it is expected that more
variation between the design phases should be found. The journal coding process was
still being developed when these design journals were coded and that can explain the

high amount of entries in the “Unknown” category.

110



Table 27: Student Design Study 1 (Team Study) Design Phase Percents

Student Design Study 1 (Team Study) Relative Activity per Design Phase

Student Coggsei%txal Embodiment | Detail Design Redesign Unknown
Team 1 1 21% 38% 14% 0% 28%
2 38% 27% 8% 0% 27%
3 22% 21% 1% 0% 56%
4 28% 30% 0% 0% 42%
5 17% 16% 0% 0% 67%
Team 2 1 21% 38% 14% 0% 37%
2 38% 27% 8% 0% 16%
3 22% 21% 1% 0% 23%
4 28% 30% 0% 0% 10%
5 17% 16% 0% 0% 25%

It is not surprising that the majority of the design journal entries were made
during the concept generation phase. The students in Student Design Study 1 (Team
Study) were given a homework assignment early in the semester that required them to
make conceptual design sketches using their design journals. The homework

assignment given by the instructor (Dr. Linda Schmidt) is shown in Figure 30.

Select the top three concepts among those you have contributed to your team and perform the
following for each concept sketch (please devote one full page to each concept):
1. Clean up the sketch to make sure all parts of the design are represented clearly, showing
the device from as many views as necessary to describe its features and operation. Designs
that are only small deviations from earlier sketches in the homework are not acceptable.
2. Name, number and label each physical feature.
3. Write a short description of your proposed device and how it functions. Use the feature
numbers and names from step 2 in your description (an example is provided below).
4. Identify three strengths and three weaknesses of the design
NOTE: CAD DRAWINGS ARE NOT ACCEPTABLE FOR THIS ASSIGNMENT. YOU MUST PROVIDE YOUR
HAND SKETCHES, WHICH ARE AN INTEGRAL PART OFTHE DESIGN PROCESS.

Figure 30: Conceptual Design Homework Assignment

5.1.3 Student Design Study 2
This section will present the results from the Student Design Study 2. This
second study was done with the purpose of capturing the design activities that occur

during the embodiment design phase and also to look at the differences between using
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a traditional design journal and a new Smartpen technology. Detailed information

about the students in this study is shown in Table 28. The time period (5 weeks) for

this study was actually weeks 5-10 of the 15 week semester and all the participants

were in the study for the same amount of time. This is when the students should have

been leaving the conceptual design phase and entering into the embodiment design

phase according to the course plan. All students in this study were on teams that had 5

team members.

Table 28: Student Design Study 2 Detailed Subject Information

Student Study 2 Subject Information

# of

Student | Team Project Journal Type Journal ? esign Design ACt'V!ty
essions | Segments | Density
Pages
Team WeCycle: the Pulse Smartpen
1 benny (Bicycle-Powered | (50 sheets, 6X8 11 5 33 6.6
Mobile Device Charger) size pages)
Team Injection Infection | Pulse Smartpen
2 Rejection: SteriLatch (50 sheets, 6X8 15 12 80 6.6
Syringe size pages)
Team WeCycle: the E:‘S(ihtlo;l al 1
3 benny (Bicycle-Powered gn Journa 13 8 85 10.63
Mobile Device Charger) (96 DABES,
81/2X11 size)
Team Injection Infection EI:S?HIIIO;I: ! | 2
4 Rejection: SteriLatch gn Journa 11 125 11.36
Syringe (96 pages,
81/2X11 size)
Average 9 81 8.79
Standard
Deviation 3.16 37.66 2.55

The Student Design Study 2 design journals included 36 design sessions

averaging 9 sessions per student. The number of design segments was 323 averaging

81 segments per student. The total number of journal pages used was 89 with the

average being 22 pages used per student. No inserted pages were found in the design

journals. All the journal entries were written by hand. The numbers of dated sessions

are 24 or 67%.
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The design phase segment coding results are shown in Table 29 for the

students in Student Design Study 2.

Table 29: Student Design Study 2 Design Phase Percents

Student Design Study 2 Relative Activity per Design Phase

Student | Conceptual Design | Embodiment | Detail Design Redesign
1 0% 100% 0% 0%
2 0% 100% 0% 0%
3 0% 100% 0% 0%
4 4% 15% 70% 11%

Table 29 shows that the students were going through the embodiment phase of

the design process. This shows that the students were on-track with the course

timeline for their design project with the exception of student 4 who was well into the

detailed design phase. Students in the capstone design course are encouraged to

practice each phase of the design process yet the reality is that some move faster than

others and some do not follow the course protocol altogether.

5.1.4 Student Design Study 3
This section will present the results from the Student Design Study 3. This
third study effort was done with the purpose of capturing design activities throughout

the entire design process, which is 15 weeks long. Detailed information about the

students in this study is shown in Table 30.
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Table 30: Student Design Study 3 Detailed Subject Information

Student Study 3 Subject Information

Team Number of
Student Team Project . Journal Pages Time in Study
Size
Recorded
1 Team Road House (Modified Rowing 6 29 15 Weeks
System for Boats)
2 Team Eco PowerTent (Solar Powered Tent) 5 0 3 Weeks-
3 Team Accurate (Dynamic Coring System) 5 32 15 Weeks
Team Innovative Military Advancement
4 (Unmanned Aerial Vehicle Landing Pad) 6 2 2 Weeks-
5 Team Accurate (Dynamic Coring System) 5 28 15 Weeks
6 Team Accurate (Dynamic Coring System) 5 20 15 Weeks
7 Team Accurate (Dynamic Coring System) 5 20 15 Weeks
8 Team Eco PowerTent (Solar Powered Tent) 5 1 3 Weeks- V
9 Team Eco PowerTent (Solar Powered Tent) 5 39 15 Weeks
Team Barracuda Innovations (Energy
10 Harvesting from Walking) 6 17 15 Weeks
1 Team GFU (Portable Breathalyzer with 5 ) 7 Weeks- \
IPhone App)
12 Team SAE ++ (Welding Rod Feeder) 7 3 6 Weeks-
Team Generic (Sustainable Temperature
13 Control for Greenhouses) 7 10 8 Weeks-
14 Team Lockdown (Remote House Lockdown) 4 59 15 Weeks
15 Team Barracuda Innovations (Energy 6 19 15 Weeks

Harvesting from Walking)

Several students did not participate for the entire 15 weeks. These students are

noted in Table 30 with the V. Their reasons for leaving the study are given below:

Student 2 noted that he simply did not want to participate in the design journal
study during the 3™ week.
Student 4 noted that he kept leaving his journal at home and also that he felt
that it was redundant to write in the journal because he writes on his Ipad
during class and lab. Two weeks in a row he forgot the design journal at home
therefore it was not checked during the lab session as required. He commented
that he tried to do both but was not able to so he decided to withdraw from
participating in the study.

Student 8 noted that he did not have time for the design journal and it would

be best for him to withdraw from the study.

Student 13 was asked to leave the study after not producing his journal 3

weeks in a row for the required check during the lab session.

Student 11 noted that he was struggling to remember to write in the journal
during week 6 and kept promising to add more, but finally decided during
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e Student 12 noted during week 6 that he did not think he would be able to do a
good job writing in the journal and asked to withdraw from participating in
the study.

The Student Design Study 3 design journals included 154 design sessions
averaging 17 sessions per student. The students were explicitly requested to date their
design journal sessions and the results presented here only includes sessions that were
dated. The number of design segments was 1032 averaging 115 segments per student.
The total number of journal pages used was 264 with the average being 29 pages used
per student. Inserted pages were found in the design journals, 55 to be exact. The
average number of journal entries written by hand is 23. The numbers of dated
sessions are 150 or 97%. Student specific information about the students in this study
is shown in Table 31.

Table 31: Student Design Study 3-Detailed Subject Information

Design Design Activity Design Design
Journal Sessions Segments Density Sessions Segments
(Dated) (Dated) (Dated) Undated Undated
1 12 76 6.33 1 23
3 20 69 3.45 0 0
5 11 123 11.18 0 0
6 20 101 5.05 1 2
7 9 119 13.22 0 0
9 33 141 4.27 0 0
10 4 48 12.00 0 0
14 26 213 8.19 1 1
15 15 110 7.33 1 6
Average 16.66 111.11 7.89 0.44 3.56
Standard 9.02 48.18 3.53 0.53 7.55
Deviation

Table 32 compares the number of design sessions with the number of design
segments and the variation shown is expected. The variation in activity density shows

that the some students were focusing on a few cognitive activities per design session
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while others were not. This could mean that students with lower activity densities
were writing about a specific topic or had a narrower focus during some of their
design sessions. The students with higher activity densities were recording a wider
range of cognitive activities each time they sat for a design session. This could also be
explained by student differences in how they work.

Table 32: Student Design Study 3 Design Sessions and Design Segments

Student Design Study 3 Design Sessions and Designh Segments

Student Design Sessions Design Segments

1 12 76

3 20 69

5 11 123

6 20 101

7 9 119

9 33 141

10 4 48

14 26 213

15 15 110
Average 16.6 111.1
Standard 9.02 48.1
Deviation

The design phase segment coding results are shown in Table 33 for the

students in Student Design Study 3.

Table 33: Student Design Study 3 Design Phase Percents

Student Design Study 3 Relative Activity per Design Phase
Student | Conceptual Design | Embodiment | Detail Design Redesign
1 51% 16% 33% 0%
3 72% 26% 0% 1%
5 50% 50% 0% 0%
6 64% 36% 0% 0%
7 49% 51% 0% 0%
9 30% 67% 2% 0%
10 100% 0% 0% 0%
14 36% 35% 30% 0%
15 38% 45% 17% 0%
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5.1.5 Design Segment per Design Phase

ANOVA was used to examine the design segments per design phase between

the two teams in Student Design Study 1 (Team Study) to see if any statistically

significant differences exist. The data used in this ANOVA calculation is shown in

Table 34.

Table 34: Student Design Study 1 (Team Study) Design Phase Data

Percent of Journal Segments by Design Phase on Two Teams from Student Design Study 1 |

Team Unknown | Conceptual Design | Embodiment | Detailed Design | Redesign
Team 1 | 27.50% 21.25% 37.50% 13.75% 0.00%
Team 1 | 26.92% 38.46% 26.92% 7.69% 0.00%
Team 1 | 56.36% 21.82% 20.91% 0.91% 0.00%
Team 1 | 42.00% 28.00% 30.00% 0.00% 0.00%
Team 1 | 67.47% 16.87% 15.66% 0.00% 0.00%
Team 2 | 37.21% 58.14% 4.65% 0.00% 0.00%
Team 2 | 16.25% 81.25% 1.25% 1.25% 0.00%
Team 2 | 23.13% 54.48% 22.39% 0.00% 0.00%
Team 2 | 9.68% 58.06% 32.26% 0.00% 0.00%
Team 2 | 25.15% 62.58% 11.04% 1.23% 0.00%
Table 35: Student Design Study 1 (Team Study) ANOVA Design Phase Results

by Team

ANOVA Results |
Design Phase F P-Value
Unknown 5.58 | 0.046 | Significant
Conceptual Design | 38.57 | 0.000 | Significant
Embodiment 2.99 10122 |
Detail Design 2.09 | 0.186
Re-Design n/a n/a

The results from the ANOVA are shown in Table 35. The p-value significance

level is below 0.05. When the p-value is below the designated level, the null

hypothesis (that the team members’ recording of segments in each design phase is the

same) will be rejected. The results show that the amount of activity in the “unknown”

and “conceptual design” phases have significant differences between the two teams.

The “unknown” in this study accounted for segments where the design phase could
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not specifically be identified out of context with the rest of the segments. The
differences are present because of the variety in the amount of design segments that
fell into this category. The differences between the teams in the “conceptual design”
phase can be explained by student differences in journaling behavior. The table also
shows that “embodiment” and “detailed design” activity levels show have no
significant differences between the groups.

ANOVA was done again to include a team from Student Design Study 3.
Student Design Study 3 was not set up as a team study but 4 of the students (from a 5-
person team) happened to be on the same team. Data from the 4 members of this team
are added to the two teams from Student Design Study 1 (Team Study) to see if there
are statistically significant differences between the design activities in each design
phase for these three teams. The main difference between these groups is that the
students in Student Design Study 1 were required to keep the journals for a course
grade and the students in Student Design Study 3 were volunteers. Students in both
studies recorded in their design journals for the entire semester. The data used for this
analysis is shown below in Table 36 which is percent of design segments per design

phase.
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Table 36: ANOVA on Teams from Student Design Study 1 and Student Design
Study 3

Percent of Journal Segments by Design Phase on Two Teams from Student Design Study 1 and One
Team from Student Design Study 3

Team Unknown Conceptual Design Embodiment Detailed Design | Re-Design
Team 1 | 27.50% 21.25% 37.50% 13.75% 0.00%
Team 1 | 26.92% 38.46% 26.92% 7.69% 0.00%
Team 1 56.36% 21.82% 20.91% 0.91% 0.00%
Team 1 | 42.00% 28.00% 30.00% 0.00% 0.00%
Team 1 | 67.47% 16.87% 15.66% 0.00% 0.00%
Team2 | 37.21% 58.14% 4.65% 0.00% 0.00%
Team 2 16.25% 81.25% 1.25% 1.25% 0.00%
Team 2 23.13% 54.48% 22.39% 0.00% 0.00%
Team 2 9.68% 58.06% 32.26% 0.00% 0.00%
Team 2 25.15% 62.58% 11.04% 1.23% 0.00%
Team 3 0% 72% 26% 0% 1%
Team 3 0% 50% 50% 0% 0%
Team3 [ 0% 64% 36% 0% 0%
Team 3 [ 0% 49% 51% 0% 0%

The results from the ANOVA are shown in Table 37. There are significant
differences between “unknown”, “conceptual design”, and “embodiment” design
phases. It is important to note that the design journal coding process was still
evolving when Student Design Study 1 journals were coded; this is why the
“unknown” category was included. This explains the reason for the significant
difference for that category. The other design phases with significant differences are
“conceptual design” and “embodiment” which could mean that the student’s uses for
the journals were different at these stages and not for the last two stages of the design
process. These resulting differences could also be a result of the differences in

student motivation to use the design journal. The students in Student Design Study 1

were required and the students in Student Design Study 3 were all volunteers.
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Table 37: Student Design Study 1 (Team Study) and Student Design Study 3
ANOVA Results on Design Phase Activity by Team

ANOVA Results |

Design Phase F P-Value

Unknown 14.01 | 0.001 Significant
Conceptual Design | 20.46 | 0.000 | Significant
Embodiment 6.21 |0.016 Significant
Detailed Design 2.08 [ 0.171

Re-Design 1.31 | 0.309

5.1.6 Activity Density per Design Journal

Another metric useful for identifying differences in journaling behavior is
activity density. For the first ANOVA comparison, the group from Dr. Sobek’s
design journal study will be used to compare activity densities with Student Design
Study 1 (Team Study). The students in Student Design Study 1 and Dr. Sobek’s
design study team used the design journals as a requirement for a course grade. The
data used for this ANOVA test is shown in Table 38.

Table 38: ANOVA on Activity Density between Dr. Sobek’s Team and Student
Design Study 1 (Team Study)

ANOVA on Activity Density from Dr. Sobek’s
Team and Student Design Study 1 (Team Study)

Team Sobek Team 1 Team 2
6.6 3.48 391
10.625 2.89 6.67
11.364 6.11 7.05
4.55 3.88
4.15 4.94

The results yield a p-value (0.004) that is below 0.05 which means that there
is a statistically significant difference between the activity densities of the students in

these studies. A difference in activity density shows the journal writers’ variances in
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amount of cognitive activities per design session. These results show that differences
in administration (detailed in Chapter 3) may have an effect on the journal records.

ANOVA was also done on the activity densities of the individual students
participating in the three studies for this dissertation. The data used for this ANOVA
test is shown in Table 39.

It is not surprising that the results gave a p-value (0.005) that is below 0.05.
There is a statistically significant difference between the activity densities of the
students in these studies. The administration and goals for each of these studies were
different so it is not expected that the journaling behavior observed would be the
same. The average activity densities are higher for Student Design Study 2 and
Student Design Study 3. Student Design Study 3 journaled for a longer period of time
which could explain why they have a higher average activity density. Student Design
Study 2 has almost a 50/50 split between the journalers’ activity densities, this is
probably because 2 students were using traditional design journals and 2 students

were using the Smartpen technology. This can explain the difference that is seen here.
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Table 39: Activity Density for Student Design Study 1, Student Design Study 2,
and Student Design Study 3

Average Activity Density
Student Design Study 1 | Student Design Study 2 | Student Design Study 3
3.48 6.6 6.33
2.89 6.6 3.45
6.11 10.63 11.18
4.55 11.36 5.05
4.15 13.22
391 4.27
6.67 12
7.05 8.19
3.88 7.33
4,94
9
487 |
467 |
267 |
...... 2
_____ Average 4.811429 8.7975 7.891111
Standard 2.19919 2.554896 3.532809
Deviation

5.1.7 Inserts per Design Journal

It was expected that the students would use the journals to perform their work
on project tasks (e.g., sketching concepts, summarizing information from websites,
perform simple calculations of forces). It was surprising that some students used their
journals as only a collection folder for other documents created using a computer.
Some of the types of collection documents found in the students design journals were
CAD drawings, g-chat conversation logs, handouts given by the professor, drafts or
parts of drafts of the final design report, line drawings made on the computer, bill of
materials, and engineering drawings. These documents were cut from other sources

and taped into the design journals.
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ANOVA was done on the number of inserts by the individual students
participating in the three studies for this dissertation. The data used for this ANOVA
test is shown in Table 40.

Table 40: Number of Journal Inserts per Student

Number of Journal Inserts
Student Design Study 1 | Student Design Study 2 | Student Design Study 3
20 0 9
11 0 0
0 0 0
6 0 0
8 9
2 22
8 5
27 4
3 4
72
1
1
33
4
0
Average 12.57143 0 5.888889
Standard 19.37033 0 6.990072
Deviation

It is not surprising that the results gave a p-value (0.24) that is above 0.05
which means that there is no statistically significant difference between the numbers
of inserts of the students in these studies. These are not surprising results because
using inserts in a design journal seem to be a matter of varying preference for
students in the studies. There were many more inserts in Study 1 when the protocol
for monitoring the journals was new. The weekly monitoring in Study coincided with

a much lower instance of adding inserts to the journals.

123



5.2 Coqgnitive Activities

5.2.1 Cognitive Codes

Student Design Study 3 students cognitive coding results are given in this
section. Each journal in Student Design Study 3 was coded with the cognitive coding
scheme (36 codes) presented in Chapter 3. On the following pages a chart is created
for each student showing the relative distribution of segments in their journal by
cognitive code. The data was expanded by code class see how the students were using
the journals. The resulting charts by class appear as Figure 69 through Figure 77 that
can be found in the appendix.

The majority of the students appear to have a good representation of the
classes across their design journals. Journal 1 and Journal 3 show noteworthy
differences. It appears that they used the journal to describe only one or two cognitive
activities.

e The highest code for Journal 1was is “other” which was 26% of the journal
entries. Segments found in Journal 1 that were coded other include unfinished
text, instructions for the journal reader to unfold a page, table of contents, and
unfinished text that was scratched out. Journal 1 included 99 design segments
(hence about 26) coded as “no evidence of cognitive activity” in this design
journal.

e Journal 3 spent 65% of their time on project ideas which means that they clearly
did not understand the uses of a design journal and missed out on some of the

benefits that were possible.
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Table 41: Code Results for Student Design Study 3 by Class

1 3 5 6 7 9 10 14 15
Search 0% 0% 0% 0% | 0.84% | 1.42% | 0% | 327% | 0%
References 1.01% | 0% | 13.82% | 0% 0% | 1277% | 0% | 13.55% | 13.79%
Questioning 202% | 435% | 2.44% [388% | 0% | 284% | 0% | 561% | 0.86%
Price Quotes 0% 0% 0% 0% 0.84% 0% 0% 0% 0%
Definitions 0% 0% 0% 0% 0% 0% 0% | 0.47% | 6.03%
ﬁ::;oifelenrlems 0% | 1.45% | 3.25% |2.91% | 3.36% | 2.84% | 0% | 10.28% | 0.86%
PS Clarification 505% | 1.45% | 1.63% | 0% | 2.52% | 1.42% | 0% | 1.40% | 7.76%
Criteria List 1.01% | 0% | 081% | 0% | 7.56% | 0% 0% 0% 0%
Eﬁig‘igﬁ‘:ﬁws 0% 0% | 488% | 0% 0% | 3.55% | 0% 0% 0%
Project Ideas 121% | 652% | 292% | 61.1% | 53.78% | 17.02% | 58.% | 1.40% | 34.48%
ﬁ::igﬁ;;agl 1.01% | 0% 0% 0% 0% 0% | 12.5% | 1.40% | 2.59%
Material Options 1.01% | 7.25% 0% 1.94% 0% 0% 0% 0.47% | 1.72%
Estimates 0% 0% 0% 0% 0% 0% 0% 0% 0%
Assumptions 2.02% 0% 0% 0% 0% 0% 2.08% 0% 0%
Calculations 0% | 1.45% | 2.44% [097% | 0.84% | 0% | 208% | 1.40% | 6.90%
gfjg:dgures 1.01% | 5.80% | 9.76% | 5.83% | 1.68% | 638% | 0% | 1.87% | 1.72%
Variables 0% 0% 0% 0% 0% 0% 0% 0% 0%
Explanations 0% 0% | 5.69% | 5.83% | 0% 0% 0% | 047% | 0%
Recommendations | 1.01% | 0% 0% | 485% | 0% 0% 0% | 327% | 0%
Conclusions 404% | 0% | 6.50% | 5.83% | 5.04% | 2.84% | 0% 0% | 8.62%
Design Changes 0% 0% 0% 0% 0% 0% 0% | 1.87% | 0%
To Do Lists 1.01% | 10.14% | 7.32% | 0.97% | 1.68% | 21.99% | 0% | 5.61% | 2.59%
Meeting Notes 0% 0% 0% 0% 0% | 3.55% | 2.08% | 0% 0%
Task Assignments | 101% | 0% | 0% 0% 0% | 11.35% | 2.08% | 327% | 1.72%
Inventory 1.01% | 0% 0% 0% 0% | 0.71% | 0% 0% 0%
Task Completion 1.01% 0% 0% 0% 0% 4.26% 0% 0% 0%
ﬁﬁt‘i‘ignes 1.01% | 0% 0% 0% | 0.84% | 0.71% | 0% 0% 0%
Field Trip Notes % | 0% | 0% | 0% | 0% 0% 0% 0% 0%
Personal Notes 13.13% | 0% 0% | 291% | 1.68% | 0% 0% | 3.74% | 0%
ggign Process 4.04% | 0% 0% | 097% | 0% 0% 0% 0% 0%
Revelations 18.18% | 0% 0% | 097% | 0% 0% 0% | 047% | 0.86%
Mistakes 0% 0% 0% 0% 0% 0% 0% 0%
Cross References 1.01% 0% 0% 2.52% 0% 0% 0% 0%
Tllegible Entries 0% 0% | 1.63% | 0% | 252% | 0% 0% | 093% | 0%
g;fﬁi 1.01% | 0% 0% 0% 0% 0% 0% | 093% | 0%
None 2626% | 2.90% | 8.94% | 0.97% | 14.29% | 6.38% | 2.08% | 7.48% | 9.48%
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5.2.2 Information Seeking and Noting Cognitive Class

The information seeking and noting cognitive class results are shown in Table

42. These results show that the students were using information seeking and noting

class codes and at least 4 of them almost at 20% of the journal entries belong to this

class. References seem to have the highest activity in this class. References are

important for the student’s design projects at all stages to aid in decision making. Not

many students used Price Quotes which is not surprising because the budget for the

course is only $250 per team so this is not something that the students would spend a

significant amount of time dealing with. Also Definitions are pretty low with the

exception of Student 15.

Table 42: Code Results for Information Seeking and Noting Class (See Table 11)

Search | References | Questioning | Price Quotes | Definitions | Total
Student 1 0% 1.01% 2.02% 0% 0% 3%
Student 3 0% 0% 4.35% 0% 0% 4%
Student 5 0% 13.82% 2.44% 0% 0% 16%
Student 6 0% 0% 3.88% 0% 0% 4%
Student 7 0.84% | 0% 0% 0.84% 0% 2%
Student 9 1.42% 12.77% 2.84% 0% 0% 17%
Student 10 0% 0% 0% 0% 0% 0%
Student 14 3.27% 13.55% 5.61% 0% 0.47% 23%
Student 15 0% 13.79% 0.86% 0% 6.03% 21%
Average 1% 6% 2% 0% 1%
Standard Deviation | 0.01119 | 0.070131 0.019529 0.0028 0.019965

5.2.3 Problem Understanding Cognitive Class

The problem understanding cognitive class results are shown in Table 43.

Understanding the design problem is a pivotal part of the design process because once

the problem is well understood by the team members they can proceed to toward a

suitable solution to the problem. Customer Requirements are seen in all but two of the

journals. This is not surprising because the course requires that students understand
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the consumer of the design that they are making. Marketing research and analysis and
ethnographic studies are encouraged in the capstone design course. It was expected
that Engineering Characteristics would have appeared more in these design journals
because of the course requirement to make a House of Quality that includes an
engineering characteristics room. Only 3 students had engineering characteristics
entries in their design journals. Problem Statement Clarification cognitive codes are
found in all but 2 of the students design journals.

Table 43: Code Results for Problem Understanding Class (See Table 11)

Customer Problem Statement | Criteria Engineering Total
Requirements Clarification List Characteristics
Student 1 0% 5.05% 1.01% 0% 6%
Student 3 1.45% 1.45% 0% 0% 3%
Student 5 3.25% 1.63% 0.81% 4.88% 11%
Student 6 2.91% 0% 0% 0% 3%
Student 7 3.36% 2.52% 7.56% 0% 13%
Student 9 2.84% 1.42% 0% 3.55% 8%
Student 10 0% 0% 0% 0% 0%
Student 14 10.28% 1.40% 0% 0% 12%
Student 15 0.86% 7.76% 0% 0% 9%
Average 3% 2% 1% 1%
Star.ld'“?rd 0.031173 0.025181 0.024762 0.018881
eviation

5.2.4 Idea Generation Cognitive Class

The idea generation cognitive class results are shown in Table 44. This was
the most popular category among the journal writers. Project Idea code was found the
most out of all the 36 cognitive codes in the students design journals. The students
have a place to document their creativity and also can use the design journal records
to convince and explain their ideas to their team members. Three of the students had
over 50% of their journal entries that belong to the Project Idea cognitive code.

Analogical Reasoning was seen only in about half of the students design journals and
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then where it did appear in low numbers. This is a surprising result because it was
thought that the students would do more of this type of cognitive activity during the
design process. The cognitive code Material Options is seen in most of the students
design journals.

Table 44: Code Results for Idea Generation Class (See Table 11)

Project Ideas Analog%cal Material Options Total
Reasoning

Student 1 12.12% 1.01% 1.01% 14.14%
Student 3 65.22% 0% 725%
Student 5 2927% | 0% %
Student 6 61.17% 0% 1.94% 63.11%
Student 7 53.78% 0% 0% 53.78%
Student 9 17.02% 0% 1 0% 17.02%
Student 10 58.33% 12.50% 0% 70.83%
Student 14 1.40% 1.40% 0.47% 3.27%
Student 15 34.48% 2.59% 1.72% 38.79%
Average 36.98% 1.94% 1.38%
Standard Deviation | 0.236346 0.040606 0.02331

5.2.5 Analysis Cognitive Class

The analysis cognitive class results are shown in Table 45. The analysis class
is one of the largest cognitive classes with 6 cognitive codes. The cognitive codes
Estimates and Variables were not used at all in these students design journals. The
short time of the design course probably is the reason we did not get to see any of
those codes in the design journals. Calculations were found in majority of the
students design journals, this was expected because of the importance of different
types of calculations in the design process. The students are required to include a

section in their final design report on testing with results so it was expected that we
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would find this code in the design journals. All the students but one had a segment

coded Testing Procedures.

Table 45: Code Results for Analysis Class (See Table 11)

Estimate | Assumption | Calculation | Testing . Explanati | Total
S S S Procedures Varlables ons
Student 1 | 0% 2.02% 0% 1.01% 0% 0% 3%
Student 3 | 0% 0% 1.45% 5.80% 0% 0% 7%
Student 5 | 0% 0% 2.44% 9.76% 0% 5.69% 18%
Student 6 | 0% 0% 0.97% 5.83% 0% 5.83% 13%
Student 7 | 0% 0% 0.84% 1.68% 0% 0% 3%
Student 9 | 0% 0% 0% 6.38% 0% 0% 6%
f(t)”dent 0% 2.08% 20.83% 0% 0% 0% 23%
fzudent 0% 0% 1.40% 1.87% 0% 0.47% 4%
f;”dent 0% 0% 6.90% 1.72% 0% 0% 9%
Average [ 0% 0% 4% 4% 0% 1%
Standard
Deviatio | 0 0.009041 | 0.06693 0.032609 | 0 0.025153
n

5.2.6 Decisions Cognitive Class

The decisions cognitive class results are shown in Table 46. It was important

to show that the students are making and recording decisions that they make in the

design journals. The students have to use their previous knowledge and other

resources to make choices about materials, sizes, shapes, and other factors needed for

their design project. The codes Recommendations and Design Changes did not occur

that many times in the students design journals.
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Table 46: Code Results for Decisions Class (See Table 11)

Recommendations | Conclusions | Design Changes | Total
Student 1 1.01% 4.04% 0% 5.05%
Student 3 0% 0% 0% 0.00%
Student 5 0% 6.50% 0% 6.50%
Student 6 4.85% 5.83% 0% 10.68%
Student 7 0% 5.04% 0% 5.04%
Student 9 0% 2.84% 0% 2.84%
Student 10 0% 0% 0% 0.00%
Student 14 3.27% 0% 1.87% 5.14%
Student 15 0% 8.62% 0% 8.62%
Average 1.01% 3.65% 0.21%
Standard Deviation | 0.018019 0.031679 0.006233

5.2.7 Project Management Cognitive Class
The project management cognitive class results are shown in Table 47. Project
management was clearly not important for the students in this design study. Student 1
and Student 9 were the only two that consistently had codes related to project
management. Student 9 was clearly the project manager or team leader for their team.
Senior design students have a heavy course load and could have used the design
journal as a place for just the design project notes if they were not in charge of
managing the design team. The professors encourage the students to rotate the team
manager but sometimes it ends up being the same students for the majority of the
semester. Also sometimes when a student is naturally talented in leadership and
organization skills they will volunteer to be the team leader for the group for the

entire semester.
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Table 47: Code Results for Project Management Class (See Table 11)

Student | To Do Meeting | Task Invent- | Task Project | Field | Total
Number | Lists Notes Assign- ory Comp- Milesto | Trip

ments letion nes Notes
1 1.01% 0% 1.01% 1.01% 1.01% 1.01% 0% 5.05%
3 10.14% 0% 0% 0% 0% 0% 0% 10.14%
5 7.32% 0% 0% 0% 0% 0% 0% 7.32%
6 0.97% 0% 0% 0% 0% 0% 0% 0.97%
7 1.68% 0% 0% 0% 0% 0.84% 0% 2.52%
9 21.99% 3.55% 11.35% 0.71% 4.26% 0.71% 0% 42.57%
10 0% 2.08% 2.08% 0% 0% 0% 0% 4.16%
14 5.61% 0% 3.27% 0% 0% 0% 0% 8.88%
15 2.59% 0% 1.72% 0% 0% 0% 0% 4.31%
Average | 500, | 0.63% | 2.16% 0.19% |059% | 028% &)00
Std. 0.069857 | 0.012946 | 0.036379 0.00386 0.014178 0.00433 0
Dev 6 2

5.2.8 Reflection Cognitive Class

The reflection cognitive class results are shown in Table 48. Reflections are important

because they show some level of metacognition from the student. One example of

reflection found in Student 1’s journal was a note about the way that the teams were

formed at the beginning of the course and how the other thought about how they

choose their group. This same student also later noted that they were not excited

about the group they ended up working with or the design project itself. It is

important to note that the student also said that despite his feelings he was going to

put forth the best effort he could.
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Table 48: Code Results for Reflection Class (See Table 11)

Personal Notes Design Process Revelations | Mistakes Cross Total
Notes References

Student 1 13.13% 4.04% 18.18% 0% 1.01% 36.36%
Student 3 0% 0% 0% 0% 0% 0.00%
Student 5 0% 0% 0% 0% 0% 0.00%
Student 6 2.91% 0.97% 0.97% 0% 0% 4.85%
Student 7 1.68% 0% 0% 0% 2.52% 4.20%
Student 9 0% 0% 0% 0% 0% 0.00%
Student 10 | 0% 0% 0% 0% 0% 0.00%
Student 14 | 3.74% 0% 0.47% 0% 0% 4.21%
Student 15 | 0% 0% 0.86% 0% 0% 0.86%
Average 2.38% 0.56% 2.28% 0.00% 0.39%
Standard 1 547794 0.013451 0.059771 | 0 0.00865
Deviation

5.2.9 Other Cognitive Class

The other cognitive class results are shown in Table 49. The entries in this

class did not fit into any of the other classes.

Table 49: Code Results for Other Class (See Table 11)

Illegible Entries | Designer Signature | None Total
Student 1 0% 1.01% 26.26% | 27%
Student3 0% 0% 2.90% 3%, .
Student 5 1.63% 0% 8.94% 11%
Student 6 0% 0% 0.97% 1%
Student7 2.52% 0% 14.29% | 17%
Student9 0% 0% 6.38% __ | 6%
Student 10 0% 0% 2.08% 2%
Student 14 0.93% 0.93% 7.48% 9%
Student 15 0% 0% 9.48% 9%
Average 1% 0% 9%
Standard Deviation | 0.009357 0.004282 0.077808

5.2.10 Design Phases

Student Design Study 3 participants use of cognitive codes in different design

phases are explored in this section. The design phases for this analysis were

determined by the dates of the semester specified in the course syllabus. The

instructors prepare lectures and assignments around the particular design phase that
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students should be progressing through. For Student Design Study 3 the three design
phases that are analyzed are conceptual design, embodiment design, and detailed
design. Conceptual design starts on September 9, 2011. Embodiment design starts on
September 29, 2011. Detailed Design starts on October 27, 2011. The design sessions
used from Student Design Study 3 for this analysis are only the dated entries so a
matching with the intended course design phase could be done in later analysis. Table
50 shows the results to the hypothesis presented in chapter 4 (Section 4.2.4) regarding
what cognitive classes would be found the most in certain design phases.

Table 50: Design Phase Hypothesis (H1-H4) Results for Student Design Study 3

Design Phase Hypothesis for Conceptual Design
H1: Information Seeking and
Egggrgs gg&;??;in d Greater than All other Classes | True
Idea Generation (3)
Design Phase Hypothesis for Embodiment Design
H2: Analysis (4) | Greater than | All other Classes | False
Design Phase Hypothesis for Detailed Design
H3: Decisions (5) Greater than | All other Classes | False
Design Phase Hypothesis for Re-Design
H4: Reflection (7) | Greater than | All other Classes | N/A

Information seeking and noting, problem understanding, and idea generation
(H1) made up 72% of the design journal entries during the conceptual design phase.
Analysis (H2) only made up 10% of the design journal entries during the embodiment
design phase, our hypothesis was false. Decisions (H3) only made up 6% of the
design journal entries during the detailed design phase, our hypothesis was false. The
students in Student Design Study 3 did not enter the re-design phase of the design

process which leaves (H4) unanswered.
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5.3 Concept Development

The concept referencing ratios presented in this section are proposed to
highlight team participation in creating concepts, developing concepts, and presenting
the final team concept. All of the proceeding are milestones the students should invest
a significant amount of time in during the product development process. Although the
data in the Student Design Study 1 (Individual Study) did reveal that concepts were
mentioned by the students. The referencing ratios were not relevant because a
collection of team journals is needed to apply the equations.

A concept is usually clearly defined by the students with the label “concept +
number” (Example “Concept 1, Concept 2, etc.). The final assembly of selected or
considered designs of the artifact is also considered a concept occurrence. Team
concepts were coded as they appeared in the journals, which were coded in random
order. All concepts were recorded even if they only appeared once across the team’s
journals. A concept that appeared in multiple journals across a team is best decided
by the students handwriting and name (if given), where possible, to establish
authorship. Unique penmanship was used to establish authorship when foreign
designs occurred across teams journals in most cases. This is only possible when
something written by one team member is copied into another’s journal. Name was
used when students referred to concepts by “final concept” or “Tony’s concept #1”,
etc. It is expected that students are the only authors of all the design records yet where
they are not they should explicitly credit the owner by citation. At times the students

did not do this. One example of how different concepts were seen as occurring in
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students’ design journals was a listing of all the teams concepts with pro’s and con’s

commentary.

The following examples are from one of the teams in Student Design Study 1

(Team Study). An example of the results of concept coding from one of the teams in

Student Design Study 1 (Team Study) is shown in Table 51. The concepts were given

numbers based on the order they were found in the design journals. This made it

easier to identify concepts seen across team journals. Looking at this table Concept 1

found in Design Segments 6 belongs to Student 1 from this team. The owner of the

concept is the same no matter where the mention of the concept is, if found in a

different design journal.

Table 51: Student Design Study (Team Study) Concept Coding Example

Concept Coding Example from Student Design Study 1

(Team Study)

Design Segment in

Date Journal 1 Concept | Owner
9/16/2010 16 1 1
7 2 1 .......
8 3 4 .......
9 4 4 .......
0 5 2.
L 6 2 .
12 7 5
13 8 5

In order to determine the impact of reliance on student's own journaling

motivation for documentation results of the pilot study are compared with a design

journal study that was done in a more controlled research environment. Data that was

generously donated by Dr. Duward Sobek from Montana State University previously

in the RISE 2006 Summer Research Program was coded for concepts as well [78].

The data labeled Team S was a group of 3 students at Montana State University

135



participating in a similar senior capstone design course. Dr. Sobek had a more
regimented and monitored design journal study that he closely maintained. This
research’s Student Design Study 1 (Team Study) setup allowed the students more
freedom with journal entry content than Team S was allowed when they recorded
their design journals. The design journals completed by Team S will serve as a
control group for analyzing the data from one of the Team Study groups as part of the
concept coding process.

Table 52 shows the results of the self, others, team, and final concept
referencing ratios for one team from Student Design Study 1 (Team Study).

Table 52: Student Design Study 1 (Team Study) Concept Referencing Results

Student Design Study 1( Team Study)Concept Referencing Ratio
Results

Subject Self Others | Team | Final
127% | 73% 79% | 9%

| 0% 100% | 7% 100%
1 60% | 40% 93% | 23%
131% | 69% 21% | 69%
| 16% | 84% 71% | 42%
Average 127% | 73% 54% | 49%
Sample Standard Deviation 0.222 | 0.222 0.364 | 0.376

gl wWwNiE-

From Table 52 it is apparent that the students on this team did not devote
much time to the concepts they generated themselves, with the exception of student 3.
The high number of others concept referencing shows that the students on this team
were very involved in the concept selection process and felt the need to have a
permanent record of all their selections of designs. The student 2 only referenced a
single concept in their entire design journal. This student earned a grade of 25% on

their journal for the course.
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Table 53 shows the self, others, team, and final concept referencing ratios for
one team from Dr. Sobek’s group (Team S). Team S had 3 students whose design
journals were coded for self, others, team, and final concept referencing ratios. Table
53 shows that the students in Team S recorded consistently in their design journals.
The high percentages of self and team referencing ratio’s shows they were actively
participating in the design process while recording in their design journals.

Table 53: Dr. Sobek’s Control Group Team S Concept Referencing Results

Team S Concept Referencing Ratio Results

Subject | Self  Others Team Final
S 180% |20% |50% }29%
S2 2% 2 29% i 35% 1 33%
S8 . 164% 36% 1 55% :20%
_Average 72% :28% :47% . 27%

Sample Standard Deviation | 0.081 | 0.081 : 0.067 | 0.104

Statistical Analysis was done on the combination of Student Design Study 1
(Team Study) Group and Team S data to find out if there were significant differences
between the concept referencing ratios of the two teams. The ANOVA values are
shown below in Table 54.

Table 54: ANOVA on Concept Referencing Ratios for Student Design Study 1
(Team Study) and Team S

ANOVA Results for Student Design Study 1 and Team S |

Ratio | F-Critical F-Value P Result
SelfCRR 598 11065 _ :0.01 Significant
OthersCRR : 598 @] 1065 0.01 : Significant _
TeamCRR 598 :0.11  :¢ 075 1.

Final CRR | 5.98 0.95 0.36

The P-value (p < 0.05 is significant) gives the probability that the same
observations would be made if the samples were taken randomly. This data set shows
that there are significant differences between the selfcrgr and the othercgg between the

two groups. This can be attributed to differences in the administration of the study
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and also student preferences for design journal recording. The students in Student
Design Study 3 actually have higher overall values for concept references found in
the design journals compared to the students on Team S. The F values show the
increase or decrease in the probabilities and are inversely proportional to the p values.
Meaning as the F values increase the probability decreases and vice versa, as shown
in the table. This data set shows that there are no significant differences between the
teamcgr and the finalcgr between the two groups, which is surprising due to the way
in which both studies were structured.

This is validation that the concept referencing metrics can be used with
student’s natural journaling habits. The argument is not strong for either case, yet it is
clear that a design journal study done in Situ can show data at the same level or
greater of participation by the students. The Student Design Study 1(Team Study)
was conducted in situ meaning in the designer’s natural setting, which can account for
some inconsistencies in the data collected. These inconsistencies can be expected
when participants' journals are not rigorously monitored and therefore are not

motivated to adhere to all given guidelines.

5.4 Visual Representations in Design Documentation

Student’s use of visual representations in the design journals is important for
this dissertation because visuals are tools used for understanding, explaining,
modeling, and creating during the design process. Visuals were found throughout all
the design journals in various design phases. The usage of different types of visuals

by design phase also shows more examples of the rich data and variety of records
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found in the design journals. First the visual codes found in each journal by percent

are given in Table 55.

Table 55: Student Design Study 3 Percent of Visual Codes by Journal

Student Design Study 3 Visual Code Information

Visual Code Std.1 Std.3 Std.5 Std.6 Std.7 Std.9 Std.10 Std. 14 Std. 15
Sketch 4% 62% [ 11% | 17% | 33% | 2% 32% | 21% 26%
CAD 2% 0% 0% 0% 0% 0% 0% 0% 1%
Photo 4% 0% 0% 0% 0% 2% 0% 0% 0%
Simulation 0% 0% 0% 0% 0% 0% 0% 0% 0%
Line Drawing 1% 0% 0% 0% 0% 1% 0% 0% 0%
Electrical Drawing | 0% 0% 0% 0% 0% 0% 0% 3% 0%
Chart/Table 2% 0% 3% 3% 2% 0% 0% 3% 1%
Free Body Diagram | 0% 0% 0% 0% 0% 0% 0% 0% 0%
None 87% | 38% | 85% |81% |66% |95% | 68% [ 72% 72%

From this table we conclude that not that many different kinds of visual

representations were present in the students design journal. It is very clear that

sketches are the main type of visual representations found in the students’ design

journal records.

5.5 Smartpen Technology

In Student Design Study 2 the students were from 2 groups and 2 of the

students in the study used the Smartpen technology introduced in Chapter 3. ANOVA

was done on the data in Table 56 and the results are shown in Table 57. The results

show that there is not a statistically significant difference between the journaling

behaviors of the students. This means that the tool used to create the design journal

can be different without affecting the journaling behavior.
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Table 56: Percent of Journal Segments by Design Phase for Student Design

Study 2
Percent of Journal Segments by Design Phase on Two Teams from Student Design Study 2 |
Team Conceptual Design Embodiment Detailed Design Re-Design
Team 1 0% 100% 0% 0%

0% 100% 0% 0%
0% 100% 0% 0%
Team 2 4% 15.20% 69.60% 11.20%

Table 57: ANOVA Results for Student Design Study 2

ANOVA Results |

Design Phase F P-Value
Conceptual Design 1.00 | 0.423
Embodiment 1.00 | 0.423
Detailed Design 1.00 | 0.423
Re-Design 1.00 | 0.423

5.6 Qualitative Results

Qualitative data on students’ use and perceptions of the value of design
journals were collected from each study group. The exit interview questions consisted
of 11 general questions related to their design journaling experience. The 11 basic
questions were developed based on 10 topics, which the author identified as topics
important for exploring the student’s journaling experiences. The students in this
study participated in an exit interview administered by the author. The responses to
these 11 questions were not surprising and provided some clarity to the author on how
students feel about properly using design journals.

The following discussion is formatted based on the topics used to create the
interview questions. The responses from Student Design Study 3 are given after the

topic is introduced. A few of the questions spanned more than one topic where noted.

140



Topic 1: Understanding. This question is important for revealing the prior
experiences that students have had with design journals by asking what their personal
definition of a design journal. The responses from Student Design Study 3 are given
in Table 58.

Table 58: Student Design Study 3 Question 9 Responses

Q9: Before participating in this study, what was your idea of a design journal?

o Just keeping a spiral notebook with all the papers in it.

¢ A journal where all project related thoughts go. Brainstorming, scheduling, concepts,
calculations, etc.

e | had a general idea of what it would be. It was about what I expected.

o | had figured the design journal would be more pertaining to just the steps specific to the PDP,
but I found that it was being used to write just about everything pertaining to the product we
developed.

My idea of the design journal was something I would be able to keep all my notes for the class
in one place.

Just keeping a spiral notebook with all the papers in it.

A book where you keep all your notes and drawings during a design project.

I understood design journals as a place to keep a record of the design process. It is a way to keep
your thoughts in once place so that you may review previous work at any time.

I believed design journals were a useful medium to collect and organize thoughts and ideas on a
complicated design project.

Question nine shows the level of understanding what a design journal is and
what it’s used for was proficient for a senior level student. This question also reveals
the note taking experiences of the students and also the fact that most of them have
never used a design journal even though they have all had previous design
experiences. This is not a negative result; it just shows the prior experiences of the
students. It was unexpected that some students knew exactly what a design journal
was and what should be included inside one. An interesting follow up question to this
one could have been: Where did your definition of a design journal come from? That
would reveal the source of the definition whether it was a previous design instructor,

a parent, or other origin.
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Topic 2: Thought process improvements because of the design journals. This question
is important because it reveals if the students increased the amount of writing from
what they had done in a previous design related course. The students at UMD have a
junior level design course (ENME 371) where they work on teams on a re-design of a

DeWalt hand tool product. The responses from Student Design Study 3 are given in

Table 59.
Table 59: Student Design Study 3 Question 6 Responses
Q6: Did you write more than you have in previous design courses?
e Yes (6)
e No (3)

o [ believe I wrote more pertaining to our project then I have in other courses.

e | probably wrote about the same amount that I did in ENME 371. Maybe a little more since the
homework’s required more writing.

e As mentioned earlier, a lot of the parts of the design process in other classes were implemented
immediately or just thrown into outlines that would be thrown away eventually. The design
journal caused me to write a significant amount more.

I definitely have written more in this design course than any other course.

I believe I wrote more pertaining to our project then I have in other courses.

About the same. Just now more in one place.

The notes that I took were the same that [ would keep in any other class.

Keeping a design journal helped me write down more of my ideas than I normally would. As a
result, it was very helpful to me to sort through all of my ideas.

Question six shows that the majority students in Student Design Study 3
increased their total writing time for a technical course. Thought process
improvements are linked to written journals of any kind and in many situations
beyond design. One student noted that the type of homework assignment was the
cause for increased amount of writing for this course and not the use of the design
journal. The design journal was a helpful place for another student to sort through

their design ideas, which is an expected benefit.
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Topic 3: Sketching during the design process. Sketching during the design process is
known to improve understanding and certain spatial abilities. Question Five
highlights the sketching activities of the students before and during the study. This
question can reveal the student’s history with sketching and if using the design
journals changed their normal sketching routines. Sketching during the design process
is essential for engineering designers and many other professional designers.
Student’s access to CAD and other programs sometimes deters them from hand
sketching during the design process. The responses from Student Design Study 3 are
given in Table 60.

Table 60: Student Design Study 3 Question 5 Responses

Q5: Do you normally sketch? Did you sketch more with the design journals?

e Yes (6)

e No (3)

o If the project needs sketches or to get ideas across I will sketch to help others understand a
layout or idea, I think I sketched about the same with the design journal.

o [ sketch quite often to get concepts down. I would not say I sketched any more so with this
journal.

e Normally I would just make a rough CAD drawing to illustrate whatever concept I had in mind,
since I’'m fairly proficient and it’s easy to show other people how the concept works.

e ] am not very artistic, so most of the time when a sketch is required; I opt to make something in
CAD because it’s generally easier for me and clearer for everyone else. The journal forced me
to sketch my ideas way more than usual.

¢ 1 did not normally sketch and the design journal did help me sketch ideas and work through
ideas with my group.

o If the project needs sketches or to get ideas across I will sketch to help others understand a
layout or idea, I think I sketched about the same with the design journal.

e | normally just make rough sketches in random places. With the journal I put them all in one
place.

o I sketch everything. The design journal provided a place to keep all of my sketches.

e 1 do normally sketch out my ideas. I do not think I sketched more with the design journal but it

was a convenient medium to use.
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Sketching is revealed as a valuable tool for helping others to understand a
layout of design ideas. The students reveal that they did sketch not more while using
the journals and for the capstone course. It is surprising that the majority (6) of the
students claim established sketching practices before participating in the design
journal study. The students seem to like the idea that now they would have all their
sketches in the same place. Two students did admit that they were not great sketchers
and would prefer to make a rough design layout in CAD because that is where their

proficiency lies.

Topic 4: Journal layout questions. This question is important for the future
administration of design journals in the classroom. The Design Journal Guidelines
(Figure 65) as shown in the appendix reveal slight changes from one Student Design
Study to the next. The responses from Student Design Study 3 are given in Table 61.

Table 61: Student Design Study 3 Question 10 Responses

Q10: Were the instructions clear enough for this study?

e Yes (8)

¢ Everything was explained to me very clearly.

o It was a little unclear how we were supposed to write everything (whether it was supposed to be
in coherent sentences or just bullet points) because we were given very little direction, but I
found that the journal took on the formatting that I was the most comfortable with which was
probably more advantageous than having a set format.

¢ Could have used a sample journal to look through before starting.

e The instructions were very concise.

e The instructions were very easy to understand and follow.

Question Ten confirms that the instructions for the study were effectively
constructed for 8 out of the 9 students. One student did not clearly state a yes or no
just gave a suggestion that we could have made a sample journal available to look

through at the beginning of the study.
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Topic 5: Effectiveness of the design journals during the design process. This topic is
important because the realization of the benefits of using the design journal is
important for this research. The responses from Student Design Study 3 are given in
Table 62.

Table 62: Student Design Study 3 Question 2 Responses

Q2: When did you fill out the journal?

Anytime my team was meeting or if I was brainstorming on any ideas about the project.
¢ During group work and brainstorming myself.

I filled out the journal during meetings and used it to create outlines for reports. Therefore, a

majority of the writing in the journal normally took place just before a deadline. However, I also

filled in ideas that were discussed during meetings and used it to further develop potential

concepts.

e Most of the items in my journal came from group meetings, though some of the entries came when
I was working alone on a specific section or brainstorming.

e [ tried to remember to fill out the journal during every meeting or when I had thoughts of my own.

e Anytime my team was meeting or if [ was brainstorming on any ideas about the project.

e During designing and research.

¢ During team meetings, brainstorming, class, anytime I was thinking about the project.

o T usually filled out my journal during team meetings and discussion sections when we were

working on the project. I took notes whenever there was something important I wanted to

remember to research or use later on.

Question two reveals that the journals were useful to most of the students
during their team meetings. The design journal served as a place to record important
design work that occurred during the team meetings. Other students also noted that
they filled out the design journal when they worked alone on the design project or

anytime that they had thoughts about the design project.

Topic 6: Improvements in the design process. The use of the design journal

experience was new for the majority of the students; hence it is important to see if the
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journal increased the amount of time spent on the design project. The responses from
Student Design Study 3 are given in Table 63.

Table 63: Student Design Study 3 Question 4 Responses

Q4: Do you think it added time to your design work?

Yes (1)
No (8)
I think it sped up the process because all of our team project information was in one location.

They were things that needed to be written down anyway. If anything it kept my work contained
to one location, which was helpful.

If anything it made me a more efficient engineer.

It definitely added time to my design work because the things that I’d typically scribble quickly
or not write at all were being entered in a way that was easy for me to find it I needed to
reference them in the future.

The design journal did not add any additional time to my design work.

I think it sped up the process because all of our team project information was in one location.

It was useful to look back and see what I wrote previously and see changes and improvements.

I write everything down multiple times anyway so keeping this journal was business as usual.

Adding notes to the design journal took time. But in comparison to the amount of time would
have taken me to recall an idea I had, a reference I discovered, a design I wanted to follow or
describe or anything I wrote in the journal, adding notes took very little time. In the end, I
believe the design journal saved me time on my design work.

Question four shows that the students seem to have the time to write in a
design journal. It also reveals some of the usefulness of the design journal such as
seeing previous records, seeing changes and improvements, memory aids for previous
ideas, easily locating references, and being a more efficient engineer. It seems that
even in the case where a student felt that the design journal did add to the design time
that it was worth it because the benefit of using the design journal outweighed the
added time component. These responses are promising for future design journal

studies in capstone design courses where student’s time recourses are already limited.

Topic 7: Connections. This topic contains two questions, one and three. One of the

benefits from using a design journal is the ability to re-read previously written notes
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when needed. This is also a benefit for analysis and calculations that will not have to
be repeated if they are found previously in the design journal. The student’s previous
note taking routines are also questioned under this topic. The responses to question

one and question three from Student Design Study 3 are given in Table 64 and Table

65.
Table 64: Student Design Study 3 Question 1 Responses
Q1: Did you ever make design notes during a previous design process?
e Yes (6)
e No (3)

e Would make notes in my notebook for that course.

¢ Not in such an organized manner and in one place.

¢ I made general design notes before, but they were never organized into a specific journal. They
would have been dispersed throughout several notebooks and CAD programs.

¢ 1 had never done anything quite like this. Most of my design notes were never actually written
down. Instead, they were immediately implemented or lost in my notes from lectures.

¢ | have never used a formal design journal. I had a small collection of papers that I kept together,
but they were usually discarded after use.

¢ Would make notes in my notebook for that course.

e ] keep a design journal of all my design processes.

e They were not organized together. Generally, all my notes were taken on loose pieces of paper
and were never compiled.

Question one reveals that students know how to take notes; this dissertation is
assuming that such notes taken during design are important. The majority of the
students took notes during previous courses but it seems like they did not always keep
them in the same place or in an organized manner. The design journals served an
organizational tool for some of the students. The student’s journals included pasted in
CAD drawings and other types of foreign inserts related to the design project.

Table 65: Student Design Study 3 Question 3 Responses

Q3: How often did you go back and read what you wrote? Did you add more notes or notations
when you went back?
e Each team meeting I would look over what we had written the previous time. Generally this was
a couple times a week.

e Probably about once a week to refer to concepts that I came up with or calculations I had done
to aid in the design process.
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¢ ] often found myself going back and re-reading what I wrote. I rarely went back and changed
anything I had done before in order to show what I was thinking at the time of writing. I would
often re-write old ideas in order to revise any old concept I had.

e ] usually went back and re-read something about once a week because 1’d forgotten it or
someone else in the group asked a question that I already had written down the answer to
previously. I rarely went back to add more notes to pre-existing sections.

¢ | only went back to read what I wrote when it came to writing reports. At that point I just added
what I needed to my writing. (Referring to the report)

e Each team meeting I would look over what we had written the previous time. Generally this was
a couple times a week.

e T usually checked back on the notes when I needed information or past calculations. I corrected
past mistakes if present.

¢ 1 would review the previous week’s notes at the start of every week.

¢ I normally would go back and read my notes over every time I worked on the project. My notes
consisted of many of the ideas and problems associated with the project. Every time I needed to
refer to one of these ideas or problems, I would go to my design journal. If I had a new idea to
add or an idea I wanted to update, I would go back and modify my notes.

Question three reveals that the students did re-read the notes that they wrote in
their design journals. The students stated that they went back during team meetings,
once per week, and when they needed to refer to past calculations. This is something
that actually saves them time during their design process whether they realize it or
not. The majority of the students did not often change what they wrote, but may have
just added additional notations where needed to update the information in the design
journals. Just two students note that they modified previous notes made during the
design process, one in the form of making corrects to past mistakes. Correcting a
mistake made during the design process can be crucial to the final design and

ultimately cost a company time and money if overlooked by the engineering designer.

Topic 8: Recommendations. This question is seeking the student’s input on the
possible implementation of design journals in the capstone design course in future

sections at UMD. The responses from Student Design Study 3 are given in Table 66.
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Table 66: Student Design Study 3 Question 8 Responses

Q8: Do you think design journals should be a course requirement in design courses?

Yes (4)

No (4)

Optional (1)

I think it would greatly help for students to keep all their information in one journal instead of
possibly having papers all over the place.

o [ think they should be encouraged but voluntary.

o [ think it would be a good idea to suggest and provide the necessary materials for a design
journal. But I don’t think people who don’t want to participate should be forced to.

e 1 do not think design journals should be a requirement because they are a type of learning that is
only helpful for certain types of people that like writing down everything they do as a way to
keep themselves organized.

o [ think that making them a requirement might defeat the purpose of using them. Student should
be provided one as a resource or guide.

o | think it would greatly help for students to keep all their information in one journal instead of
possibly having papers all over the place.

o [ should be optional for design courses. If required it should not be graded because that limits
personalization.

o | do not think so. Everybody has their own design process and students should not be forced to
keep a journal if it does not benefit their productivity.

o | think students could greatly benefit from using a design journal to keep track of their ideas and
through processes.

For the purposes of the Capstone Design Course Question Eight shows that
the students are divided as to whether the design journals should be a requirement for

the course.

Topic 9: Positive Impacts. The impact that participation in this study had on the
students is important because it reveals potential changes in behavior that result from
the students design journaling experience. The responses from Student Design Study
3 are given in Table 67.

Table 67: Student Design Study 3 Question 11 Responses

Q11: Will you write design notes again during a future design process?

* Yes (8)
e No (1)
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e Potentially, if [ do further design. I am not sure whether I will be or not in the future.

e It is very likely that I will keep some kind of notes during my next design project. It may differ
slightly from the current format but I doubt it will be very different.

e [ am more comfortable not using a design journal because I found myself unenthusiastic about
using the journal when I really started getting into doing design work. It sometimes felt like it
was taking energy away from the design effort and shifting focus away from what I wanted to
be working on.

I will continue to write notes, whether or not they will be all in one place is another story.

Most likely yes.

I absolutely will. I habitually take notes and sketches on almost everything that I do.

As aresult of this experience I feel that I will use a design journal much more often on future
projects.

Question Eleven proves that almost all of the students would use design
journals again in the future or some type of note taking process. One student notes
that they are not comfortable using the design journal and that they lack the
enthusiasm to produce one in future design projects. This design study had a positive

effect on the note taking habits of some students who participated.

Topic 10: Negative Impacts. Understanding that not all the students will reap the
benefits from using the design journals because they don’t use them properly, it is
important to highlight the negative reactions from the participants. The responses

from Student Design Study 3 are given in Table 68.

Table 68: Student Design Study 3 Question 7 Responses

Q7: Did it feel awkward to use the design journal?

Yes (5)
No (4)
It helped keep me organized with where all the information was kept.

At first, but once I figured out how I wanted to use the journal it was not as difficult.

Especially in the beginning of the semester when I was constantly having to remind myself to
go into the journal and write down everything important that was happening.

I believe it only felt awkward to use the journal because it was such a formal way to take notes.

It helped keep me organized with where all the information was kept.
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o [t was awkward because I’m used to making sketches and calculations on whatever is available
and showing other people easily without having to give my whole notebook.

o | personally did not like the paper of the journal or the binding so it was a bit annoying. Pencil
did not show up very well and I like to write on hard surfaces so a notebook that could not be
folded over was a bit difficult.

o At some points it felt strange trying to convey what was in my head onto paper. But, I know this
ability is a necessity in engineering work. Therefore, I am glad the journal helped me overcome
the awkwardness of writing down my ideas.

Question seven highlights the fact that these students were not initially
comfortable using the design journals, although some of this early awkwardness
eventually wore off. One student felt that using the design journal was a very formal
style of note taking. Organization is something that 2 students noted as a benefit that
outweighed the awkward feeling or using the design journal.

Overall, Student Design Study 3 participants would agree that the benefits of
keeping a design journal outweigh the preconceived hassle. It was surprising that
some students used their journals as only a collection folder for other documents
created using a computer. The benefit to having a designated place for notes for the

course was a common theme from the students which helped their organization.

5.7 Conclusions

5.7.1 Quantitative Conclusions
This rich data set from coding of the design journals allows for a variety of
analysis that could be performed. The quantitative conclusions from this chapter are:

e Table 35 (Page 117) shows that there are differences in journaling behavior by

design phase of students in Student Design Study 1. This means that student in the
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same course with the same journaling instructions will not necessarily journal the
same throughout the entire design process.

Table 36 (Page 119) shows that there are differences in journaling behavior by
design phase of students in Student Design Study 1 and Student Design Study 3.
This reveals the differences in class structure and motivation behind journaling
behavior.

Section 5.1.6 shows that there are significant differences in the activity densities
between the three student studies. This is most likely because of the
administration changes made in each study.

Table 41(Page 125) through shows that most of the students have a good
representation of a variety of cognitive codes used in their design journals. (With
the exception of Journal 1 and Journal 3)

Table 50 (Page 132) shows the results from the stated hypothesis. This could be
explained by the size of the data set, maybe a larger study would yield different
results.

Table 52 (Page 135) and Table 53 (Page 136) show the concept developments for
Student Design Study 1 (Team Study) and Dr. Sobek’s team. These tables
highlight the fact that the same and even higher level of participation is shown for
the students in Student Design Study 1 versus Team S from Dr. Sobek.

Section 5.5 concludes that the use of the Smartpen technology does not have an

effect on the journaling behavior of students across 2 teams.
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5.7.2 Qualitative Conclusions

Understanding the journaling experiences of students is important for this
dissertation and future studies wanting to implement design journals in the capstone
design course. The qualitative conclusions from this chapter are:

e Student’s attitudes towards the use of a design journal are quite favorable and
they seem to have realized the benefits over the use of the design journals for the
entire semester.

e Implementing new tools to aide in the design process such as design journals
might feel awkward at the beginning but the benefits seem to overcome this for
the students in this study. Unchartered territory can seem strange until its

usefulness is revealed over time.
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Chapter 6: Professional Design Study 1 Results

This chapter presents a number of results and discussion from the Professional
Design Study 1. Professional Design Study 1 included the project of the professional
engineer recorded in three design journals over a period of five years that have been
coded for this dissertation. The professional engineer mentioned in this dissertation is
Mr. Leland Engel who, at the time of writing the design journals, was a research
engineer working for NASA stationed at The Pennsylvania State University. Mr.
Engel has a B.S. in Mechanical Engineering from The Pennsylvania State University
and a M.S. in Engineering Management from University of South Florida. He has
over 30 years of experience as a mechanical engineer.

The project that Mr. Engle was working on at the time he was recording in the
design journals was a satellite that launches from a Pegasus XL rocket in 1996. As the
research engineer he was responsible for everything mechanical on the satellite. This
included electronic boxes (both analog and digital), camera design, thermal, heat
transfer, vibrations, and shock work. At the time he was the only mechanical engineer
on the team. Although based in State College, PA he spent time in Argentina, Brazil,
Washington, DC, and Wallops Island, VA working with other scientists and team
members on this particular project.

The journals of a professional designer are important because it gives this
dissertation the start it needs for observing professional design behavior. The students
in the previous chapter are striving to become professional designers and comparing
between what they are doing with the professional’s journaling activity is important

for this work.
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The students were given guidelines as to how they were to create their design
journals; the professional designer had no such guidelines. However he created an
abundant design record that proved to be extremely useful for this design research.
Section 6.1 looks inside the professional’s design journal records enumerating design
sessions, design segments, activity density, and design phase results. The second
section (Section 6.2) presents the types of cognitive activities that were found in the
professionals design journal. Then (Section 6.3) presents the concepts that were
traceable in the professional’s design records. Section 6.4 looks at the visual
representations used by the professional in the design records. Finally, (Section 6.5)

details perspectives on using a design journal from the professional engineer.

6.1 Inside the Design Journals

The professional design journals were coded in order to reveal cognitive
activities cues. The three design journals were dated from 1991 to 1996 and were
almost all completely filled in. Design journal #1 had 80 pages, front and back.
Design journal #2 had 300 pages. Design journal #3 had 46 pages, front and back.
The total number of design journal pages for the entire project is 563 spanning a 5
year time period.

The professional design journal was found to have 891 total design sessions
and 2278 design segments. The activity density for the professional engineers design
journal segments and sessions is 2.55. Similar to the student’s journals, loose leaf
papers were found stapled and glued into the professionals design journal. The vast

majority of the entries in the design journal were found to be dated and 55 entries
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contained the signature of the engineer. Table 69 shows the details by journal for the
design sessions, design segments and activity density.

Table 69: Professional Design Study 1 Results

Design Sessions  Design Segments  Activity Density |
Design Journal 1 208 732 3.51
Design Journal 2 566 1210 2.13
Design Journal 3 117 336 2.87
Average 297 759 2.83
Standard Deviation | 298.7 437.6 0.69

Table 70 shows the percent of each design phase found by design journal.
Keep in mind that this project was over several years the majority of his time was
spent doing detailed design. The small amount of time spent during conceptual design
is surprising but it may be that the problem statement was well structured and also
that the limitations of the constraints meant he didn’t need to explore this phase that
long. Also the embodiment design phase was done for only less than half of the first
design journal, this could possibly be explained by his expertise in the field.

Table 70: Professional Design Study 1 Design Phases per Journal

Professional Design Study 1 Relative Activity per Design Phase
Journal | Conceptual Design | Embodiment | Detail Design Redesign
1 6% 0% 94% 1%
2 0% 0% 100% 0%
3 0% 0% 100% 0%

6.2 Cognitive Activities

6.2.1 Cognitive Codes

The 35 cognitive codes were applied to the three design journals in order to
further understand designer thinking. The codes are shown in Table 11 in Chapter 3.

The expectation was that more design details and types of cognitive activities would
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be found than were seen in student journals. The results are shown as percent of total
design segments in Figure 31 organized by cognitive class. The results from the
cognitive coding scheme for the professional will be discussed by percent of

segments in each cognitive class in the next sections.

Professional Design Study 1 Cognitive Codes Grouped by Class
Cognitive Classes 0% 5% 10% 15%

— L‘—

References | 8%
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..........
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Conclusions — 4% .
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Figure 31: Professional Design Study 1 Cognitive Code Results by Class
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The results from the cognitive coding scheme for the professional are shown
by month in Figure 32. This figure highlights cognitive activities found over the

entire time that the professional was recording the design journal.
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Professional Design Study 1 Cognitive Codes by Month
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Figure 32: Professional Design Study 1 Cognitive Activities over Time

159




The spider plot shown in Figure 33 shows that the majority of the cognitive
code class in the professional’s design journal was project management. The project
management class includes things like meeting notes and task assignments. This
reiterates the importance of project management tasks that are needed to complete a
design project. This project was global and involved several contractors and other
businesses working together to achieve this design goal. In order for the project to be
successful each member of the team had to take responsibility for their specific part
of the design project. The classes shown in this figure are discussed in detail in the

next sections, with one section dedicated to each class.

Professional Design Study 1 Percent of Cognitive Classes
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Other
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Figure 33: Professional Design Study 1 Cognitive Classes by Percent of Design
Segments
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6.2.2 Information Seeking and Noting Class

Information Seeking and Noting class results are shown as percent of total
design segments in Table 71 and by month in Figure 34. References are the highest
code in this class. A note stating where information came from was expected because
the professional would certainly need to re-visit the information to aid in future
decision making. Any engineer who spends lots of time searching for information
regarding their project would want to document where they found the information so
that they can reference it at a later date. If a book or technical publication was read,
notes about this would probably be in the design journal in relation to the project at
hand. Leland relied heavily on reference books with constants and formulas in them
to work out his calculations. Since he was designing several components at one time
he also needed to rely on outside expertise, which was found in the design journals.
He used the journals to write who said what and when they said it especially when
what they said had an influence on the design. It was certainly noted when he got
information from someone else.

Table 71: Professional Design Study 1 Information Seeking and Noting
Cognitive Class Results

Cognitive Code | Cognitive Cue
| 1. Information Seeking and Noting |
1. Search 0.75%
5. References 7.95%
11. Questioning 1.19%
26. Price Quotes 0.40%
36. Definitions 0%
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Information Seeking and Noting Cognitive Codes
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Figure 34: Professional Design Study 1 Information Seeking and Noting Class

Codes by Month

It is clear that the information seeking and noting codes were mostly used at

the beginning of the design process. The code for References was used the most

probably when gathering information for the project needed to make important design

decisions. The types of references found in the journal were pasted in charts and

tables, information about specifications, catalog pages, and information copied down
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from a book. This type of information was displayed as very critical to the design
project at the beginning stages. It should also be noted that the 3 design journals
ended in June 1992, November 1994, and November 1996. In Figure 34 these dates
seem like outliers because they are different. At the end of each of his design journals
he included many reference materials that seem to have been those go-to items that he
needed to reference most without having to flip through the journal. The references
found on the last few pages and even the inside of the back cover of the journal
probably were placed there prior to the dates shown.

Questioning was seen in the form of lists to ask other people and also the talk
about during team meetings. Also e-mails to and from Leland with questions related
to the design project was pasted into the design journal. The cognitive code
Definitions were not found in the professionals design journal, this code was added
after the professional’s design journals were coded because it was something that was
found in Student Design Study 2 journals. Only a few Price Quotes were found in the

professional’s design journal.

6.2.3 Problem Understanding Class

The Problem Understanding class results are shown as percent of total design
segments in Table 72 and by month in Figure 35. The code Customer Requirements
actually did not occur at all which could mean that he put it in a different way. This
would mean that the coder might not have picked up on who was the customer and
when he was dealing with them through the journal records. The cognitive codes

Criteria List is found in less than one half percent of the cognitive codes.
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Table 72: Professional Design Study 1 Problem Understanding Cognitive Class

Results
Cognitive Code | Cognitive Cue
| 2. Problem Understanding |
2. Customer Requirements 0%
3. Problem Statement 0
Clarification 0.44%
17. Criteria Lists 0.26%
37. Engineering 0%
Characteristics °
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Figure 35: Professional Design Study 1 Problem Understanding Class Codes by
Month

Problem understanding codes did not come up frequently in the professional’s

design journal. This was a surprising result, but it could mean that the problem that he
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needed to solve he was already familiar with because of his previous experiences in
this field. As a professional engineer his employer would probably not give him the
responsibility for a project that he was not at least somewhat familiar with and
capable of coming up with the best solution. At the very end of the design journal he
pasted in to sheets of project goals which were coded as Problem Statement
Clarification because it was a document that discussed what the goals of the project
were. These sheets did not reference where the project was so they could also been
seen as a reference document. The were no codes for Engineering Characteristics
because this was also a code that was added after the professional design journals
were coded from information found in Student Design Study 2 journals. There were
also no codes for Customer Requirements which could be a testament to the fact that
either he had no contact/interest in the customer or that he had sufficient knowledge

already enough to understand their needs.

6.2.4 Idea Generation Class

Idea Generation class results are shown as percent of total design segments in
Table 73 and by month in Figure 36. The Project Ideas cognitive code is found the
most in the journal, accounting for 15% of the total cognitive codes. This is not
surprising because a design journal is the best place to records new ideas about the
project. It was expected that the professional would be expected to come up with lots

of solutions and ideas to solve the design problem.
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Table 73: Professional Design Study 1 Idea Generation Cognitive Class Results

Cognitive Code

| Cognitive Cue

3. Idea Generation

4. Project Ideas

15.01%

8. Analogical Reasoning

0.66%

6. Material Options

0.75%
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Figure 36: Professional Design Study 1 Idea Generation Class Codes by Month

The majority of the idea generation codes were for Project Ideas and very few

were Material Options and Analogical Reasoning. Project lIdea codes included

sketches of different options for components, CAD drawings (one view, three views,

and exploded views), Electrical Diagrams, and written list of design options. The

sketches are interesting because they were detailed and varied in size from full pages
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to tiny corner drawings. Most of the sketches were annotated with text and some were
even done in different color pencils to distinguish between component parts.

Material Options were found as handwritten notes about different materials and their
properties. The cognitive code Analogical Reasoning did not come up that much in
the professionals design journal and this could mean that this code just does not apply

for this particular professional.

6.2.5 Analysis Class

Analysis class results are shown as percent of total design segments in Table
74 and by month in Figure 37. Estimates found in the professionals design journal
were mostly related to mass budgets. Space travel has weight limitations and certain
criteria that have to be met so every so often the professional engineer would go back
to the mass budget to review the weights of the components that he was designing.
Each time the budget appeared it would show the weight of each component
including notes about what they meant for the design project. Calculations are the 7
highest of all the cognitive codes. Calculations were expected to be the leading entries
in the professional engineers design journal. Calculations are critical to design
problems, and so are recording them for key design decisions and future reference.
Key project calculations at times decide what materials to select, dimensions for parts
and supplies, acceptable tolerances to name a few. The validation of the calculations
for design is crucial because the negative consequences can be severe. If a design
fails the blame could partially lie with the design engineer. His work seems very

credible and dependable because he made checking of calculations he made they
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would be used without being questioned or scrutinized because he already took the
time to scrutinize them. He also did things a few different ways and then decided
which method was best and which method gave the most accurate answer. He
included numerous sketches with his calculations and in other places. Charts and
Results were found regarding different testing experiments that were run. These were
coded as Testing Procedures.

Table 74: Professional Design Study 1 Analysis Cognitive Class Results

Cognitive Code | Cognitive Cue
| 4. Analysis |
7. Estimates 1.45%
9. Assumptions 0.70%
10. Calculations 6.58%
12. Testing Procedures 3.25%
13. Variables 0.44%
16. Explanations 1.27%
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The analysis codes show up at a consistent rate in the beginning and middle
stages of the design process. Towards the end of the design process these codes don’t
seem to have any importance to the professional anymore. Calculations are the most
consistent of all the analysis codes and this is in line with what is expected at the

professional design level.

6.2.6 Decisions Class

Decisions class results are shown as percent of total design segments in Table

75 and by month in Figure 38.

Table 75: Professional Design Study 1 Decisions Cognitive Class Results

Cognitive Code | Cognitive Cue
| 5. Decisions |
14. Recommendations 1.32%
15. Conclusions 4.13%
18. Design Changes 3.07%
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Decisions are very important for any design project. The decision cognitive
class experienced a spike towards the end of the middle of the design project. The
types of Recommendations found in the professionals design journal were notes
saying “Talked with Tony about X, he recommends Y” or “Tina at ABC Company
says she recommends Z”. The types of cues to Design Changes found in the
professionals design journal were “Modifications”, “I changed X”, and CAD
drawings found with hand written notes about changes that were made.

Conclusions that were found in the professionals design journal were testing results in
the form of charts and tables and important decisions from management. Testing
results were recorded at different stages of testing. When the test failed, it was noted

and further entries involved trying to figure out what went wrong. He was very

specific for example one time he notes that “1* staged burned at X minutes”, «ond

c¢3rd

stage burned at X minutes”, and stages burned at X minutes”.

6.2.7 Project Management Class

Project Management class results are shown as percent of total design
segments in Table 76 and by month in Figure 39. The 2™ and 3" highest overall
cognitive codes are Task Completion and Meeting Notes with 11.41% and 8.96%
respectively. Meeting notes were expected because of the large scale and
interdisciplinary nature of many professional engineering projects. An engineer
participates in team meetings on a regular basis, probably weekly. In a meeting where
the project manager is handing out tasks to the design engineer will probably be

recorded. Faxes and E-mails with meeting notes and agendas were found in the
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professionals design journal. The professional would make “PSU Action Item Lists”
and “Action Items from Tony Lists” and these were coded as Task Assignments.
Another Task Assignment entry type found was notes about a part of presentation that
he was responsible for. Inventory was important for the professional engineer because
he was probably given a budget and responsible for staying within certain means.
Types of Inventory records found were “Received X software and installed on the Y
computer” and “Today Tony ordered X for me”.

Task Completion is the highest category for all cognitive codes in the project
management class. It was somewhat surprising that he wrote down when he called
people yet from a time management point of view he probably didn’t want to make
repeat phone calls. Whenever the professional engineer would work on something,
call someone, order something, schedule something, e-mail someone, fax a request to
someone, ship something, or finish something he would make a note of it in his
design journal. The e-mails were often printed out and pasted in the design journal for
his records. Also, when he wrote that he called someone or that he had a meeting with
someone he would record what the conversation was about. In the event that he called
and did not talk to the person he was trying to reach he would note that he left a
voicemail. When he was running experiments he would make notes about what he
was going to run and why and after that he has completed X experiment.

There were not many Project Milestones coded but that does not mean that
they are not important. One of the few was information about the official launch date
for the satellite which is very monumental for this scale of a project. At some point in

the design process he travelled to MIT to have a meeting related to this project. He
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notes many details about this trip including housing plans and travel itinerary; these
were coded as Field Trip Notes. These codes speak to the fact that the professional
was using his journal for project management. The importance of project
management records is very important to him.

Table 76: Professional Design Study 1 Project Management Cognitive Class

Results
Cognitive Code | Cognitive Cue
| 6. Project Management |

21.To Do Lists 0.61%

23. Meeting Notes 8.96%

24. Task Assignment 1.23%

25. Inventory 2.94%

27. Task Completion 11.41%

28. Project Milestones 0.92%

29. Field Trip Notes 1.23%
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Month

Project management was very important to the professional designer and he

was very consistent over time recording how he manages this project. It is clear that

he attended a lot of meeting over the course of this project. These meetings may not

have all been completely related to this project but they all had some kind of

connection with the design project at hand. This shows that he was carrying his
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design journal with him when he was travelling to these meetings. He was working
on a global team and therefore was travelling to different sites meeting with different
people that were on this project with him. Project Milestones were not found that
much in the professionals design journal but the fact that they were found is important
because it means that he took time to step back and look at the big picture to see how
this project was progressing. Task Completion was a code that was also found to be
very consistent over the course of the design project; he was very particular about
noting when he completed something. Any task that he did large or small he made a

note about it in the design journal.

6.2.8 Reflection Class

Reflection class results are shown as percent of total design segments in Table
77 and by month in Figure 40. The cognitive codes Design Process Notes is found
one of the least at less than 2 % of the cognitive codes. Cross References was an
unexpected code because it was not seen previously in the students’ design journals.
It was unexpected to see that he went back and changed (or corrected) something in
the design journal even after a year or two had passed to ensure the integrity of his
calculations and notes throughout the journals. This makes sense for repeatability of
his project utilizing his design journal. The design journal is also used for future
projects as reference material and it was important to the professional that the records
be accurate as possible. Revelations were not found that much in the professionals
design journal. One example of a Revelation found is “Discovered X & Z are made of

Y”.
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Some of the Mistakes coded were made very obvious by the professional by
putting large red X’s on them and also by writing the words “This is wrong”.
Mistakes were usually followed by a Cross Reference but not always. The fact that
they are usually followed in that manner speaks to the integrity to which the
professional wanted to keep his design records. Cross References was seen as
“Previous Change made on MM/DD/YYYY”, “See page XX for more information”,
and “Note: not good, see page XX”. The fact that he included dates even when just
cross referencing shows his meticulous attention to detail.

Table 77: Professional Design Study 1 Reflection Cognitive Class Results

Cognitive Code | Cognitive Cue

| 7. Reflection |
19. Personal Notes 8.82%
20. Design Process Notes 0.26%
22.Revelations 0.44%
30. Mistakes 0.53%
31. Cross References 2.33%
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Figure 40: Professional Design Study 1 Reflection Class Codes by Month

6.2.9 Other Class

Other class results are shown as percent of total design segments in Table 78.
Some of the entries found in the professionals design journal were just not readable,
there were coded as Illegible Entries. As a professional engineer it may have been
important for him to protect the propriety of the designs that he was coming up with.
This meant that he should include his signature where original work was presented.

Designer Signature was coded for things like sketches and CAD drawings. Records
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that were coded as No Evidence of Cognitive Activity were things like “Going on
vacation”, Accounting numbers information, notes about where a building was on
campus, and hotel information. He even noted when he was on travel and whom he
was going to see while on travel. He even once noted that he gave money back to
Tina (not real name) in accounting because he didn’t spend it all on his trip and it was
a really small amount like $11 and most people would just pocket it.

Table 78: Professional Design Study 1 Other Cognitive Class Results

Cognitive Code | Cognitive Cue
| 8. Other |
33. Illegible Entries 1.58%
34. Designer Signature 241%
35. No Evidence of o
Cognitive Activity 6.72%

6.2.10 Cognitive Activities by Design Phase

During each part of the design process different types of cognitive activities
can be seen. By looking at the cognitive classes as they appear across the four design
phases that we can see what cognitive activities were used during these stages. This
gives another dimension to the results from the cognitive coding scheme, shown in

Figure 41.
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Figure 41: Professional Design Study 1 Cognitive Classes by Percent in Design
Phases

During the conceptual design phase, analysis is shown as having the highest
relative frequency. This is surprising because analysis is expected to be seen more in
the embodiment and detailed design phase. Analysis includes the cognitive codes
estimates, assumptions, calculations, testing procedures, variables, and explanations.
These types of cognitive activities usually appear later in the design process. As a

professional he may have a reduced dependency on information seeking and noting
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and problem understanding cognitive activities because of resources and designer
experience.

During the embodiment design phase the codes seem to be even between
information seeking and noting, idea generation, analysis and other. This is the
second largest design phase in terms of design segments (following detail design).
The detail design process (which spanned more than one year) is mostly consumed
with the project management cognitive class. This is not surprising as it follows the
trend that was shown in the previous section. There were only three design segments
in the re-design phase and they are evenly split between idea generation, analysis, and
other.

The difference in the patterns shown for each design phase is significant
because it shows what he was thinking about at the different parts of the design

process. He was not always focused on the same types of activities.

6.3 Concept Codes

31 concepts were tracked in the professionals’ design journals that came from
682 design segments recorded. These were not all actual concepts, but more like
components. If he had been working on one system or subsystem at a time then the
term concept may be more applicable. The 31 components that were tracked are
shown in Table 79. As the only mechanical engineer on the project Leland was
responsible for working on many components at a time. These are probably just a

fraction of the total amount. The components names, descriptions, and definitions

181



were all considered and counted at the discretion and understanding of the author of
this dissertation.

Table 79: Professional Design Study 1 Components List

Professional Design Study Components

Camera(1) Base Plate(9) PCB(17) SCB(25)

Collimator(2) Vacuum Wax Motor(18) RTD(26)
Connections(10)

DEB(Q3) Fasteners(11) Bolts(19) PS Box(27) ]

Analog DEB(4) Teflon Insulators(12) End Plate(20) CCD Fixture(28)

Power Supply(5) Connectors(13) Magnet(21) Vibe Fixture(29)

Wire Cables(6) Combinations of O-Rings(22) FOV(30)
Components (14)

Aluminum Frame(7) | Relay Filters(15) Pop Top(23) Stiffener(31)

Top Rad Plate(8) PDR(16) Pegasus(24)

The camera (1) component in Figure 42 found in 79 design segments and the
cognitive codes that are part of the same design string are shown in the figure below.
The x-axis values shown in the figure are the design session number, which is related
to the concept. The y-axis shows the spread of the 36 cognitive codes. It is possible
that there is more than one occurrence in the design session but it is only shown as

one data point.
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Figure 42: Concept 1 in Professional Design Study 1 Cognitive Codes

Figure 42 shows the different design sessions where concept 1 was mentioned.
It also shows that task completion (27), meeting notes (23), and project ideas (4)
cognitive codes were consistently found in relation to this concept across several
design sessions.

Figure 43 provides the same information for concept 3, which is a subsystem
with the name DEB. Design activity on the DEB was highest in mid-project. All
activity was resolved before design session 800. This is not the case with the plot
show in Figure 44. That chart presents the activity recorded for components discusses

in combination. These components were likely to be functionally related. It’s clear
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that activity on components in combination occurred more during the end of the

design process.

Cognitive Code
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3sk Completion (27}

[\
(e

—_ =
N 0

—_— =
N

10

roject ldeas (4)

400 600
Design Session

200 800

Figure 43: Concept 3 in Professional Design Study 1 Cognitive Codes
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Cognitive Codes for Combinations of Components (Concept 14) in
Professional Design Study 1
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Figure 44: Activities for combinations of components (Concept 14) in
Professional Design Study 1

6.4 Visual Representations

The visual coding results found in the professionals design journal as part of
the design string are the subject of this section. The results are shown in Table 80.
Most of the visuals found in the professionals design journal were sketches followed
2" by CAD drawings. This is an important finding because it shows that sketching is
still a very important part of the design process. The usefulness of sketches to the
professional engineer is a testament to the fact that they are useful for solving large

scale real world engineering problems. The professional engineer combined his use of
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sketches with CAD models. CAD models are shown here to be a useful tool for the

design process.

Table 80: Professionals Design Study 1 Visual Code Results by Percent

Professional Design Study 1 Visual Code Information |

Visual Code Percent of Design Segments
Sketch 10%
CAD 8%
Photo 0%
Simulation 0%
Line Drawing 0%
Electrical Drawing 1%
Chart/Table 6%
Free Body Diagram 0%
None 74%

6.5 Journaling Practices

It was expected that the journal would have a standard format and entries

would be standard as well. An informal entry such as notes during meetings and also

pasted-in information was not expected. The journal worked for the professional

engineer based on his needs. The design journal actually resembled more of a hybrid

lab notebook and personal diary.

Since the professional engineer may prefer to use other forms of recording

things in addition to the design journal such loose leaf papers may be kept in another

place.

It was astounding to see that the professional engineer kept a detailed account

in the journals for such a lengthy design project. The level of detail included in the

journals and in the calculations and repeated calculations done over and over were

also a surprise because it was kept in meticulous style. Initially due to the nature of

the project (US Government) it was assumed that the culture of the organization
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called for such details and structure but this assumption was wrong according to the
professional engineer. He stated that design journals were not required by the
company that he worked for but that was his personal practice that he has kept for
many years.

During the exit- interview he stated that the most important reason he kept
such meticulous design journals was to aide his memory, so he could remember what
he did. As a mechanical engineer on this particular project he was in charge of all the
design work on the mechanical components. That means that he had to essentially
work on various design projects at the same time and the equipment he was working
on was physically located in another country.

Having one place to come back to and reference all the previous work that he
had done seemed to be a good idea for him. For a professional journal it was
unexpected to see that at times he questioned his calculations, things other people told
him, his reasoning, etc. He recorded the times when he felt that something just wasn’t
right with what he was doing. Then he gathered more information and came back and
tried it again, which shows the iterative nature of design.

The professional engineer agreed to participate in an interview about his
design journaling practices that was videotaped after the design journals were coded
on site. The questions were a result of what was found in the design journals and also
basic questions about his job at the time he was recording in the design journal. The
answers to the exit interview questions pertaining to design process are shown in

Table &1.
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Table 81: Professional Designer Interview Question Responses (Exact Quotes) -
Design Process

Design Process

1. How did you learn about the design process?

a. | used to work for major corporations before | came here. | actually worked in engineering before
I got my bachelor’s degree. Yes oh yes. | worked at nuclear power plants and | learned part of the
engineer design process there. Then at school for bachelors and masters and then after school |
learned the process via industry wise.

2. In the journals did you follow certain steps in the design process?

a. Yes, very detailed. The process that | go through | am very detailed oriented. It is a step-by-step
process for me. I come up with several ideas and work through the process and see which one will
be better and more beneficial than optimize the situation. Obviously a lot of feedback from other
people as well.

The answers to the exit interview questions pertaining to design journals are
shown in Table 82.

Table 82: Professional Designer Interview Question Responses (Exact Quotes) -
Design Journals

Design Journals

1. Did your employer require a design journal? Yes, but I’ve always done design journals. The 1*
corporation that | worked for post college I started a design journal my 1% or 2™ day of work and
have been doing them ever since.

2. Did your colleagues use design journals? Yes

3. Have you ever ripped a page out of a design journal? No, | have never ripped a page out of a
design journal

4. What benefits did you gain from using the journal?

a. Lots of benefits. | have my memory right there so everything is documented, especially working on
something like a satellite it is very important if there is an error somewhere you can go back and
take a look at things. And so to justify why you did something with a reason behind it not just
making a change for making change sake. Also for memory sake. On other projects | have done
work and not remembered it 6 weeks after | did it and because | had the CAD drawings, | had
taken pictures, | could go back and see what I have done. I’ve done so many projects over my
lifetime that sometimes things just run together. I’ve found that if I can document it, | can’t
remember it.

5. Do you feel the time was well spent making the journal? Absolutely

6. What are your thoughts about engineers and or students using journal today with all the things that
have to capture our attention and so many details at one time and because of the new technology
and all the things that students have to use?

a. | 'would still recommend journals, either e-journal or book type journal. | don’t see how you can
get around it. Even though one of the key uses was for patent use. That may not be important in
the future with the new patent laws in place. It is still important to document everything. If you go
to any of the Dilbert cartoons there is always comments about oh no we have to document that. So
you have to document.

7. When did you make your entries in your journal?

a. Probably pre, during, and post. If | had to do some analysis | would probably write down some
basic formulas in my journal and maybe do a couple of quick calculations. Meetings | always took
notes during meetings and post meetings | would try to document things that were said. Sometimes
I would write it there in handwriting and sometimes | would type it up and post it in my journal
and also send it for distribution as well.
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How do you encourage your students to use journals? They will do it.

It’s part of their grade

I check the journals

Weekly

Three check marks during the week

They have to get the check mark

How long have your students been using journals? Since I’ve been teaching which hasn’t been a

long time

10. How do you introduce/guidelines for journals to the students?

a. For the junior level course we have a list of items that we would like our students to put into the
journals. It is the same thing for the senior level journal but the seniors only do one journal.
Essentially anything you say, do, have a meeting, discuss, draw, sketch, anything you do that’s
related to your design project put it into your journal. So that’s everything.

11. When you ended this 3™ journal was that the end of project? Yes, | vaguely remember entering one

item into the journal and that was post project when it crashed into the Indian Ocean., numerous

years later when it came back into orbit.

Ce oo TP ®

Mr. Engel did not have to write a design journal. He was not required but
because of his previous experiences with making a design journal he understood the
importance of creating this records and what the benefits were for him. The main
benefit he mentioned was to aid his memory so that he wouldn’t have to repeat work.
Since he was working on several projects at one time it was important for him to stay
organized and the design journal was a tool for him to do that. He was not wasting his
time by creating the design journal; it probably helped to make him a more efficient

engineer.

6.6 Conclusions

The expectation for cognitive coding of a professional’s design journal was
that there would be more details and higher variety in the type of entries than
previously found within the students’ design journals.

The results show that:
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The majority of the professionals design journal was spent on detail design that
shows the importance of this design phase for professional engineering.

The high frequency of the codes in the project management and idea generation
class shown in Figure 31 shows that these classes are essential to the professionals
design process.

Project management class of codes stand out as the highest overall percentage as
shown in Figure 33 which reiterates the need for basic management skills as a
mechanical engineer.

Figure 41 shows how the cognitive activities in the different design phases are
different, from what is reveals the dynamic diversity in design thinking
throughout the different parts of the design process.

According to the professional engineer who is now a professor at Penn State
University students will use design journals in a design course given proper
encouragement and regular constructive feedback. It is important for students
using a design journal as a required part of a course to know what the professor
will be checking for inside the journals.

What was most impressive was careful attention to detail and ownership

(signatures included a lot with the date) of the work recorded in the journal. It is

visible that he was dedicated to the project and doing it right, on time, and on budget,

etc. His integrity of person and profession is evident through his design journals. His

work is held in the highest regard as the work of a real professional mechanical

engineer. He didn’t work for himself; he was dedicated to the mission. He followed a

process, and he did not diverge or cut corners during that process.
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Making comparisons with the students from Student Design Study 3 is the

subject of the next chapter.
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Chapter 7: Comparing Students with Professionals

The benefit of having access to the journals of a professional mechanical
engineer is that comparisons can be made between the journaling behavior of students
and the professional. Comparisons are made with respect to journaling behavior.
There are differences in the data. The professional was working on a much longer,
more complex project than the students. The student projects were done over a shorter

time period and students were given a particular process to follow.

7.1 Comparing Students with Professionals Patterns of Journaling Behavior

Figure 45 and Figure 46 compares the average cognitive code distribution
from the 9 students in Student Design Study 3 with the Professional Design Study 1
cognitive code results. The Student Design Study 3 averages are over the 9 students

in the study and the professionals are from this data alone.
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Figure 45:

Professional Design Study 1
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Student Desion Study 3
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Comparison of Cognitive Class between Student Design Study 3 and Professional Design Study
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Figure 46: Comparisons of Cognitive Codes between Student Design Study 3 and
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194




Information seeking and noting class codes are all less than 10% for both the
students and the professional. The cognitive codes within this class only show 1-
3% differences which mean that the behavior of the students in this class is
similar to the professional.

Problem understanding class shows that the students utilized these cognitive
activities far more than the professional. This is not surprising given the student’s
low level of design knowledge and the professional’s higher level of design
knowledge.

In the idea generation class the student’s average for project ideas actually goes
up to 37% which is cut off in the figure to expand the smaller percentage classes.
For both the students and the professional this class has the highest overall
frequency. The professional’s average for idea project ideas is about 15%.
Analogical reasoning and material options are similar for the student’s and the
professional.

Analysis class codes are comparable between the students and the professionals;
the only difference is shown in the cognitive code “variables”. The students were
found to have very few coded segments that included estimates. One difference
may be the higher complexity and the longer length of the professional’s project.
Decisions class frequency is also similar between the students and the
professional. The student’s average for design changes is low and this is expected
because of the short time of the design course. Leland was also very meticulous in
his note taking especially when he made mistakes which may be the result of

professional experience.
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A high amount of variation is shown in the project management cognitive class.
Project management was very important to the professional engineer and not as
much to the students (with the exception of to do lists). A high amount of to do
list in the students’ design journals was expected because the students are juggling
many commitments a short list is a fast way to track a team member’s
responsibilities for this design project. The students were working in teams and
the project management responsibilities may not have been shared equally. The
students also have to learn to manage multiple projects like the professional was
doing because other senior level engineering courses also require team projects.
The reflection class shows that the student’s did not use these codes that much.
The professional made lots of notes to himself throughout his design journal. The
students were probably not as concerned with making these types of reflections in
their design journals.

The other class is telling, because it could mean that there are some journal record
types missing from this cognitive coding scheme. It could also reveal that some of

the students don’t know how to properly use a design journal.

7.2 Cognitive Behavior

Cognitive coding data has been displayed in many different ways in this work.

One interesting method of summarizing the cognitive behavior implied by journal
records is the plotting of the relative number of journal segments by cognitive code
classes established in this work. These are presented as spider plots in Figure 47

through Figure 56 (from Student Design Study 3 and Professional Design Study 1).
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Figure 47 is interesting because during the detail design phase this student was

reflecting.
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" ~30%

1. Information Seeking and Noting
2. Problem Understanding

3. Idea Generation
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5. Decisions

6. Project Management
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Figure 47: SDS3 Journal 1 Cognitive Classes by Design Phase
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Figure 48: SDS3 Journal 3 Cognitive Classes by Design Phase

Conceptual design and embodiment design are almost mirrored in Figure 49
for idea generation. Embodiment design does require unique solutions which may
iterate back to idea generation; this design journal shows the iterative nature of the

design process.
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Figure 51: SDS3 Journal 7 Cognitive Classes by Design Phase

The student shown in Figure 52 was managing the project and it would not be

surprising if they had a formal title as team project manager. The fact the highest

percentages in the project management class spans across all three design phases

gives witness to what this journal writer was doing all semester long.
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Figure 52: SDS3 Journal 9 Cognitive Classes by Design Phase

Figure 53 only shows one design phase: conceptual design. This student was
either only using the design journal during conceptual design exercises or the
conceptual design phase for this group may have taken longer than anticipated. The
case could also be that this student was not a very active journal writer after the

conceptual design phase of the project.
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Figure 53: SDS3 Journal 10 Cognitive Classes by Design Phase

Figure 54 shows is a trend that is similar to what is expected to see in
professionals design journals, a high amount of time spent at the beginning
(conceptual design) actually understanding the problem before jumping in to come up
with solutions. Research shows that professionals usually spend more time in the
problem understanding or project realization (as Atman) calls it than the students
would or do. This journal writer was also generating a high amount of ideas during
the detailed design phase.

The student in Figure 54 was generating most of their ideas during the
detailed design phase. This is unexpected because idea generation traditionally

happens during the conceptual design phase of the design process.
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The student shown in Figure 55 leads to the following questions: What

information or types of information was this person seeking during the embodiment

design phase? Why are so many ideas generated during detailed design? Is that just an

example of the iterative nature of the design process?
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7.3 Conclusions

Some of the conclusions found from the comparisons in this chapter are:
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e One of the benefits of doing the journaling in this non-prescriptive way is to see if
there were differences in journaling behavior. The differences in the behavior can
clearly be seen earlier this section.

e This research allowed us to see patterns of behavior in different design phases and

also it appears to show differences in personality.
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Chapter 8: Conclusions and Future Work

The goal of this work is the development of a cognitive coding scheme that
can be applied to journals written during a design process. The longer-term objective
is to uncover the type of thinking activity that occurs during design and find patterns
of activity. We cannot directly observe the cognitive activity during design but we
can study what is implied by the act of recording in a design journal. The journals
studied here included one set from a professional designer and twenty-eight
individual journals from students in a mechanical engineering capstone design course.
Students were asked to use their journals to record information (according to a set of
general guidelines) during their design process without prescribing what exactly to
record. This approach uncovered similarities and differences in journaling behavior
among individuals and teams. The approach of this dissertation was data-driven
quantitative analysis of design documentation supplemented with analysis of

qualitative information from study subjects.

8.1 Research Questions Results

This work’s goal was to investigate the following four research questions:
1. How can cognitive activities be identified from studying engineering design
documentation from the classroom and in professional practice?
o The comprehensive cognitive coding scheme is effective for use on design
documentation (36 cognitive codes and 8 cognitive classes) for both

students and a professional design engineer.

208



The design string allows the coded journal data to be analyzed
quantitatively.
The validation process demonstrated that the proposed cognitive coding
scheme is useful in producing the same type of design research results as
found previously by Atman et al. [4] and Jain and Sobek [29].
Inter coder reliability testing provided good agreement on two journals
and fair agreement on a third, indicating that there may be variation by
journal writer or that the training process should be improved.
What cognitive activity sequences exist to aid designers in developing an
enhanced understanding of design problems?
This research shows patterns of behavior during different design phases
and demonstrated how to summarize differences by coding class.
Sequences of codes were not directly addressed in this work.
The voluntary use of design journals for an entire semester can reveal
useful information about how students’ progress through the design
process
Project management journal entries were very important for the
professional engineer whereas project ideas were most important for the
students
Detail design phase codes were highest for the professional engineer
whereas conceptual design codes were found to be the most frequent

category for the students
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4.

How do engineering design students respond to using hand written design

journals within a capstone design course and why?

Favorable attitudes resulted from the students using the design journals
and they seemed to realize the benefits of having used them the entire
semester.

Differences in the frequency of reviewing the students’ journals
(administering the study) did not significantly affect the average activity

densities between the UMD teams and Dr. Sobek’s teams.

What can engineering design documentation reveal about participation within

and between capstone design team members’ design activities?

Concept development (to the extent it is recorded) can be traced within a
particular journal and the journals of members of the same team.
Metrics were proposed to quantify the frequency of journal entries for a
particular concept (the author’s, other team members’, and final team
concept).

The same or higher levels of participation in recording concept work are
shown for the students in UMD Studyl when compared to Team S from
Dr. Sobek. This is validation that the concept referencing metrics can be

used with student’s natural journaling habits

8.2 Study Limitations

This work’s limitations are:
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1.

The sample sizes used in this dissertation are relative small and prevent strong
conclusions from being made. Care is given in this document in reference to
such conclusions.

This work analyzes the frequency of design journal entries and behavior but
does not address the quality of the students design journal entries.

The majority of the results are drawn from students volunteering to journal
during their design course for the study. Understanding the student’s interests
in design and journaling will layer another dimension to this work towards a

whole picture of the designer.

8.3 Contributions of This Research

This dissertation makes the following contributions to the study of

engineering design:

1.

A cognitive coding scheme has been developed that can be used successfully
used to explore the content of design journals.

Metrics for design journal analysis have been created. The concept
referencing ratios and the activity density metrics show how team concepts
are developed in the design journals and the level of activity within each
design session.

This study supports implementing individual design journals in design
courses. For faculty members wanting to implement these design journal
metrics a few possibilities can be recommended: (1) weekly monitoring of

design journal use is necessary, (2) journal coding can be limited to a few
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codes or classes at (as opposed to the entire 36 code system), tracking
cognitive classes at different parts of the design process would be practical,
(3) Selecting some of the codes to assess design behavior during different
parts of the design process; (4) Providing useful definitions of journaling
entries for specific design phases and classes and providing a sample journal
to students at the start of the class.

This work presents a way to see patterns in journaling behavior and student
differences. It is hypothesized that different team roles may be shown through

the student’s journaling behavior.

8.4 Future Research

Future efforts can include:

Investigating the sequences of cognitive codes as they appear in the design
journals and comparing high-frequency sequences from the professional’s
journal to those of the students.

Investigating the differences observed in journaling behavior to see if these
differences are related to student personality, learn style, team role, or other
relevant characteristics.

Combining the cognitive coding scheme results with a design performance
measure to understand the relationship between “good” design and cognitive
activities. Creating a design performance measure that can effectively codify
innovation at the early design. This will enable the cognitive coding scheme to

increase understanding innovative design thinking.
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e Studying the graphic entries in the design journals to identify the visual
representations’ roles in the design process. Investigating how the use and
type of visual representations vary at different stages of the design process,
and answering the question, “What does use of visual representations say
about non-linguistic reliance during the design process?”

e Efforts toward creating a cognitive model of the engineering design process
from an information processing view using the cognitive coding scheme as a
starting point. Attempt to match the cognitive codes with current models of

engineering design process to see if natural similarities exist.

Results from this dissertation provide a better understanding about differences
between the journaling behavior of senior students in engineering design and a
professional designer work on a multi-year project. The study generated vast amounts
of quantitative data that will continue to provide research results into the future.
Combining the results of this work with educational psychology can lead to the
creation of tools that can improve how engineering design is implemented and taught.
Results from this work can be used to facilitate future design documentation research,
create better engineering design courses and provide improved design knowledge

assessment tools.
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Appendices

Cognitive Studies in Design: A Historical Perspective

A theory of design has not yet been widely agreed upon, although various
prescriptive and descriptive models as well as stage and process models have been
presented. This section presents a discussion of differing design perspectives from

leaders in the field.

Simon- Design as a Science of the Artificial

Simon coined the term satisficing for general problem solving including
design activities [100]. Satisficing has become a commonly accepted strategy in
design and engineering. In the process the designer searches for the solution within a
problem space, weaving in and out of knowledge states until a solution is found. In
his book The Sciences of the Artificial, Simon (2001) asks the question: “Can there be
artificial science or knowledge of artificial objects and phenomena?” (p. 3) Simon is
asking if we can realize or be certain about things that exist in an artificial world, yet
are used in the natural world to solve problems and create new designs. He claims
that everyone who changes existing circumstances into preferred ones is designing.
Design is focused on how things ought to be, compared to the natural sciences which
focus on how things already are. He argues that the science of design is a legitimate
field and his stand would support cognition research in engineering design such as
this dissertation.

Simon claims that (at the time of writing his book [100], 1969) most

engineering, business, and medical schools have gotten away from teaching design
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giving preference to subjects that (according to those in academia) are more
intellectually challenging, analytical, and teachable. This has been done on the
university level to gain more rapport within the campus academic circles.

Simon gives a substantial list of topics that should be included in a design
curriculum. This list includes computational methods, representations of design
problems, and the formal logic of design. Simon was a brilliant thinker who
acknowledged that design is separate from the natural sciences, and called it a new
science -- the science of the artificial. He proposed that this science is actually more
important than the natural sciences. Simons hoped with his book to confirm to readers
the proof he had for validating this field of study. Psychologically speaking, he shows
how many people use their environment to create and survive, which is essentially the
nature of design. Simon's work supports this current research as one of the first to
create a foundation for design research and highlighting the important aspects of
design as a science. The type research that Simon initially set to do in his early work
in the social sciences was intended to promote the same demanding methodologies as
the natural sciences [101]. Although here we are not proposing to agree completely
with Simon’s design as a science, in the context of our current goals his work is
original, foundational, and relevant. In light of his standing within many academic
communities it is tempting to conclude that scholars within various fields such as

engineering, psychology, and economics would agree completely with him.

Visser- Design as Construction of Representations
In her book The Cognitive Artifacts of Designing Visser proposes a cognitive

descriptive model of design to aid in understanding the cognitive aspects in the design
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process and to advance the education of designers [44]. According to Visser (2006) a
definition of cognitive design research as “studies of design focusing on its cognitive
aspects” which engineering design researchers refer to as “design thinking” (p. 1).
She positions cognitive design research within the field of cognitive science. Visser
claims, in her opinion, that design theory and cognition research began with Simon’s
(collaborating with Newell) work in 1972 [98]. This dissertation is cognitive design
research and Visser’s book offers a historical and interdisciplinary perspective on the
field that is a more recent perspective on the history of design.

One drawback is that her book seems to be restraining the capacity of
cognitive design research by only placing it within the cognitive science field. Design
happens within many settings; therefore it is possible to include any research on
cognitive operators while doing ‘X’ design activity in the field of cognitive design
research. The theory of design that Visser (2006) proposes in her book is “design as a
construction of representations” as opposed to simply problem solving (p. 1). Such
representations are internal (mental representations) and external (verbal descriptions)
and the latter she defines as cognitive artifacts (the former are by her definition
cognitive artifacts). Representations are the results of the design process and are also
considered artifacts because they are man-made. Therefore the resulting artifacts are
external and internal as well as physical (trains, engines, homes, and power tools) and
symbolic (software, systems, policies, or route plans). For the purpose of her book
she refers to design as a purely cognitive activity including the methods, tasks, or
steps that a designer uses. Furthermore, Visser (2006) views “designing as a cognitive

activity rather than the designated professional status”, which was first identified by
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Simon? (p. 51) [102]. Visser (2006) adapts Simon’s definition of a designer, as
everyone “who changes existing circumstances into preferred ones are designers” (p.
50) [100]. She states that competent designers not only acquire formal knowledge
from education and books but also through experiencing different kinds of design
problems.

Visser presents a cognitive description of design in which she defines design
as representing construction activities that include generation, transformation, and
evaluation; all performed at the cognitive level. She defines constructions of
representations as generation if memory was used as the main source of information.
Generation involves the use of cognitive activities and operators such as information
gathering which would generally occur at the beginning of the design process.
Transformation is defined in terms of the type of transformation between the input
and the output. For example, detail is a form of transformation that breaks up the
input into two or more different types of distinguishing details. Another form of
transformation is to duplicate by replacing the input. Transformation involves
activities such as brainstorming, analysis, inference, drawings, etc. Visser defines
evaluation as an activity that occurs once a design is presented as an “idea” for the
solution. The design may or may not be presented to colleagues or fellow design team
members for evaluation.

Representations constructed reveal a number of internal and external design
activities and structures that lead to the proposal of different dimensions. Some

examples of external design activities defined by Visser (2006) are the creation of

? For example Visser states that a lawyer would not be considered a designer, but a legal specialist who created news laws and
legislation would be considered a designer. Also a doctor would not be considered a designer but medical personnel creating a
new device to treat cancer would be considered a designer.
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physical representations like “flowcharts, notes, drawings, plans, scale models, and
graphics” (p. 128) [44]. Visser explains that often the creation of physical external
representations allows the designer to complete analysis which is difficult or either
entirely impossible on internal representations. According to Visser such activities
facilitate design ideas and make it easier to manipulate them into possible
components for a design solution. Her constructed representations are used for
various purposes to influence the design task. For example, constructed
representations are used during the design process for functions including tracking
ideas, promoting understanding, branching from idea to idea, and communicating.
The nature and detail of such representations with respect to design are described in
the context of individual and collaborative design as well as in different stages of the
design process. For example, Visser describes design as initial representations,
external representations, required representations (design problems), intermediate
representations, and specification representations (design solutions).

Her book highlights a gap in design research focusing on designers’ cognitive
activities, which is the type of problem this dissertation is focused on solving. Her
work is unique and pertinent to this dissertation because she actually translated her
empirical data into a theoretical model of cognitive design activity that may be

insightful for future design education.

Schon- Design as Reflection in Action

In reference to the history of design as a practice, Visser's work picked up
where K. Dorst left off on his 1997 doctoral thesis and elaborated on certain points

from both schools of thought in order to set up a foundation for her design theory
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[103]. She references K. Dorst in her book but her book goes into more detail than
the former did. She praises K. Dorst for his SIT inspired research which is presented
in a clearer and more detailed fashion than Schon's work. In a prior publication
Roozenburg et al. present a comparison of Schon’s theory of reflection-in-action with
Simon’s view of design as rational problem solving [46]. Both views were used to
construct a coding scheme (not detailed in their paper) and applied to the same set of
design data for empirical comparison. Experienced designers were tasked with
designing a litter disposal system for Dutch trains and given 2.5 hours to complete the
task. The second author (K. Dorst) further investigated that Dutch train study and
presented the work as partial requirements for his thesis. The goal of the Roozenburg
et al. paper was to validate Schon’s theory of reflection-in-action with what really
happens during design. It was concluded that Schon’s reflection-in-action theory does
not clearly draw conclusions for the design process, as does Simon’s rational problem
solving. Hence an overall description of the design process from beginning to the end
is not found in Schon’s reflection-in-action. Roozenburg et al. (1998) did however
crown Schon with the achievement of the “emancipation of design...a vindication of
what practitioners really do” because he highlighted the extension of design as more
than an application of scientific knowledge [46] (p. 29). Nevertheless, they do not
hold that he (Schon) has many other contributions to the field of design and in
particular that his theory in practice is “weak and fuzzy” (p. 29). Roozenburg et al.
conclude that for practical purposes Schon’s theory is elusive or entirely invisible.

They do however claim that they may have been apprehensive in looking for practical
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application of a work considered to be foundational and practically more removed
from the bigger picture.

In their chapter Roozenburg et al. describe a basic dialogue with a problem
Schon labeled the model of Technical Rationality.” Technical Rationality involves
steps for applying basic scientific knowledge and skills to problem solving. A note is
made that Schon does not agree with this bounded view of problem solving because it
would only work for simple, well-structured problems. Schon’s view of design
problems are more ill structured and messy, which is why the model of Technical
Rationality is limited. He views problems solving as naming and framing, which
leads to technical problem solving. Schon views the practice of competent
professionals not capable of fitting within the model of Technical Rationality. He sees
design as a reconstruction (conversation) of the problem to understand it, which then
reveals new ideas that require more reflective practice in design. During this
conversation with the design problem the following steps are happening (a) naming,
(b) framing, (c) making moves, and (d) evaluating the moves are all occurring.
Roozenburg et al. state that Schon’s framing views what designers do in practice as
“hammering at an open door” which is an overstatement of the role of framing within

design [46].

® This is described in his book The Reflective Practitioner 45. Schon, D., The Reflective Practitioner: How
Professionals Think in Action 1983: Basic Books
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From: James M, Hagberg
[RB Co-Chair
Liiversity of Maryland College Park
Re: IRB Protocol; 10-0530 - Cognitive Design Tasks Shady
Acproval Date: September 22, 2010

EXpration ceptember 22, 2013

ﬁml:catm. [mitial
Review Path: Exempt

The University of Mardand, College Park Instibutionsl Review Board (IRE) Cffice
approved your Initial IRE Application, This transaction was spproved In accordance
with the University's IRE policies and procedures and 45 CFR 46, the Federal Policy
for the Protection of Human Subjects, Please reference the doove-cited IRE Protocol
riumber in any fubire communications with our office regarding this research,

Recruitment /Consent: For research requiring written informed consent, the IREB-
apporoved and stamped informed corsert docurment will be serk via mall. The IRE
approval expiration date has been stamped on the informed consent document,
Please note that research participants must sign a stamped version of the informed
corsant form and receive a copy.

Continuing Review: [f you intend to contirwe to collect data from human El.b]ects

ar i analyze private, Identiflable data collected from human subjects,

E;tr?lratlon date of this protocol, vou must submit 3 Penewal Application to the IRB
ice 45 days prior to the expiration date. If IRB Approval of your protocol expires,

all human subject research activities including enrollment of new subjects, data

ooliection and analysis of identifisble, private information must cease undl the

Renewal Application is approved. IF work on the human subject portion of your

project is complete and you wish to close the protocal, please i

Feport to itbi@urmd e .

Modifications: Ay changes to the approved protocol must be approved by the [RB
befare the change is implernented, sxcept when a change is necessary to eliminats

Figure 57: IRB Approval Page 1
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an apparent immediate hazard to the subjects. If you would like to modify an

approved protocol, please submit an Addendum request to the IRB Office.

Unanticipated Problems Involving Risks: You must promptly report any
unanticipated problems involving risks to subjects or others to the IRB Manager at

301-405-0678 or jsmith@umresearch.umd.edu

Additional Information: Please contact the IRB Office at 301-405-4212 if you
have any IRB-related questions or concerns. Email: |

The UMCP IRB is organized and operated according to guidelines of the United
States Office for Human Research Protections and the United States Code of Federal
Regulations and operates under Federal Wide Assurance No. FWAQ0005856.

0101 Lee Building

College Park, MD 20742-5125

TEL 301.405.4212

FAX 301.314.1475

irb@umd.edu
http://www.umresearch,.umd.edu/IRB

Figure 58: IRB Approval Page 2
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University of Maryland College Park
Department of Mechanical Engineering

Project Title Cognitive Design Tasks Study - PROFESSIONAL

Purpose of the Study This research is being conducted by Dr. Linda Schmidt at the University of Marvland, College Park. We
are inviting you to participate in this research project because vou arve or have been a professional engineering designer. The
purpose of this research project is to gain insight into the mechanical engineering design process by examining journals created by
professional designers.

Procedures The procedures involve interviewing vou about the journal usage and projects you have done. Any journaling that you
have done of a non-proprietary nature that we could scan and use for research purposes.

Potential Risks and Discomforts There are no risks for participating in this study.

Potential Benefits The benefits to you include improved understanding during the design process. We hope that, in the future,
other people might benefit from this study through improved understanding of the cognitive aspects of the design process.

Confidentiality 4ny potential loss of confidentiality will be minimized by keeping the scammed digital documents released by you in
a safe place and using them only for the purposes of this research. If we write a report or article about this research project, your
identity will be protected to the maximum extent possible. Your information may be shared with representatives of the University af
Maryland, College Favrk or govermmental authorities if you or someone else is in danger or if we are required to do so by law. By
signing this agreement you give permission to the investigators to use your sketches, phrases, comments, examples written in
your journal in published documents.

Right to Withdraw and Questions Your participation in this research is completely voluntary. You may choose not to take part at
all If'you decide to participate in this research, you may stop participating at any time. If vou decide not to participate in this
study or if you stop participating at any time, you will not be penalized or lose any benefits to which you otherwise qualify. If you
decide to stop taiing part in the study, if you have questions, concemns, or complaints, or if you need to report an injury related to
the research, please contact the investigator, Dr. Linda Schmidt at 301-405-4518.

Participant Rights [fyou have questions about your rights as a research participant or wish to report a research-related injury,
please contact: University of Maryland College Park, Institutional Review Board Office, 0101 Lee Building, College Park,
Maryland, 20742, E-mail: irb@umd.edu, Telephone: 301-405-0678 This research has been reviewed according to the
University of Marvland, College Park IRB procedures for research involving human subjects.

Statement of Consent Your signature indicates that you are at least 18 years of age; you have read this consent form or have had
it vead to you: your questions have been answered to your satisfaction and you voluntarily agree fo participate in this research
study. You will receive a copy of this signed consent form. If you agree to participate, please sign your name below.

Signature and Date | NAME OF SUBJECT
[Please Print]

SIGNATURE OF SUBJECT

DATE

Figure 59: Professional Designer Consent Form
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University of Maryland College Park
Department of Mechanical Engineering

Project Title Cognitive Design Tasks Study - STUDENT

Purpose of the Study This research is being conducted by Dr. Linda Schmidt at the University of Maryland, College Park. We
are inviting you to participate in this research project because you are a student in University of Maryland in an advanced design
course. The purpose of this research project is lo gain insight into the mechanical engineering design process by examining
Journals created by students in design courses.

Procedures The procedures involve using the design jowrnal to record during the mechanical engineering design process
according lo the Design Journal Guidelines. The investigators will periodically scan your journal pages and collect the jowrnal at
the end of the course or your participation in the study.

Potential Risks and Discomforts There are no risks for participating in this study.

Potential Benefits The benefits to yvou include improved understanding during the design process. We hope that, in the future,
other people might benefit from this study through improved understanding of the cognitive aspects of the design process.

Confidentiality 4ny potential loss of confidentiality will be minimized by keeping the journals in a safe place and using them only
Sfor the purposes of this research. Any scanned digital documents will be kept on the investigators computer. If we write a report or
article about this research project, yvour identity will be protected to the maximum extent possible. Your information may be shaved
with representatives of the University of Maryland, College Park or governmental authorities if vou or someone else is in danger or
if we are required lo do so by law. By signing this agr t you give permission to the investigators to use your sketches,
phrases, comments, examples written in your journal in publications.

Right to Withdraw and Questions Your participation in this research is completely voluntary. You mav choose not to take part at
all. If vou decide to participate in this research, you may stop participating at any time. If vou decide not to participate in this
study or if vou stop participating at any time, you will not be penalized or lose any benefits to which you otherwise qualify. If you
decide to stop taking part in the study, if vou have guestions, concems, or complaints, or if you need to report an injury related to
the research, please contact the investigator, Dr. Linda Schnidt at 301-405-4518. Your decision to participate will have no
impact on your grades for this course.

Participant Rights

If you have questions about your rights as a research participant or wish lo report a research-related injury, please contact:
University of Maryland College Park, Institutional Review Board Office, 0101 Lee Building, College Park, Maryland,
20742, E-mail: irb@umd.edu, Telephone: 301-405-0678 This research has been reviewed according to the University of
Maryland, College Park IRB procedures for research involving human subjects.

Statement of Consent

Your signature indicates that you are at least 18 years of age; you have read this consent form or have had it read to you; vour
guestions have been answered to your satisfaction and yvou voluntarily agree to participate in this research study. You will receive a
copy of this signed consent form. If you agree to participale, please sign your name below.

Signature and Date | NAME OF SUBJECT
|Please Print]

SIGNATURE OF SUBJECT

DATE

Figure 60: Student Consent Form

224




Design Journal Guidelines

ENME 472 Integrated Product and Process Development
Piled Snecte- Thix iv o preliminary stady oo sfucends vy deviger jonrmaly as a part of e arechamical engineering dedgn process, This palay

sty i o students in ENME 472 design ceurse of ||| |

NOTEBOOK INTRODUCTION

Engineering notebooks are an importan part of the desiim
process, Leonardo Da Vined used notebooks 1o record his
itvventions. Many documented benefits exist for the user
such as:

#  Wrting helps students leam

o i a decper understanding.

+ Enhance cognitive abilities insufe and outsidzs of

the classroom or lab
»  Better for practicing design

EXPECTATIONS

In order to participate in these stwdy siudents must be
registored in ENME 472 for fall 2000 semester, Students
participating in {his study will be roquired to use the design
journal during lab mectings and also outside doring tzam
meetings. This study is designed to incorporate the design
Journal imo the normal activitics that a 472 student would
already be partiipatmg m. This stedy just provides a
ki to record that process

TINME

Students who agree will participate in the study for 4-6
wecks. The study will begin the 2™ week of the fall 2010
seiesier.

RECORDING INFORMATION

LA desigm jonmal 15 2 permanent record of what happened
during the design process, e the development of your
design.

& the ideas of its authar

* the altermatives considersd

o decizions reached

* interactions with other people and with organizations

+ the changes made along the way

# the implementation Dow of projects, libs, ele,

T AN letters, sketches, photes, charts er compater printouts
pertinent to the project should be permancntly put in the
nedehook with your mitials and date. {use tape to seeures)

3.Don't erase, Cross oml oivors and make a hew antry.
Entries should not be changed af a later date. Make a now
entry, pointmg out any change.

4. Motations should be made of the progress and completion
of compounds, assemblics or models which are being
preparcd For testing. These entrics should make clear, as

by refeence o a previous sketch, as 1o how the
compound or equipment is being made.

5.Don't kzave blank areas ona page.

6. Mever, umber any circumstimee, should you remove g
prages

T.Include detailed notes on all discussions and thoughis on
vour gevals

BEFLECTIVE QUESTIOMNS

The [ollowing squestions are meant 1o stimulats afler 2
team mecting. bramstormme sezston. analysis, design. or
internet searches,

-What decisiens were made daring this session”

=What role did you contribule to the lab session today?
~How o you foel abeut the propress your team is making
ihis weck?

Wt concepds or new tdeas For the project do vou have?
=What was new and surprising Lo vou today?

=Wlkat ideas did you come up with today?

-What questions arz ket unanswered?

=What are your next action ilems?

EXIT INTERVIEWS

At the conclusion of this study yvou will be asked o
participate in o short exil mterview on the ellectiveness of
the implementation of the design joumak m engineenng
COMTEES,

QUESTIONS

This study s being mionaged & _
(472 Teachi Asgistantl  wnder  the

supervision of fer advisar
Department of Mechanical £

Figure 61: Team Study Design Journal Guidelines
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Design Journal Guidelines

ENME 472 Integrated Product and Process Development

Piled Snecte- Thix iv o preliminary stady oo sfucends iy deviger jonrmaly as a part of e arechanical engineering dedgn process This palay

sty i for students in ENME 272 design courze of ||| | N

NOTEBOOK INTRODUCTION

Engineering notebooks are an importan part of the desiim
process, Leonardo Da Vined used notebooks 1o record his
itvventions. Many documented benefits exist for the user
such as:

#  Wrting helps students leam

o i a decper understanding.

+ Enhance cognitive abilities insufe and outsidzs of

the classroom or lab
»  Better for practicing design

EXPECTATIONS

In order to participate in these stwdy siudents must be
registered in ENME 472 for fall 2010 sermester, Stedents
participating in {his study will be roquired to use the design
journal during lab mectings and also outside doring tzam
meetings. This study is designed to incorporate the design
Journal imo the normal activitics that a 472 student would
already be partiipatmg m. This stedy just provides a
ki to record that process

TINME

Students who agree will participate in the study for 4-6
wecks. The study will begin the 2™ week of the fall 2010
seiesier.

RECORDING INFORMATION

LA desigm jonmal 15 2 permanent record of what happened
during the design process, e the development of your
design.

& the ideas of its authar

* the altermatives considersd

o decizions reached

* interactions with other people and with organizations

+ the changes made along the way

# the implementation Dow of projects, libs, ele,

T AN letters, sketches, photes, charts er compater printouts
pertinent to the project should be permancntly put in the
nedehook with your mitials and date. {use tape to seeures)

3. Don't erase, Cross ol civors and make a hew entry.
Entries should not be changed at a later date. Make a new
entry, pointmg out any change.

4. Motations should be made of the progress and completion
of compounds, assemblics or models which are being
preparcd For testing. These entrics should make clear, as

by refeence o a previous sketch, as 1o how the
compound or equipment is being made.

5.Don't kzave blank areas ona page.

6. Mever, umber any circumstimee, should you remove g
prages

T.Include detailed notes on all discussions and thoughis on
vour gevals

REFLECTIVE QUESTIONS
The [ollowing squestions are meant 1o stimulats afler 2

team mecting. bramstormme sezston. analysis, design. or
internet searches,

-What decisiens were made daring this session”

=What role did you contribule to the lab session today?
~How o you foel abeut the propress your team is making
ihis weck?

Wt concepds or new tdeas For the project do vou have?
=What was new and surprising Lo vou today?

=Wlkat ideas did you come up with today?

-What questions arz ket unanswered?

=What are your next action ilems?

EXIT INTERVIEWS

At the conclusion of this study yvou will be asked o
participate in o short exil mterview on the ellectiveness of
the implementation of the design joumak m engineenng
COMTEES,

QUESTIONS

This study is belng monaged By _

(472 Taach
supervizion of her advisor
Departmant of Mechomileal fngissring

wunder  the
in the

Asgistant

Figure 62: Individual Study Design Journal Guidelines
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Design Journal Guidelines

ENME 472 Integruted Product and Process Development
Filot Stwetv- This iy a stvdy on stwaents wsing desizn jommals as g part of the mechanical engineering design provess. This priof study 15 for
sivclents in ENME 472 desizn conrse af The Usiversity of Mareland

NOTEBOOK INTRODUCTION

Engincering notebooks are an important part of the design
process, Leonardo D Vined used notebooks 1o record his
imventions, Many documented benefits exist for the wser
such as:

¢ Winting helps students learn

o Giain a decper understanding

s LEnhance cognitive abilines insicds and outzide of

the classroom or lab
+  Beier for practicing design

EXPECTATIONS

In order to participate in these smudy smdents must be
registered in ENME 472 for Spring 2011 semester.
Students participating in thiz study will be requined o use
the design journal during lab mestings and also outside
during  team  mectings.  This  sudy  is  designed o
incorporaie the design jourmal into the normal activitics
that 2 472 student would already be participating in. This
shudy just provides a medinm to record that process.

TIME

Students who agree will participate in the study for 3
weeks, The study will begin on March 8, 2011 and end on

April 6, 2011,
RECORDING INFORMATION

1A design jowrnal is a permanent record of what happened
duming the design process, e the development of your
dlesign.

the ideas of its author

the alternatives considered

deciaions reached

inferactions with other people and with orgamizations

the changes made along the way

the implementation flow of projects, labs, ete,

2 Al letiers, sketches, photos, charts or computer prinicuis
pertinent to the project should be permanently written
ingo the netebook with vour initials and datc.

3.Dont erase. Cross oul errors and make a mew entry.
Entries should not be changed at a later date, hMake a now
entry, pointing oul any chamge.

4 Motatioans should be made of the progress and completion
of compounds, nssemblizcs or models which are being
prepared for testing, These entrics should make clear, as

by referemce o a previeus skech, as fo how ihe
compound or eguipment 18 being made.

3, Don’t Jeave Blank arcas on a page

6. Mever, under any circumstance, should vou remove a
PRge.

T.Include detailed notes on all discussions and thoughts on
vour goals,

REFLECTIVE QUESTIONS

The following questions are meant to stimulate after a
feam meeling, bramstorming seszion, analvsis, design, or
infermet searchss

“What decisions were made dunng (his sesgion’?

-What rode did vou contribude to the lab session today?
<How do vou feel aboul the progress your lam 1= making
1his week?

“Whal concepis ar new ideas [or the project de you have?
-What waz new and surprising to vou today?

=What 1dens did vow come up with woday?

-What questions are left unanswered?

=Whal are your next action Hems?

EXIT INTERVIEWS

At the comchwsion of this stedv you will be asked to
parlicipals in a short exil inferview on the effectiveness of
the implementation of the design joumals in enginsering
COUFsEs.

COMPENSATION

Students who swecessfulh complete the study will be
previded with a 530 gifi cand 1o a local establishment, i
the campus bookstore.

QUESTIONS

This stedv 15 beiwe  managed by Sophorie "Nk
Westmoreland (472 Teaching  Assistant)  wnder  the
suparvision of her advisor D, Linde O Schmidt in the
Depaviment of Mechanical Engineering. Nikki can be
reached af snwesti@numdedy or af 307-405-4518 in her
affice.

Figure 63: Spring 2011 Design Journal Guidelines
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427 DESIGN STUDY - 8PRING 2011

March 15, 2011

The below signed student agrees to the loan of 1 pulse smartpen for use in the 472
design study from March 15, 2011 until April 15, 2001 and will retumn the
complete conlents of the box at the completion of this study on or hefore April 15,

2011,

The students will also write only in the smartpen journal and agree {o upload and
share the contents with the course instructor and TA during the design study using
the online resources provided by the manulaeturer ol the smaripen.

The box includes:

Pulse smartpen

Headset

Motebook

USB mobile charging cradle
Protective soft case

6. 2 1ink cartridges

:.J']._lln.'.ll.‘dld

Stedent Participant Sign AND Date

14- Sopharig Westmoreland Sign AND Date

P.l'{.lll':.'.'\.'.'\c”.l'- D Dinclae Sehaidi .':Tj'gn AND Drate

Croated by: SNW March 15, 20011

Figure 64: Smart Pen Agreement Form
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Design Journal Guidelines

EMME 472 Integrated Product and Process Development
This s @ sty with stuclénls wsing desian fowmals g5 @ parl of the mechanical engingening design provess. This stucly ix for students in the
ENME 472 serdor capsiowe design course af Tie Unnversity af Marvland

FOOK INTRODUCTION

3. Motations should be made of the progress amd completion

Engincering notchooks are an imporiant part of the design
process. Leonards Da Vined used nodebooks (o record lus

inventions, Many documented benefits exist for the vser

such as:
*  Writing helps students leamn
= Gain o deeper umlerstanding
+  Enhance copnitive abilities inside and ouiside of
the classroom or lab
#  Better for practicing desigh

EXPECTATIONS

In order o participate in these study students must be
registercd v ENME 472, Students participating in this
sludy will be required Lo use the design journal durng lab
mectings and alse ouwtside during team mectings, This
studdy 15 designed (o incorporale the design journal inte the
mormal activitics that a 472 soedent would already he
participating in. This study just provides a medium to
record that process,

The design journals will be checked weeklyv by Nikki and
sigmed fo monitor student participaiion. This is to ensure
that the stedents are actually wsing the journals and not
waiting until the end of the semester 0 make eniries.

STUIDY DURATION

Students will participate for the entire semester. {135
weeks) The study will begin the 1% week of the fall 2011
SEMESIET,

RECORIMNG 1IN THE JOTURNAL
A design jowmnal is a permanent recod of what happemed
duning the design process, ie. the developmeni of the

design.

the ideas of its autho

all alternative designs considerad

decisions reached by the author and the design team
inferactions with oiher people and with organi zations
changes made along the way 1o the design
implementation low of projects, labs, etc.

=

All letters, sketches, photos, charts or computer printouts
pertinent 1o the design progect should be permanently put
i the design jowrmal with your initials and date, {use tape
Lo secure)

2.Dowt erase. Cross out errors and make a new eniny.
Entries should not be changed at a later date. bMake a new
chiry, pointing out any change.

of compounds, assemblies or models which are being
prepared for testing. These entiies should make clear, as
bv reference to a previous sketch, as o how the
compound or equipment is being made.

4.12on't leave bank arcas on a page. IF needed simply driver

aline through across that page,

S Mever, under any circumstance, should vou remove a

page. Also it is best if pages are not skipped in the design
Jourmal.

& Include detailed notes on all discussions and thoughts on

vour goals for the design project.

SUGGESTED REFLECTIVE QUESTIONS

The following questions are meant Lo stmulate afler a
team mecting, brainstorming scssion, analysis, design, or
inlemed searches.

-What decisions were made during this sesgion?

-What role did you contnbute to the lab session today?
-How dovou fecl about he progress vour feam is imaking
this weaek?

-What concepts or new ideas for the project do vea Iave?
=What was new and surprising (o vou today?

-What ideas did vou come up with today?

«Whal questions are lell unanswered?

=What are vour next action ifems?

PARTICIPANT COMPENSATION

Students whe consistently recond in the design joumals
will he compensated every 3 weeks with a 520 Gifi Card
to Bames and Moble that will be delivered electronically to
their e=mail address

EXIT INTERVIEW

At the conclusion of this study vou will be asked to
participate in a short exil swrvey on the effectiveness of he
implementation of the design journalz in engineering
LIMETSES,

QUESTIONS

This studv 1z baing managed by Sophovia “Nikki™
Westmorefand (472 Teaching Azmistamt)  wnder  the
supervision af her advizsor D Linda O Schaidy in the
Department of Mechanical Engineeving. Nikki can be
redehed af spwesfigymdedy or of 200-405-4518 in her
cifice. This studv has besn propevly approved by the
Linpversity af Muoland (R,

Figure 65 : Fall 2011 Design Journal Guidelines
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Design Journal Study

%)

WHO? Students in 472 Fall 2011 (Volunteer Study)

J

WHAT? Record the design process in a design journal
given to the student.

WHEN? Fall 2011 Semester (Starting today)
WHERE? Anywhere (Team Meetings, Lab Sessions, Home)

HOW? Carry the journal around and write in it

20 I 9

WHY? Design Research to find insights into types of
thinking that occurs during the design process

Students who participate will be compensated up to $60 in Barnes and Nobles e-gift cards

Figure 66: Design Study Intro Slide 1
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New Ideas

)f/)‘* ~ Example Journal Entries

Sketches
N Calcu.l.a.uon_s

Team Dynamics

Figure 67: Design Study Intro Slide 2
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DESIGN STUDY EXIT INTERVIEW

This interview is being recorded and all responses will be used for the purposes of this research praject and kept
confidential. All responses are confidential. Please answer all questions to the best of your ability.

STUDENT:

PROJECT:

INSTRUCTOR:

SECTION:

SEMESTER:

TIME in STUDY':

GENERAL

Did you ever make design notes during a previous design process? (Topic-Connections AND
Fasitive Impacts)

2. When did you fill out the journal? (Topic-Effectiveness of DJ during the Design Process)

3. How often did you go back and read what vou wrote? Did you add more notes or
notations when you went back? (Topic-Connections AND Positive Impacts)

4. Do vou think it added time to your design work? (Topic-Improvements in the Design Process)

5. Do you normally sketch? Did you sketch more with the design journals? (Topic-Sketching
During the Design Process)

6. Did you write more than you have in previous design courses? (Topic-Improved Thought
Process)

7. Did it feel awkward to use the design journal? (Topic-Negative Impacts)

8. Do you think design journals should be a course requirement in design courses? (Topic-
Recommendations)

9. Before participating in this study, what was vour idea of a design journal? (Topic-
Understanding)

10. Were the instructions clear enough for this study? (Topic-Journal Layout Questions)

11. Will you write design notes again during a future design process? (Topic-Connections AND
Fositive Impacts)

STUDENT SPECIFIC

1. Question 1

2. Question 2

3. Question 3

Thank You for Your Participation
11/8/2010 8:53 AM Page 1

Figure 68: Student Design Study Exit Interview Form
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Table 83: Cognitive Code Journal Examples
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Figure 69: Student Design Study 3 (Journal 1) Cognitive Code Results by Class
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Student Design Study 3 (Journal 3) Cognitive Codes Grouped by Class
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Figure 70: Student Design Study 3 (Journal 3) Cognitive Code Results by Class
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Student Design Study 3 (Journal 5) Cognitive Codes Grouped by Class
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Glossary

Lab Notebook- A permanent records of a scientists or engineers lab research work
created with a formal process of specifying stages of the scientific method and
recording the successes and failures. A lab notebook is usually kept in a Confidential
bound notebook with graph style green and white paper including the labels project
number, book number, title, date, witnessed and understood by me, invented by,
recorded by, and page numbers. Historically presented as proof of first to concept in
cases where patent disputes were handled in a court of law.

Design Journal- A formal record of text and visual representations during a design
process usually kept in a bound notebook with pages numbered and dated. The design
journals are a place to sketch concept drawings, write notes, make lists, record
reflections, and document design decisions. The design journal is a tool for engineers
and inventors to use for reflecting on the design process, prior analysis, and personal
reflections relating to the product being designed.

Personal Journal- A informal record with distinct entries that reports daily thoughts
and feelings about events usually kept in bound notebook with blank lined pages. The
content of a personal journal is usually considered confidential and used for self-
reflection and personal growth.

Cognitive Activities- In engineering design cognitive activities are defined as a set of
activities that are stimulated by design requirements and design tasks and end up at
the conclusion of the product design process. Cognitive activities include cognitive

processes and mental activities such as perception, thinking, etc. [104]
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Verbal Protocol Study — A method of having participants in a study “talks aloud”
while they are performing a specific task. It is thought that this form of talking while
performing mirrors the cognitive activity stream and therefore allows researchers to
have access to the mind while also allowing the participant to alleviate space in their
working memory[105]. Verbal protocol analysis can be applied in a variety of
research settings and disciplines.

Metacognition- Meta-cognition, an intentional monitoring of cognitive activities, can

be used as a guide to knowledge reuse [104].
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