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Abstract
The research presented in this paper explores how engineering students cognitively manage
concept generation and measures the effects of additional dimensions of sustainability on
design cognition. Twelve first-year and eight senior engineering students generated solutions
to 10 design problems. Half of the problems included additional dimensions of sustainability.
The number of unique design solutions students developed and their neurocognitive activation
were measured. Without additional requirements for sustainability, first-year students gener-
ated significantly more solutions than senior engineering students. First-year students
recruited higher cortical activation in the brain region generally associated with cognitive
flexibility, and divergent and convergent thinking. Senior engineering students recruited
higher activation in the brain region generally associated with uncertainty processing and
self-reflection. When additional dimensions of sustainability were present, first-year students
produced fewer solutions. Senior engineering students generated a similar number of solu-
tions. Senior engineering students required less cortical activation to generate a similar number
of solutions. The varying patterns of cortical activation and different number of solutions
between first-year and senior engineering students begin to highlight cognitive differences in
how studentsmanage and retrieve information in their brain during design. Students’ ability to
manage complex requirements like sustainability may improve with education.
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1. Introduction
Engineering design is a goal-oriented process to solve complex problems that involve
technical, economic, social and environmental dimensions (Pahl et al. 2007). Engi-
neering designers use a range of techniques to develop solutions to complex
problems. For example, framing the design problem in multiple ways (Wright
et al. 2015), applying structured design principles to generate new ideas (Cross &
Cross 1998), allowing time for reflection (Schön 1983) and engaging with stake-
holders (Bucciarelli 1988). No matter the technique or process, some form of idea
generation or concept generation is involved (Smith 1998; Goldenberg et al. 1999;
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Jonson 2005; Knoll & Horton 2010). Idea generation is arguably the most critical
phase of design because future solutions are dictated by the ideas generated during
this phase.

Idea generation also offers an opportunity to consider additional dimensions of
sustainability (Ashford 2004; Morris et al. 2007; Collado-Ruiz & Ostad-Ahmad-
Ghorabi 2010; Cucuzzella 2016). Dimensions of sustainability refer to an integra-
tion of economic performance, social inclusiveness and environmental resilience in
a balanced manner for the benefits of current and future generations (Chitchyan
et al. 2016; Pieroni et al. 2019). Integrating sustainability into engineering design
and adopting sustainable methods, such as passive design, biomimetic design and
circular economy, is crucial considering the economic, social and environmental
crisis (i.e., climate change, resources constraints and economic inequality) (Curran
2009; Pereira 2009). Design for sustainability sets higher requirements for engi-
neers to satisfy (Collado-Ruiz & Ostad-Ahmad-Ghorabi 2010; Ceschin 2014;
Maccioni et al. 2017) and might reduce the problem and solution space during
engineering design (Hay et al. 2017a).

Engineers must not only meet economic constraints, but also find solutions
with higher mutual environmental and societal benefits. Knowing when and how
to integrate additional dimensions of sustainability into the engineering design
process can be a challenge (Collado-Ruiz & Ostad-Ahmad-Ghorabi 2010; Ceschin
2014). For instance, providing engineers with environmental information too
early, or having them reflect on these dimensions too soon, can hinder their
creative ability due to fixation (Collado-Ruiz & Ostad-Ahmad-Ghorabi 2010).
Finding methods that promote sustainability as a driver for creative solutions is
essential (Klotz et al. 2019).

Developing engineers who can create design solutions to meet sustainability
challenges is increasingly part of engineering education (Dym et al. 2005; Allenby
2011). Teaching design for sustainability requires students to push past traditional
problem-solving approaches (Mills & Treagust 2003; Dym et al. 2005; Daly et al.
2012, 2014). Students must use new search processes that include empathy
(Blizzard 2013), systems thinking (Cardenas et al. 2010) and draw on requisite
knowledge from the physical and social sciences (Klotz et al. 2018).

Engineering design is a complex cognitive process that relies on a set of explicit
(knowing that) and tactical skills (knowing how) developed through experience
(Schön 1981). Engineering design is not an assembly of a solution from existing
components, but instead a search process for appropriate solutions using all
cognitive means necessary to gain a new perspective on the problem at hand
(Howard et al. 2008). Including more dimensions about sustainability inevitably
makes this cognitive process more challenging because it requires cognitively
managing multiple dimensions during design (Hu et al. 2019).

To help refine engineering education so students can efficiently create solutions
that enhance outcomes for sustainability will require a better understanding of the
cognitive processes involved in design (Cross 2001) and design for sustainability
(Hu & Shealy 2018). Investigating cognitive differences of engineers’ behaviour
between novice and trained engineers can also provide new insight for design
education (Newstetter &McCracken 2001; Cross 2004). Trained engineers tend to
use more structured approaches to design. This can limit the number of cognitive
processes that designers use as a control or inhibitor to cognitive activation
(Kavakli & Gero 2003).
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Methods for measuring design cognition for sustainability are generally limited
to protocol analysis (Ericsson & Simon 1984; Van Someren et al. 1994; Gero &Mc
Neill 1998), ethnography, posttask surveys and observation (Coley et al. 2007).
These methods require extensive resources to obtain reliable results. Recent
advances in neuroscience now enable more direct measure of design cognition
for sustainability to supplement behavioural analysis (Goucher-Lambert & Cagan
2015; Seitamaa-Hakkarainen et al. 2016; Goucher-Lambert et al. 2017; Gero &
Milovanovic 2020).

In this paper, a combined approach is used to explore students’ performance to
address engineering design problems and how students cognitively manage addi-
tional dimensions of sustainability. Students’ neurocognitive activation was mea-
sured while generating solutions to brainstorming tasks with or without additional
dimensions of sustainability. Functional near-infrared spectroscopy (fNIRS) was
used to measure neurocognition. The objective of the research was to identify
underlying neurocognitive processes in first-year and senior engineering students
when brainstorming and measure the effect of including additional dimensions of
sustainability in the design problem. Better understanding the neurocognitive
activation associated with this type of cognitive design process is the first step to
provide a framework to train engineering students to leverage sustainability, rather
than let it inhibit, more creative solutions (Klotz et al. 2019).

The paper begins with an overview of different methods to help designers
generate ideas. This is followed by an explanation about why sustainability
challenges in engineering are important prerequisites for engineering design.
The challenge to integrate design, creativity and sustainability into the engi-
neering curriculum is also raised. The background section is followed by the
research questions, which explore the neurocognitive activation patterns dur-
ing concept generation and the effects on neurocognition when additional
dimensions of sustainability are included in the design problem. The method-
ology combines measures of neurophysiology and behaviour to understand
differences in idea generation between first-year and senior engineering stu-
dents, with and without additional dimensions of sustainability. The results
include independent t-tests and paired t-tests performed on behavioural and
neurocognitive data to explore differences between the two participant groups
(first-year and senior engineering undergraduate students) for two types of
tasks (concept generation and concept generation when design problems
contain additional dimensions of sustainability).

2. Background

2.1. Design ideation in engineering

Designing is a reflective process (Schön 1983), based on an iteration of problem
formulation, idea generation and evaluation of the proposed concepts to formalize
design solutions. It relies on a set of cognitive processes that promote an alternation
of divergent and convergent thinking (Goldschmidt 2016), and of problem and
solution space exploration (Maher & Poon 1996; Dorst & Cross 2001). Idea
generation aims to address a given design problem by the proposal of multiple
ideas. Divergent thinking serves to explore the solution space by formulating
multiple design possibilities. As design problems are considered ill-structured
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(Simon 1973), the proposal and evaluation of multiple concepts is a way to reframe
and structure the problem space and begin the design process again.

Concept generation is a crucial part of the design process and supports
designers’ reflective conversation with the concepts being developed (Schön
1992). The underlying objective of promoting concept generation is to support
creativity and innovation in the design solutions generated. Many tools are
available to encourage concept generation (Goldenberg et al. 1999; Jonson 2005;
Knoll & Horton 2010). Each technique relies on diverse strategies (Smith 1998).
For instance, morphological analysis depends on an analytical strategy to decom-
pose the problem and systematically associate a partial solution to subproblems to
stimulate unconscious thought (Allen 1962). Brainstorming is another approach. It
builds upon suspending judgement and criticisms during ideation to increase the
flow of ideas (Osborn 1993). The generation of multiple solutions for later
evaluation increases the chance for better design and serves to avoid fixation on
an initial solution (Ball et al. 1998). Indeed, studies support that the number of
ideas generated correlate positively with the creativeness of those ideas (Osborn
1993; Paulus et al. 2011).

Learning how to design and be creative is part of the engineering education
process. Students rely on these skills to address real world engineering problems. A
common instructional approach to teaching idea generation in engineering
courses is to challenge students with open-ended problems without defined target
products. The openness of problems can entice the flow of ideas among students
(Daly et al. 2014). Idea generation tools such as brainstorming and concept
generation can be integrated into engineering courses to improve the type of
solutions students develop (going beyond basic principles) and promote creativity
(Daly et al. 2012).

2.2. Importance of integrating sustainability into engineering
design

The proposal of ideas is a way to explore the problem space by reframing it through
the evaluation of the concepts generated. Engineering design problems are com-
plex as they aim to resolve both technical, social and economic parameters.
Environmental factors should not be disregarded (Goucher-Lambert & Cagan
2015). Issues such as climate change, resource constraints and rising poverty
highlight the need to pursue more sustainable solutions that meet current needs
without compromising the ability of future generations to do the same (Brundtland
1987). Government organizations (EPA 2007), professional societies (ASEE 1999),
national academies (NAE 2008) and foundations (National Science Foundation
2009) recognize these needs and call for more participation among engineers.

To explore the impact of considering sustainability in the design of trans-
portation, consider an engineer tasked with alleviating congestion on a highway.
Guided by conventional design theory and processes, an engineer may consider
the level of service on the existing roadway and decide to add more road lanes to
reduce congestion. However, such a design solution could be counterproductive,
or further exacerbate the initial problem by induced demand (Lee et al. 1999;
Hymel et al. 2010). Adding a new road lane will bring new automobile drivers,
and over time, typically within 5 years, it leads to an increase in traffic (Noland
2001; Cervero 2003).
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Adding design constraints for sustainability can entice creative solution gen-
eration (Litman & Laube 2002; Fini et al. 2018). For example, the development of a
subway system was not economically feasible in Curitiba, Brazil and an investment
to expand their highway system was not socially acceptable given only 10 per cent
of their population owned vehicles. These economic and social constraints encour-
aged engineers and planners to propose a radically different idea: to repurpose
existing road lanes into bus rapid transit lanes. At the time, removing existing road
lanes to reduce traffic seemed counterintuitive but it helped alleviate traffic, and
today residents enjoy the lowest per capita transportation costs and best air quality
in the country (Lindau et al. 2010).

Sustainable design solutions, like the example of Curitiba, are more likely to
emerge from a design approach that includesmultiple dimensions of sustainability.
TheMayor of Curitiba explained ‘…creativity starts when you cut a zero from your
budget. If you can cut two zeroes, it’s much better’ (Lerner 2007). In other words,
the presence of economic constraints led to a more sustainable outcome.

Engineers need technical and analytical skills to undertake engineering design
but they also need to consider how their design affects broad dimensions of
sustainability such as local development, health and downstream pollution
(Azapagic et al. 2005; Staniškis & Katiliūtė 2016). Engineers should learn how to
take advantage ofmethods such as passive design (Bhikhoo et al. 2017), biomimetic
design (Linke & Moreno 2015) or circular economy (Pieroni et al. 2019) to solve
engineering problems. Sustainability requirements are as important as technical
ones, and should be integrated early because introducing them later into the design
process creates less opportunity for change (Gervásio et al. 2014), and often results
in ‘greenwashing’ (Kapalko 2010). Creative design and innovation are necessary to
go beyond social and cultural boundaries (Cucuzzella 2016). Cucuzzella (2016)
identified four levels of design for sustainable innovations: product improvement,
product redesign, function innovation and system innovation. The later tackles
sustainable issues at a global scale, challenging existing social and cultural assump-
tions to exceed beyond a mere artifact redesign.

2.3. Educating engineering students about sustainable design

Teaching sustainability calls for a transdisciplinary approach to foster system
innovation (Ashford 2004). Active learning is best suited to teach transdisciplinary
skills and systems thinking needed to tackle sustainable development projects
(Mulder et al. 2012). A lack of consistent integration of active learning and focus
on sustainability in courses across engineering programs still persist, even though
recent progress has been made in that direction (Siller 2001; Azapagic 2005; Chau
2007; Huntzinger et al. 2007). The process of integrating sustainability in engi-
neering curriculums is still an active area of research (Lozano 2010; Bielefeldt
2013).

Students learning to design for sustainability are encouraged to develop com-
plex cognitive skills to resolve both abstract and applied problems (Salganik &
Rychen 2003; Barth et al. 2007; Lambrechts et al. 2013). For example, sustainable
thinking is a key element into a paradigmatic shift from designing things right to
designing the right things, meaning that it aligns with current needs without
compromising future generations (Cardenas et al. 2010). Sustainable design has
the potential to integrate both paradigms to design the right things right.
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Creative brainstorming is a necessary tool in education to help students frame
complex and intertwined concepts and find ideas during design ideation (Kajzer
Mitchell & Walinga 2017). Requiring students to practice brainstorming concepts
that also meet sustainability requirements is effective in teaching and learning
about sustainable design. It can enhance higher-order thinking skills (Fini et al.
2018). Adding sustainability as a design requirement in the educational context is
also a driver for the development of students’ creativity (Bremer et al. 2010).
Creativity is fostered through design for sustainability, as the aim of this type of
design is not only to provide a solution to the design problem but to question the
problem itself (Morris et al. 2007).

While engineering education ismeant to help students cognitively deal with the
complexity of sustainability through training and the use of more structured
approaches for design, education attainment and prior knowledge can result in
design fixation (Genco et al. 2012). Designers with expertise are more likely to
attach new design concepts to their initial and early solution concepts and fail to
consider more radical alternatives (Cross 2011; Genco et al. 2012). To address
complex and interdisciplinary sustainability problems, engineers need to generate
a wide range of alternative solutions, sometimes outside of industry norms (Cross
2004). Education provides both positive and potentially negative effects through
fixation and reliance on learned industry norms during design.

2.4. Measuring design neurocognition to reflect on design
education in engineering

Including sustainability into the design processes adds more requirements to an
already cognitively complex process. The effect of adding sustainable constraints
when generating design solutions is not well understood. Including sustainable
requirements makes engineering design problems more complex and brings into
question ways to teach engineering design.

Prior design studies usually measure design cognition (i.e., high-order think-
ing or creative thinking) through self-report or protocol analysis (Ericsson &
Simon 1984). Both self-report and protocol analysis are limited in their ability to
explain how the designer cognitively processes and manages dimensions of
sustainability. Advances in cognitive neuroscience offer an opportunity for
design researchers to explore cognitive activation in the human brain during
design. Methods from cognitive neuroscience provide an objective measurement
representing changes in design cognition (Borgianni & Maccioni 2020; Gero &
Milovanovic 2020).

2.4.1. Role of the prefrontal cortex in design cognition
The prefrontal cortex (PFC) is a critical brain region for problem solving and
decision-making (Siddiqui et al. 2008). The cognitive functions of the PFC include
executive control functions, attention, working memory, planning and inhibition.
These functions play important roles during design ideation (Gibson et al. 2009;
Goel 2014). Prior research highlights how the PFC in the right and left hemispheres
perform distinct functions in concept generation. The right PFC is more active in
divergent thinking and sustained attention (Cabeza & Nyberg 2000; Moore et al.
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2009). The left PFC shows more activation in goal-directed planning and making
analytic judgments (Aziz-Zadeh et al. 2013; Luft et al. 2017).

Subregions in the PFC are also involved in varying functions necessary for
concept generation. The dorsolateral prefrontal cortex (dlPFC), in both hemi-
spheres, are active during creative thinking and making new associations
(Funahashi 2017). Creative tasks tend to activate the right dlPFC more strongly
(Shealy et al. 2018). Literature about the right dlPFC is also known to contribute
to exploration (i.e., without rules) and improvization; for example, electric
stimulus to the right dlPFC increases performance among novice jazz musicians
(Rosen et al. 2016). The right dlPFC is known to be a critical area for creative
design tasks (Hay et al. 2019). Ventrolateral prefrontal cortex (vlPFC) is asso-
ciated with self-reflection (left vlPFC) and uncertainty processing (right vlPFC)
(Levy & Wagner 2011; Herwig et al. 2012). The medial prefrontal cortex (mPFC)
is involved in memory retrieval and design empathy (Seitz et al. 2006; Euston
et al. 2012).

Among engineering students, an intervention involving concept mapping
reduced cognitive activation in the dlPFC but lead to more concepts generated
among students (Hu et al. 2019). More structured concept generation tech-
niques, such as TRIZ can also decrease cognitive load broadly across the dlPFC
compared to brainstorming (Shealy et al. 2018). Brainstorming usually
demands bilateral coordination between the left and right PFC (Shealy & Gero
2019).

2.4.2. Effect of design education and expertise on brain activation
A direction of prior design cognition research explores how interventions, exper-
tise, training and education change patterns of brain activation (Berkowitz &
Ansari 2010; Huang et al. 2013; Benedek et al. 2014; Yang 2015; Borgianni &
Maccioni 2020). Expert designers elicit significantly higher activation in their PFC
compared to novices during creative conceptual imagination tasks (Liang et al.
2019). Experts produce higher creative quality products than novice designers and
elicit higher activation in their right hemisphere (Sun et al. 2013). Sun et al. (2013)
also found that the use of text as an intervention when sketching is effective to
increase the activation in the right hemisphere associated with diverse analytical
thinking. Although neurocognition among designers is not that straightforward.
Skilled musicians show deactivation or reduced activation compared to novice or
nonmusicians during music improvization (Berkowitz & Ansari 2010) and music
matching tasks (Petrini et al. 2011). Hu and Reid (2018) also found that contextual
experience (i.e., prior experience with specific design context) has a negative effect
on designers’mental state associated with creativity and also limited the novelty of
their proposed solutions.

3. Research questions
The complexity of engineering design cognition and the additional dimensions of
sustainability during design motivated the study presented in this paper. Engi-
neering education should help students manage these complexities (Collado-
Ruiz & Ostad-Ahmad-Ghorabi 2010; Hu et al. 2019). In particular, during the
concept generation phase to ensure the right types of solutions are being put
forward. The purpose of this study was to explore how first-year and senior
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engineering students develop design solutions and cognitively manage aspects of
sustainability. The research questions are:

(i) How does the year of educational training in engineering influence students’
ability to generate solutions?

(ii) How do additional dimensions of sustainability influence students’ ability to
generate solutions?

3.1. Hypotheses

The number of unique solutions generated (the behavioural component) and the
cortical activation in the PFC (the neurocognitive component) were the two factors
measured. Engineering students are trained and practice concept generation
during their undergraduate education, so the first hypothesis is that senior under-
graduate engineering students generatemore solutions and generate solutions with
less cognitive effort (measured from changes in oxygenated blood in the PFC). The
expectation is concept generation will require a greater diversity of active brain
regions as well as greater intensity of activity (i.e., greater amplitude of oxygenated
blood in the PFC) among first-year students compared to senior students.

The senior engineering students who participated in the study were trained in
sustainability through their coursework. The second hypothesis is senior under-
graduate engineering students manage the additional dimensions of sustainability
with more cognitive ease. In other words, they generate more ideas to address
sustainable design problems than first-year engineering students with less cogni-
tive effort.When dimensions of sustainability are included, the hypothesis is higher
cognitive effort in the dlPFC is recruited from both groups but less among senior
engineering students compared to first-year engineering students.

4. Methods

4.1. Experimental design

This study was approved by the Institutional Review Board at Virginia Tech.
Engineering undergraduate students (n=23, 12 first-year students and 11 seniors)
participated in the study. All senior engineering students reported they have taken
courses related to sustainability. Students either took a course titled Sustainable
Systems or Sustainable Infrastructure. None of the students took both courses.

Students were given 10 engineering design problems based on Richard Smal-
ley’s list of the most pressing issues facing humanity in the next 50 years (Smalley
2003). Any list of design problems like this is inherently limited, but this list was
previously used for similar tasks in similar studies with engineering students in
college (Blizzard & Klotz 2012). It also provides design problems with which
previous engineering students were familiar and tasks that span across environ-
mental, social and economic dimensions of sustainability (Blizzard et al. 2015).

The design tasks were also checked for content validity with three experts in
engineering education and a group of 15 graduate engineering students. The
graduate engineering students were asked to brainstorm solutions to the 10 prob-
lems and then rate the level of difficulty of each problem. Students reported in
interviews that there was little difference in task difficulty between the problems.
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The problems spanned topics including renewable energy, water quality, poverty
and air pollution.

Students who participated in the research received the engineering problems in
random order. The 10 problems were randomly divided into two categories: five
were not given any additional dimension of sustainability and another five were
given additional requirements for sustainability. The topics that received the
additional dimension of sustainability were randomly selected out of the 10. The
five tasks without additional specific dimensions of sustainability included: ‘Pre-
vent accident deaths in a busy intersection’, ‘Alternative power generation sources
other than coal for Haiti’, ‘Provide water in rural African villages’, ‘Remove carbon
dioxide from the atmosphere’ and ‘Reduce slum populations in developing coun-
tries’.

The other five tasks that included additional dimensions of sustainability were:
‘Heat a house in winter. Your solution cannot include mechanical systems’
(i.e., passive design), ‘Reduce construction waste going to the landfill. Your
solution must reuse discarded objects to create new products’ (i.e., circular econ-
omy), ‘Prevent water body contamination in cities. Your solutions must mimic or
include processes found in nature’ (i.e., biomimicry), ‘Reduce traffic congestion in
and around Washington, DC. Your solution must minimize demand for cars’
(i.e., human-centered solutions) and ‘Protect New York City against another Super
Storm Sandy. Your solution must also restore nature’ (i.e., natural systems and
resilience).

The presence of additional sustainability requirements is explicit in some tasks,
such as a forced inclusion of environmental benefits in the solution, while in other
cases the additional sustainability requirement is derived from imposing a specific
sustainable design method, for example, biomimicry or passive design. The ran-
domization of tasks that received the additional dimensions of sustainability and
the averaging of the number of outcomes and neurocognitive response over the five
tasks, described in more detail in the analysis techniques section, helped limit the
possible effect of an individual task on the overall data. In addition to the broad
integration of sustainability requirements taken from similar prior experiments
(Klotz et al. 2014; Blizzard et al. 2015; Hu & Shealy 2018), the use of multiple tasks
offers a more comprehensive understanding about the broad effects of adding
dimensions of sustainability and enabled a more broad contribution to the under-
standing of design cognition for sustainability.

Students were given 60 seconds to develop asmany solutions as possible to each
problem. Following each 60-second concept generation session, students were
given a 30-second rest period before the next design problem. In total, the
experiment lasted around 16.5minutes. The timing of 60 seconds for each task
was based on pilot studies (Grohs et al. 2017; Shealy et al. 2017). The time frame for
the resting period was chosen considering the pattern of human cortical activation.
The 30-second time frame is double the length of the typical hemodynamic
response for a cognitive task (Pinti et al. 2015). The purpose of the 30-second rest
period was to bring the activated brain regions back to a resting state before the
next task. In a pilot study, data and video recordings captured a spike in the
cognitive activation in the PFC during the rest period. In discussion with partic-
ipants during the pilot study, students described reflecting on their performance
during this rest period. To reduce this reflection, basic arithmetic questions were
included every 10 seconds during the 30 second rest period. These arithmetical
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problems do require cognitive activation in memory but less processing and effort
than concept generation or reflection, and the region of activation is not the same
(Dresler et al. 2009). The experimental design is outlined in Figure 1.

During the concept generation task, students verbally described their design
solutions and a researcher tallied the number of unique solutions for each task. For
example, a participant who suggested to reduce construction waste by integrating
cut timber from the job site into the constructed building and developing a
recycling program would receive two tallied solutions. Repeated answers, for
example, mentioning a recycling program twice for the same engineering task
was recorded only once. Metrics for measuring design ideation usually includes
quantity, quality, novelty and variety (Shah et al. 2003). Experiments about concept
generation, generally requires suspended evaluation, and are typically evaluated
based on the number or novelty of solutions generated (Kudrowitz & Wallace
2013). In this study, the quantity (i.e., number of unique responses) was the main
measurement because of its objectivity and prior literature demonstrating that the
higher the fluency, the higher the novelty of solutions (Hocevar 1979; Paulus et al.
2011; Kudrowitz & Wallace 2013; Shiu 2014). Novelty is related to fluency
(Hocevar 1979; Paulus et al. 2011; Kudrowitz & Wallace 2013; Shiu 2014). The
quality of solutions is also important for design but generally in phased concept
generation sessions, assessment of the quality of solutions is reserved for after the
concept generation phase is over.

4.2. fNIRS data acquisition

fNIRSwas used tomeasure change in cognitive activation. fNIRS is unique compared
to functional magnetic resonance imaging (fMRI) because fNIRS allows participants
to operate a computer or perform a task in an upright sitting position (Eysenck &
Keane 2015). A drawback of fNIRS compared to fMRI is that fNIRS is unable to
capture subcortical activation in the brain due to limited power of the light emitted
into the cortex. Although, brain regions critical for design cognition, such as the PFC,
are adequately accessible with fNIRS (Strait & Scheutz 2014). Another instrument
used frequently in neurocognition research is Electroencephalogram (EEG). Com-
pared to EEG, fNIRS has higher spatial resolution and allows for better detection of
change in cortical regions of the brain (Eysenck & Keane 2015). A limitation of
fNIRS is that it fails to capture the activation on the order of milliseconds like EEG.

Figure 1. Block design process.
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fNIRS is safe, portable and noninvasive. It is worn as a cap, similar to EEG, and
emits light at specific wavelengths (700–900 nm) into the scalp. The light scatters,
and some is absorbed, before reflecting back to the sensor. The deoxy-hemoglobin
(deoxy-Hb) and oxy-hemoglobin (oxy-Hb) absorbmore light thanwater and tissue
in the brain. The relative concentration of oxy-Hb is calculated from the photon
path length, based on the Modified Beer–Lambert Law. The assumption with
measuring oxy-Hb is when neuronal activity is increased in one part of the brain,
there is also an increased amount of cerebral blood flow to that area (Glimcher &
Fehr 2013). This increase in blood flow produces an increase in the ratio of oxy-Hb
relative to deoxy-Hb in that specific area. Both are measured with fNIRS, though
typically only the oxy-Hb is reported in fNRIS studies (Hu & Shealy 2019).

fNIRS sensors, including light sources emitting the near-infrared light and
detectors measuring the reflected light, were placed along the prefrontal frontal
cortex so that fNIRS instrument will capture the change in hemoglobin in this
region of interest. Figure 2 shows a participate wearing the cap and the brain
regions covered by the sensors. In total eight sources and eight detectors were
placed along the left and right hemisphere (four sources and four detectors on each
hemisphere) of the scalp. These sensors and detectors composed 18 channels. A
channel is the connection between one light source and one neighbouring detector.

4.3. Analysis techniques

The data collected in the study included the behavioural data (number of solutions
generated in brainstorming tasks) and neurocognitive data (change in Oxy-Hb
using fNIRS in the PFC). Statistical methods, including two-way ANOVA, two
sample t-tests and paired t-tests, were used to compare the difference between first-
year and senior engineering students and the effects of added dimension of
sustainability on engineering design cognition.

For each subject, the number of solutions in each task was counted and
averaged respectively to obtain the number of solutions when additional dimen-
sions of sustainability were and were not present. This averaging technique
reduced the possible effects from different design problems. The statistical method
used to compare the number of solutions was a two-way mixed-design ANOVA
with repeated measure on one factor between first-year and senior engineering
students when dimensions of sustainability were and were not present.

Figure 2. fNIRS placement along the frontal cortex.
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fNIRS raw data were processed using the package of HomER 2 NIRS in Matrix
laboratory (MATLAB) (Huppert et al. 2009) and only oxy-Hb response was
analysed and reported since it has relatively higher amplitudes and sensitivity than
deoxy-Hb (Cazzell et al. 2012). The algorithm of hmrMotionArtifactByChannel,
hmrMotionCorrectSpline and Band-pass filter (0.03–0.2Hz in 3rd order) in
HomER 2 was used to remove and correct motion artefacts and other noises
(e.g., instrumental noise and psychological noise) (Yücel et al. 2014; Naseer &
Hong 2015). Due to a bad signal, data from three subjects were removed from the
analysis. Among the remaining 20 participants (average 19.5� 1.64 years old, 10
females, right-handed), 12 were first-year engineering students and eight were
senior engineering students.

A block averaging technique was applied for additional noise removal (Kirilina
et al. 2013). The change of oxy-Hb in the five nonparameter tasks were averaged for
each subject. The 30-second baseline data for each individual participant was
subtracted from each channel when additional sustainability dimensions were or
were not included in the brainstorming task. The resulting processed data are
representative of the increase in neurocognitive activation due to the task.

To analyse cognitive difference between first-year and senior students, fNIRS
data were averaged channel by channel across the sample of first-year and senior
engineering students. This averaging approach follows similar previous fNIRS
studies (Bunce et al. 2011; Glotzbach et al. 2011; Ferrari & Quaresima 2012). The
result is two series of data that represents the average oxy-Hb responses in the PFC.

To analyse neurocognitive difference among engineering students when addi-
tional dimensions of sustainability were present in the task, fNIRS data were
averaged across all samples in the tasks without additional dimensions of sustain-
ability and in the tasks when additional dimensions of sustainability were present.
A Bonferroni correction was applied to increase the confidence interval from 95%
(p< 0.05) to 99.998% (p< 0.002). The Bonferroni correction was to control
the familywise error rate when using multiple t-tests. Two sample t-tests and
paired t-tests were performed to compare the difference in cortical activation
between first-year and senior students.

5. Results
The results are presented in the order of the research questions. First, the number of
unique solutions generated and differences in neurocognition between first-year
and senior students. The subsequent subsections describe the influence of the
additional dimension of sustainability on the number of solutions engineering
students were able to generate and the effect on their neurocognition.

5.1. First-year students produced significantly more solutions
than seniors when brainstorming

A two-way Analysis of Variance (ANOVA) with repeated measure was performed
to compare the number of solutions generated by first-year and senior students,
with and without dimensions of sustainability. First-year and senior engineering
students generated a significantly different (F(1,39) = 9.12, p=0.007) number of
solutions when additional dimensions of sustainability were not included.
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A posthoc Tukey test suggests significant difference within subjects (t=25.92,
p< 0.001) but not between subjects. An independent t-test identified the difference
is between subjects when additional dimensions of sustainability were not included
(t=2.19, p=0.04). The first-year engineering students generated significantlymore
solutions (5.63� 2.14) than the senior engineering students (4.10� 0.92) with a
large effect size (Cohen’s d=0.92). Figure 3 illustrates the number of solutions
generated by first-year and senior engineering students in the two types of
engineering design problems.

5.2. Neurocognitive differences are observed between
first-year and senior engineering students during the
brainstorming tasks

Cortical activation (i.e., the level of oxy-Hb) in 14 out of 18 channels is significantly
(p< 0.002) different between first-year and senior engineering students when
generating concepts. First-year students recruited significantly more cognitive
activation in 11 out of the 14 channels. The most significant difference between
first-year and senior engineering students occurred in the left and right dlPFC.
First-year students recruited and sustained higher cognitive activation for a longer
period of time in the dlPFC compared to senior students. This increased cognitive
activation suggests more cognitive resources allocated to this region of the brain
when generating design solutions by first-year students. The dlPFC plays a critical
role in working memory (Zhang et al. 2003), cognitive flexibility (Grattan et al.
1994) and abstract reasoning (Kroger et al. 2002). Figure 4 shows the significant
differences in activation between first-year and senior engineering students in four
of the channels located in the dlPFC. The shaded areas in the figure represent the

Figure3.Average number of solutions generated by first-year students and seniors in the brainstorming tasks.
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standard error among participants. The effect size in all 11 channels was large
(Cohen’s d> 0.8).

Senior engineering students produced significantly higher levels of activation in
three channels, located in left and right vlPFC, shown in Figure 5. Previous research
suggests that the left vlPFC is recruited for self-reflection during decision-making
(Herwig et al. 2012). While the right vlPFC is recruited to handle uncertainty
processing (Levy & Wagner 2011). This result might suggest senior engineering
students allocatedmore cognitive resources for self-reflection of their solutions and
processing uncertainty, and less cognitive resources might have been available for
the dlPFC, associated with divergent and convergent thinking.

5.3. Including dimensions of sustainability reduces the number of
solutionsgeneratedby first-year engineering students but not
senior engineering students

A paired t-test indicated that additional dimensions of sustainability significantly
reduced the number of solutions generated by first-year students (t=5.02,

Figure 4. Higher cognitive activation in the dlPFC among first-year students engineering students when
generating concepts.
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p<0.001, with a large effect size) but not for seniors (t=2.01, p=0.08), illustrated
in Figure 3. The number of solutions senior engineering students generated
remained consistent with and without additional dimensions of sustainability.
Three out of eight seniors generated more solutions when dimensions of sustain-
ability were required. There was no significant (p=0.49) difference in the number
of solutions generated by first-year and senior engineering students when addi-
tional dimensions of sustainability were required. In other words, the additional
dimension of sustainability only had an effect on first-year engineering students’
ability to generate solutions. However, more years of training in engineering did
not facilitate senior engineering students to generate more sustainable solutions to
engineering problems than first-year students.

5.4. Both first-year and senior engineering students use more
cognitive resources when generating solutions to meet
additional dimensions of sustainability

The repeated ANOVA indicates that the cortical activation of all the engineering
students was significantly higher in the left vlPFC and dlPFC when the additional
dimensions of sustainability were added. Figure 6 illustrates the cognitive differ-
ence in two channels located in the dlPFC and vlPFCwhen generating solutions for
both types of tasks. As mentioned before, the left vlPFC is associated with self-
reflection. The left dlPFC is generally associated with playing an active role during
convergent thinking and making analytic judgements (Luft et al. 2017). Higher
activation in these two regions in the left hemisphere means more cognitive
resources are recruited when additional dimensions of sustainability are added
to the concept generation task.

Further analysis of students’ neurocognition when focusing on tasks with
additional dimensions of sustainable between the two groups of students shows
the underlying mechanism that differs between them. When generating solutions
for the problems with the additional dimension of sustainability, first-year engi-
neering students recruited significantly (p< 0.002) higher levels of activation in
10 channels located in the left and right dlPFC with large effect sizes. This increase

Figure 5. Higher cognitive activation in the vlPFC among senior engineering students when generating
concepts.
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in activation occurs without first-year students generating an equal number of
solutions as the tasks without the added dimension of sustainability.

Averaged over all channels in the PFC, first-year engineering students
recruited more cognitive resources than senior engineering students. The first-
year and senior engineering students produced a similar number of solutions
when the additional dimension of sustainability was present. The senior engi-
neering students were more cognitively efficient in their ability to generate
sustainable solutions compared to the first-year engineering students. Meaning,
senior engineering students required less cognitive resources to generate each
solution compared to the first-year engineering students. Within the subregions
of the PFC, first-year engineering students recruited more cognitive activation
specifically in the dlPFC, but this group required significantly (p< 0.002) less
cognitive resources in two channels located in the left vlPFC compared to the
senior engineering students. An increase in activation in the left vlPFC among
senior engineering students might suggest seniors recruited more cognition for
self-reflection than first-year students (Fiez et al. 1996; Ranganath et al. 2003;
Deppe et al. 2005).

Figure 6.Higher cortical activation in the vlPFC and dlPFC among first-year and senior engineering students
when including additional dimensions of sustainability.
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6. Discussion
Quantity is one of the criticalmetricsmeasuring the effectiveness of design ideation
(Shah et al. 2003). Ball et al. (1998) point out that during the ideation phase of
engineering design, generatingmore design alternatives is beneficial to increase the
chances of a better final design. Theorists and educational professionals teach
ideation during engineering design by generating a wide range of alternative
solutions (Osborn 1993; Cross 2004; Paulus et al. 2011). Ideally, engineering
education is supposed to enhance the ability of students to generate more solutions
to engineering design problems (Yilmaz et al. 2014). However, the results pre-
sented in this paper seem to suggest the opposite. In the design tasks without added
dimensions of sustainability, senior engineering students, with more years of
engineering education, failed to generate a larger range of solutions compared
with first-year engineering students.

The fewer solutions produced by senior engineering students might be
explained by concept fixation. Usually, designers with more expertise have the
tendency to fixate on their early solutions and are reluctant to generate more
alternatives (Genco et al. 2012). On the other hand, generating a wide range of
alternative concepts may not always benefit design quality, therefore generating a
limited number of alternatives can be an appropriate strategy (Cross 2004).

The cortical activation captured by fNIRS offers neurocognitive explanations
about the difference in the number of solutions generated by first-year and senior
engineering students. First-year students recruited more activation in the brain
region associated with working memory, cognitive flexibility and abstract reason-
ing (dlPFC). Senior engineering students recruited more activation in the brain
regions associated with uncertainty processing and self-reflection in decision-
making (vlPFC).

A possible explanation for the higher activation among senior engineering
students in the vlPFC is that the senior engineering students felt uncertain about
their ideas and applied a filter to evaluate and reflect if their answer was acceptable
prior to verbally providing the solution. This result seems consistent with the
findings in previous research, which found that undergraduate engineering stu-
dents spend more cognitive effort analyzing their solutions (Lammi & Gero 2011)
while high-school students generate more ideas without further evaluation about
their ideas (Kavakli & Gero 2002). The increased activation among first-year
students in the right and left dlPFC provides supporting neurocognitive evidence
for why they generated significantly more solutions. First-year students increased
involvement of their right dlPFC. This region is usually associated with divergent
thinking in creative tasks (Moore et al. 2009; Zmigrod et al. 2015). First-year
students also recruited more activation in their left dlPFC. This region is generally
associated with convergent thinking in creative tasks (Luft et al. 2017).

6.1. The effects of adding dimensions of sustainability
during ideation

Sustainability is generally regarded as a design constraint limiting the engineering
design processes (Collado-Ruiz & Ostad-Ahmad-Ghorabi 2010). Concerns about
the ability of engineering students to contribute to sustainable design continue
to persist (Carew & Mitchell 2008; Davidson et al. 2010; Khalili et al. 2015).
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The results presented in this paper find that requiring students to meet additional
dimensions of sustainability increased the difficulty of design concept generation.
Students had to recruit more cognitive resources to complete the tasks when
additional sustainability requirements were presented.

First-year engineering students were unable to generate as many solutions to
the problems with additional dimension of sustainability as they generated when
sustainability was not a requirement. These first-year engineering students may
not have adequate knowledge about sustainability or design methods to manage
this added complexity. Senior engineering students were less affected by the
additional dimensions of sustainability. They recruited more cognitive resources
but were able to generate a similar number of solutions compared to the tasks
without the added dimensions of sustainability. The difference in outcomes
between first-year and senior engineering students offers new evidence that
engineering education may support the objective of enhancing student capabilities
to cognitively manage the added complexities required for sustainable design.

The neurocognitive evidence suggests that both first-year and senior engineer-
ing students recruited significantly more cognitive resources to complete the
ideation tasks when sustainability was a requirement. This result is consistent with
prior studies that find increasingly difficult tasks produce increasingly higher
activation in the PFC (Petkar et al. 2010; Nguyen & Zeng 2017). However, first-
year and senior engineering students appear to use different neurocognitive
strategies to handle the design constrains associated with sustainable design. The
differences in neurocognitive activation between first-year and senior engineering
students were observed when sustainability was not a requirement but becomes
more pronounced when sustainability was added to the concept generation tasks.

Adding dimensions of sustainability triggered more neurocognitive activation
in the dlPFC for first-year students. Senior engineering students recruited more
neurocognitive resources to the vlPFC, the brain region generally associated with
self-reflection. A possible explanation for the contradiction between first-year
students’higher neurocognitive activation and fewer solutions is that they continue
to cognitively search for solutions but do not have the knowledge basis or
experience to meet that added design constraints (She & MacDonald 2018;
Maccioni et al. 2019). A related explanation is first-year students may have become
overwhelmedwith the added complexity and cognitive overload led to the decrease
in productivity (Collado-Ruiz & Ostad-Ahmad-Ghorabi 2010). Another possible
explanation is first-year students allocated more cognitive resources to processing
the problem, and the problem space, as a result, less cognitive resources remained
to generate a large number of solutions.

The increased neurocognitive activation in brains of the senior engineering
students occurred in the vlPFC, the region associated with self-reflection. Prior
research finds this region critical for performance in sustainable design and design
participants elicited higher activation in the vlPFC when they showed more
preference for sustainable products (Goucher-Lambert et al. 2017).

6.2. Implications for sustainable design teaching
in engineering education

The senior engineering students who participated in the experiment had taken
sustainability-related courses. These senior engineering students likely had more
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knowledge about sustainable design. Unsurprisingly, they appearmore prepared to
cognitively manage additional requirements for sustainable design compared to
the first-year students. Prior research suggests students who learn about broad
dimensions of sustainability were subsequently better prepared to produce novel
engineering design solutions (McWhirter & Shealy 2020). The results presented
here provide new supporting evidence for the potential benefit of education for
sustainability to enhance engineering design.

In addition to courses about sustainability, senior engineering students had
more experience with the engineering design process. They had practice with
managing design requirements like sustainability and this likely had an effect on
the outcome. Experience is a significant factor in design cognition (Kavakli & Gero
2002, 2003). Cognitive differences from experience are observable in the brain. For
example, air traffic controllers with decades of experience required significantly
less cognitive resources to manage a higher number of airplanes than novice air
traffic controllers (Harrison et al. 2014).

Teaching design ideation techniques like Theory of Inventive Problem Solving
(TRIZ) or the use of concept mapping may help improve students’ ability to
cognitively manage the complexity of sustainability (Shealy et al. 2017; Shealy
et al. 2018). For example, students that use concept maps during design ideation
produce significantly more concepts and also require less cognitive resources
(Hu et al. 2019). Future research could explore the effects of teaching first-year
students design techniques like concept mapping prior to design ideation tasks and
measure the effect on design cognition.

The use of concept maps may also help senior engineering students. Concept
mapping was previously demonstrated to direct more cognitive resources to the
dlPFC (Hu et al. 2019). This is the region of the brain associated with divergent
thinking and was less recruited among senior engineering students compared to
first-year engineering students during the concept generation tasks. Senior engi-
neering students produced fewer design solutions than first-year students when
sustainability was not a requirement.

The observed neurocognitive changes from the study presented in this paper
offers potential opportunities for interventions to help improve sustainable
design outcomes. For example, future research could explore whether priming
the recruitment of activation in the dlPFC, or through transcranial direct current
stimulation (tDCS) to the dlPFC, can improve senior engineering students’
ability to generate more novel design solutions (Sahar et al. 2020). Designers
who first completed the Stroop test (requiring participants to quickly and
accurately name font color that is mismatched with word text) subsequently
produced more creative solutions than designers who did not complete the
Stroop test. The increased level of creativity was equal to designers that received
a transcranial shock (Sahar et al. 2020). This type of intervention, through
priming or tDCS, may also help overcome design fixation. For example, tDCS
can help enhance cognitive control (Feeser et al. 2014) and reduce attention bias
(Heeren et al. 2015).

In addition to future research exploring the effects of interventions to improve
sustainable design, future research should also begin to explore if added dimen-
sions of sustainability produce unique mental activities or if the observed mental
activities are similar to concept generation process with other types of design
constraints or requirements. For instance, a future study could compare the

19/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


activation patterns between sustainable design and empathic design. Empathetic
designmay elicit higher activation in themPFC (Shealy et al. 2020) andmay lead to
a shift of cognitive functions between divergent and convergent thinking in the
right and left PFC (Milovanovic et al. 2020).

7. Limitations
There are several limitations to this study that are worth mentioning. fNIRS data
from this study only include the change of oxygenated hemoglobin in the PFC.
Other brain regions (e.g., parietal cortex) likely contribute to concept generation.
This is a limitation common to all neuroimaging studies that do not capture
whole-brain activation (Ayaz et al. 2012; Cazzell et al. 2012). The time constraint
for each design task is another limitation. It may have contributed to the number
of solutions students generated. A consistent amount of time for each concept
generation task was necessary so the neurocognition within and between sub-
jects could be averaged and compared. Future research can begin to explore not
just the initial patterns of neurocognition among designers (in the first 60
seconds) but longer periods of time and with more subjects (Shealy et al.
2018). Another limitation is that this study focused on neurocognitive differ-
ences and the number of unique solutions engineering students generated.
Future research can begin to explore the uniqueness of solutions rather than
just the fluency of solutions.

The quality of each solution was not included as an evaluation metric
because this is beyond the initial phase of concept generation, which focuses
primarily on the quantity of solutions. Future studies can use more metrics, such
as quality, novelty and variety, to measure the effectiveness of ideation to address
sustainable design tasks. The 20-person sample size is another limitation
(Schönbrodt & Perugini 2013). Although, the number of participants is above
the average of seven subjects in a systematic review of conceptual design
cognition (Hay et al. 2017b) and similar to the average sample size of 27 in
other fNIRS studies for problem solving and decision-making (Hu & Shealy
2019). Future research should replicate the results with a larger sample size
(Shrout & Rodgers 2018).

Another limitation was the design problems. The use of 10 previously
developed engineering design problems was intentional to control for potential
experimental error between each individual problem. Future research could
begin by replicating the experiment with the two sets of problems in counter-
balance to achieve better parity. The list was also inherently limited. Future
research could also replicate the study with an additional new set of design tasks.

Another future study could ask students to narrate how they developed
solutions or if they felt uncertain, and to reflect about their solutions before verbally
saying them out loud. More descriptions about how and why students generated
concepts would give additional insights into the cognitive processes observed in the
brain. Another line of research stemming from this study is how the use of
mnemonics, specific training or design methods and tools related to sustainability
may influence where and how engineers access information in their brain. For
instance, prompting students with design heuristics (Daly et al. 2012) or priming
exercises (She et al. 2018)may lead tomore targeted ideas or refocus their solutions
to options previously not considered.
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8. Conclusion
The interdisciplinary study reported in this paper explores how engineering
students cognitively produce solutions to engineering design problems and cog-
nitively manage added dimensions of sustainability. The results indicate that first-
year students generate more solutions and elicit higher cortical activation associ-
ated with cognitive flexibility than seniors when additional dimensions of sustain-
ability are not included. Seniors recruited higher activation in the region of their
brain primarily associated with uncertainty processing and self-reflection, suggest-
ing a possible tendency of evaluation and design fixation. The inclusion of
additional sustainability dimensions in the brainstorming task required higher
cognitive activation associated with cognitive flexibility for both first-year students
and seniors, however, only first-year students, showed a decrease in the number of
solutions when dimensions of sustainability were included.

Many empirical studies have investigated the cognitive processes during brain-
storming or ideation for sustainability by observation or self-report (Cross 2001;
Coley et al. 2007; Daly et al. 2012). A key limitation is the subjectivity and lack of
reliability that comes with observation and self-report. The study presented in this
paper provides a novel objective measure of design cognition through neuroim-
aging and demonstrates the potential of using fNIRS to triangulate design cogni-
tion and outcomes.

This interdisciplinary study, combining sustainable design and neurocogni-
tion, contributes to the science of sustainable engineering by demonstrating the
effects of sustainability requirements on design behaviour and design cognition.
Better understanding the activated brain regions required for sustainable design
and how additional dimensions of sustainability affect students’ ability to produce
outcomes begins to shed light on the current gap and potential need of engineering
education for sustainability. Future studies can begin to test the effectiveness of
novel design methods and tools, for example, concept mapping or priming, to
overcome fixation and enhance engineering students’ ability to develop engineer-
ing design solutions.

Acknowledgments
This material is based in part on work supported by The National Science
Foundation, throughGrant EEC-1929892. Any opinions, findings and conclusions
or recommendations expressed in this material are those of the author(s) and do
not necessarily reflect the views of the National Science Foundation.

References
Allen, M. S. 1962 Morphological Creativity. Prentice-Hall.

Allenby, B. 2011 Rethinking engineering education. In Proceedings of the 2011 IEEE
International Symposium on Sustainable Systems and Technology, pp. 1–5.

ASEE. 1999 ASEE statement on sustainable development education, (February 12th 2009)
http://www.asee.org/about/Sustainable_Development.cfm.

Ashford, N. A. 2004 Major challenges to engineering education for sustainable develop-
ment: what has to change to make it creative, effective, and acceptable to the
established disciplines? International Journal of Sustainability inHigher Education 5 (3),
239–250.

21/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

http://www.asee.org/about/Sustainable_Development.cfm
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Ayaz, H., Shewokis, P. A., İzzetoğlu, M.,Çakır, M. P.&Onaral, B. 2012 Tangram solved?
Prefrontal cortex activation analysis during geometric problem solving. In 2012 Annual
International Conference of the IEEE Engineering in Medicine and Biology Society,
pp. 4724–4727, IEEE.

Azapagic, A. 2005 Integrating sustainability into engineering curriculum: case study-
based learning. In 05AIChE: 2005AIChEAnnualMeeting and Fall Showcase, Oct 30-Nov
4 2005, AIChE Annual Meeting, Conference Proceedings, American Institute of
Chemical Engineers, New York, NY 10016-5991, United States, 13121.

Azapagic, A., Perdan, S. & Shallcross, D. 2005 How much do engineering students know
about sustainable development? The findings of an international survey and possible
implications for the engineering curriculum.European Journal of Engineering Education
30 (1), 1–19.

Aziz-Zadeh, L., Liew, S. L. & Dandekar, F. 2013 Exploring the neural correlates of visual
creativity. Social Cognitive and Affective Neuroscience 8 (4), 475–480.

Ball, L. J., Maskill, L. & Ormerod, T. C. 1998 Satisficing in engineering design: causes,
consequences and implications for design support.Automation in Construction, Models
of Design 7 (2), 213–227.

Barth, M., Godemann, J., Rieckmann, M. & Stoltenberg, U. 2007 Developing key
competencies for sustainable development in higher education. International Journal of
Sustainability in Higher Education (eds.M. Adomssent, J. Godemann&G.Michelsen) 8
(4), 416–430.

Benedek, M., Jauk, E., Fink, A., Koschutnig, K., Reishofer, G., Ebner, F. & Neubauer,
A. C. 2014 To create or to recall? Neural mechanisms underlying the generation of
creative new ideas. NeuroImage 88, 125–133.

Berkowitz, A. L. & Ansari, D. 2010 Expertise-related deactivation of the right tempor-
oparietal junction during musical improvisation. NeuroImage 49 (1), 712–719.

Bhikhoo, N., Hashemi, A. & Cruickshank, H. 2017 Improving thermal comfort of low-
income housing in Thailand through passive design strategies. Sustainability, Multi-
disciplinary Digital Publishing Institute 9 (8), 1440.

Bielefeldt, A. R. 2013 Pedagogies to achieve sustainability learning outcomes in civil and
environmental engineering students. Sustainability 5 (10), 4479–4501.

Blizzard, J., Klotz, L., Potvin, G., Hazari, Z., Cribbs, J. & Godwin, A. 2015 Using survey
questions to identify and learn more about those who exhibit design thinking traits.
Design Studies 38, 92–110.

Blizzard, J. 2013 Design Thinkers Can Save the World: How Understanding Their Interests,
Goals, and Motivations Can Inform Engineering Educators. Clemson University.

Blizzard, J. L.&Klotz, L. E. 2012A framework for sustainable whole systems design.Design
Studies 33 (5), 456–479.

Borgianni, Y. &Maccioni, L. 2020 Review of the use of neurophysiological and biometric
measures in experimental design research. Artificial Intelligence for Engineering Design,
Analysis and Manufacturing 34, 1–38.

Bremer, M. H. Gonzalez, E.&Mercado, E. 2010 Teaching creativity and innovation using
sustainability as driving force. International Journal of Engineering Education 26 (2),
430–437.

Brundtland, G. H. 1987 Our Common Future. Oxford University Press.

Bucciarelli, L. L. 1988 An ethnographic perspective on engineering design.Design Studies 9
(3), 159–168.

Bunce, S. C., Izzetoglu, K., Ayaz, H., Shewokis, P., Izzetoglu, M., Pourrezaei, K. &
Onaral, B. 2011 Implementation of fNIRS for monitoring levels of expertise andmental

22/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


workload. In Foundations of Augmented Cognition. Directing the Future of Adaptive
Systems, pp. 13–22. Springer.

Cabeza, R. & Nyberg, L. 2000 Imaging cognition II: an empirical review of 275 PET and
fMRI studies. Journal of Cognitive Neuroscience 12 (1), 1–47.

Cardenas, C., Sosa, R., Moysen, R. & Martinez, V. 2010 Sustaining sustainable design
through systemic thinking. International Journal of Engineering Education 29 (2),
287–292.

Carew, A. L. &Mitchell, C. A. 2008 Teaching sustainability as a contested concept: capital-
izing on variation in engineering educators’ conceptions of environmental, social and
economic sustainability. Journal of Cleaner Production (Netherlands) 16 (1), 105–115.

Cazzell, M., Li, L., Lin, Z.-J., Patel, S. J. & Liu, H. 2012 Comparison of neural correlates of
risk decision-making between genders: an exploratory fNIRS study of the Balloon
Analogue Risk Task (BART). NeuroImage 62 (3), 1896–1911.

Cervero, R. 2003 Road expansion, urban growth, and induced travel: a path analysis. Journal
of the American Planning Association 69 (2), 145–163.

Ceschin, F. 2014 How the design of socio-technical experiments can enable radical changes
for sustainability. International Journal of Design 8 (3).

Chau, K. W. 2007 Incorporation of sustainability concepts into a civil engineering curric-
ulum. Journal of Professional Issues in Engineering Education and Practice 133 (3),
188–191.

Chitchyan, R., Becker, C., Betz, S., Duboc, L., Penzenstadler, B., Seyff, N., & Venters,
C. C. 2016 Sustainability design in requirements engineering: state of practice. In
Proceedings of the 38th International Conference on Software Engineering Companion,
ICSE’16, pp. 533–542. Association for Computing Machinery.

Coley, F.,Houseman, O. & Roy, R. 2007 An introduction to capturing and understanding
the cognitive behaviour of design engineers. Journal of Engineering Design 18 (4),
311–325.

Collado-Ruiz, D. & Ostad-Ahmad-Ghorabi, H. 2010 Influence of environmental infor-
mation on creativity. Design Studies 31 (5), 479–498.

Cross, N. 2001Design cognition: results fromprotocol and other empirical studies of design
activity. Design Knowing and Learning: Cognition in Design Education, Elsevier, 10(3)
79–103.

Cross, N. (2004) Expertise in design: an overview.Design Studies, Expertise in Design 25 (5),
427–441.

Cross, N. 2011 Design Thinking: Understanding How Designers Think and Work. Berg
Publishers.

Cross, N. & Cross, A. C. 1998 Expertise in engineering design. Research in Engineering
Design 10 (3), 141–149.

Cucuzzella, C. 2016 Creativity, sustainable design and risk management. Journal of Cleaner
Production 135, 1548–1558.

Curran, M. A. 2009 Wrapping our brains around sustainability. Sustainability 1 (1), 5–13.

Daly, S. R.,Christian, J. L.,Yilmaz, S., Seifert, C.M.&Gonzalez, R. 2012 Assessing design
heuristics for idea generation in an introductory engineering course. International
Journal of Engineering Education 28 (2), 463–473.

Daly, S. R.,Mosyjowski, E. A., & Seifert, C. M. (2014). Teaching Creativity in Engineering
Courses. Journal of Engineering Education, 103(3), 417–449. https://doi.org/10.1002/
jee.20048

Davidson, C. I., Hendrickson, C. T., Matthews, H. S., Bridges, M. W., Allen, D. T.,
Murphy, C. F., Allenby, B. R., Crittenden, J. C. & Austin, S. 2010 Preparing future

23/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1002/jee.20048
https://doi.org/10.1002/jee.20048
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


engineers for challenges of the 21st century: Sustainable engineering. Journal of Cleaner
Production, Going beyond the rhetoric: system-wide changes in universities for sus-
tainable societies 18 (7), 698–701.

Deppe, M., Schwindt, W., Kugel, H., Plassmann, H. & Kenning, P. 2005 Nonlinear
responses within the medial prefrontal cortex reveal when specific implicit information
influences economic decision-making. Journal of Neuroimaging: Official Journal of the
American Society of Neuroimaging 15 (2), 171–182.

Dorst, K. & Cross, N. 2001 Creativity in the design process: co-evolution of problem–
solution. Design Studies 22 (5), 425–437.

Dresler, T., Obersteiner, A., Schecklmann, M., Vogel, A. C. M., Ehlis, A.-C., Richter,
M.M., Plichta,M.M.,Reiss, K., Pekrun, R.& Fallgatter, A. J. 2009 Arithmetic tasks in
different formats and their influence on behavior and brain oxygenation as assessed
with near-infrared spectroscopy (NIRS): a study involving primary and secondary
school children. Journal of Neural Transmission (Vienna, Austria: 1996) 116 (12),
1689–1700.

Dym, C. L., Agogino, A. M., Eris, O., Frey, D. D. & Leifer, L. J. 2005 Engineering design
thinking, teaching, and learning. Journal of Engineering Education 94 (1), 103–120.

EPA. 2007 What Is Green Engineering (March 1st 2009) http://www.epa.gov/oppt/green
engineering/pubs/whats_ge.html.

Ericsson, K. A.& Simon, A. H. 1984 Protocol Analysis: Verbal Reports as Data. MIT Press.

Euston,D.R.,Gruber, A. J.&McNaughton, B. L. 2012 The role ofmedial prefrontal cortex
in memory and decision making. Neuron 76 (6), 1057–1070.

Eysenck, M. W. & Keane, M. T. 2015 Cognitive Psychology: A Student’s Handbook.
Psychology Press.

Feeser, M., Prehn, K., Kazzer, P., Mungee, A. & Bajbouj, M. 2014 Transcranial direct
current stimulation enhances cognitive control during emotion regulation. Brain
Stimulation 7 (1), 105–112. doi:10.1016/j.brs.2013.08.006

Ferrari, M.&Quaresima, V. 2012 A brief review on the history of human functional near-
infrared spectroscopy (fNIRS) development and fields of application. NeuroImage 63
(2), 921–935.

Fiez, J. A.,Raife, E. A.,Balota, D. A., Schwarz, J. P.,Raichle,M. E.&Petersen, S. E. 1996A
positron emission tomography study of the short-term maintenance of verbal infor-
mation. The Journal of Neuroscience: The Official Journal of the Society for Neuroscience
16 (2), 808–822.

Fini, E. H., Awadallah, F., Parast, M. M. & Abu-Lebdeh, T. 2018 The impact of project-
based learning on improving student learning outcomes of sustainability concepts in
transportation engineering courses. European Journal of Engineering Education, Tay-
lor & Francis 43 (3), 473–488.

Funahashi, S. 2017 Working memory in the prefrontal cortex. Brain Sciences 7 (5), 49.

Genco, N., Hölttä‐Otto, K. & Seepersad, C. C. 2012 An experimental investigation of the
innovation capabilities of undergraduate engineering students. Journal of Engineering
Education 101 (1), 60–81.

Gero, J. S. & Mc Neill, T. 1998 An approach to the analysis of design protocols. Design
Studies 19 (1), 21–61.

Gero, J. S. & Milovanovic, J. 2020 A framework for studying design thinking through
measuring designers’ minds, bodies and brains. Design Science 6 (e19),.

Gervásio, H., Santos, P., Martins, R. & Simões da Silva, L. 2014 A macro-component
approach for the assessment of building sustainability in early stages of design. Building
and Environment 73, 256–270.

24/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

http://www.epa.gov/oppt/greenengineering/pubs/whats_ge.html
http://www.epa.gov/oppt/greenengineering/pubs/whats_ge.html
https://doi.org/10.1016/j.brs.2013.08.006
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Gibson, C., Folley, B. S. & Park, S. 2009 Enhanced divergent thinking and creativity in
musicians: a behavioral and near-infrared spectroscopy study. Brain and Cognition 69
(1), 162–169.

Glimcher, P. W. & Fehr, E. 2013 Neuroeconomics: Decision Making and the Brain.
Academic Press.

Glotzbach, E., Mühlberger, A., Gschwendtner, K., Fallgatter, A. J., Pauli, P. &
Herrmann, M. J. 2011 Prefrontal brain activation during emotional processing: a
functional near infrared spectroscopy study (fNIRS). TheOpenNeuroimaging Journal 5,
33–39.

Goel, V. 2014 Creative brains: designing in the real world †. Frontiers in Human Neuro-
science 8, 1–14.

Goldenberg, J., Mazursky, D. & Solomon, S. 1999 Toward identifying the inventive
templates of new products: a channeled ideation approach. Journal of Marketing
Research, 200–210.

Goldschmidt, G. 2016 Linkographic evidence for concurrent divergent and convergent
thinking in creative design. Creativity Research Journal 28 (2), 115–122.

Goucher-Lambert, K. & Cagan, J. 2015 The impact of sustainability on consumer pref-
erence judgments of product attributes. Journal of Mechanical Design 137 (8), 081401
(11 pages).

Goucher-Lambert, K., Moss, J. & Cagan, J. 2017 Inside the mind: using neuroimaging to
understand moral product preference judgments involving sustainability. Journal of
Mechanical Design 139 (4), 041103 (11 pages).

Grattan, L. M., Bloomer, R. H., Archambault, F. X. & Eslinger, P. J. 1994 Cognitive
flexibility and empathy after frontal lobe lesion. Neuropsychiatry, Neuropsychology, &
Behavioral Neurology 7 (4), 251–259.

Grohs, J., Shealy, T., Darren, M., Mo, H., Panneton, R. & Yang, X. 2017 Evaluating the
Potential of fNIRS Neuroimaging to Study Engineering Problem Solving and Design.
ASEE.

Harrison, J., Izzetoglu, K., Ayaz, H., Willems, B., Hah, S., Ahlstrom, U., Woo, H.,
Shewokis, P. A., Bunce, S. C. & Onaral, B. 2014 Cognitive workload and learning
assessment during the implementation of a next-generation air traffic control tech-
nology using functional near-infrared spectroscopy. IEEE Transactions on Human-
Machine Systems 44 (4), 429–440. doi:10.1109/THMS.2014.2319822.

Hay, L., Duffy, A. H. B., Gilbert, S. J., Lyall, L., Campbell, G., Coyle, D. & Grealy, M. A.
2019 The neural correlates of ideation in product design engineering practitioners.
Design Science 5.

Hay, L., Duffy, A. H. B., McTeague, C., Pidgeon, L. M., Vuletic, T. & Grealy, M. 2017a.
Towards a shared ontology: a generic classification of cognitive processes in conceptual
design. In Design Science, p. 3. Cambridge University Press.

Hay, L.,Duffy, A. H. B.,McTeague, C., Pidgeon, L. M.,Vuletic, T.&Grealy, M. 2017b. A
systematic review of protocol studies on conceptual design cognition: design as search
and exploration. In Design Science, p. 3. Cambridge University Press.

Heeren A., Baeken C., Vanderhasselt, M.A., Philippot, P. & de Raedt, R. 2015 Impact of
anodal and cathodal transcranial direct current stimulation over the left dorsolateral
prefrontal cortex during attention bias modification: an eye-tracking study. PLOS ONE
10 (4), e0124182.

Herwig, U., Kaffenberger, T., Schell, C., Jäncke, L. & Brühl, A. B. 2012 Neural activity
associated with self-reflection. BMC Neuroscience 13, 52.

Hocevar, D. 1979 Ideational fluency as a confounding factor in the measurement of
originality. Journal of Educational Psychology 71 (2), 191–196.

25/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1109/THMS.2014.2319822
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Howard, T. J.,Culley, S. J.&Dekoninck, E. 2008 Describing the creative design process by
the integration of engineering design and cognitive psychology literature.Design Studies
29 (2), 160–180.

Hu,M.& Shealy, T. 2018. Systems versus linear thinking: measuring cognitive networks for
engineering sustainability. In Construction Research Congress, Proceedings, American
Society for Civil Engineering.

Hu, M. & Shealy, T. 2019 Application of functional near-infrared spectroscopy to measure
engineering decision-making and design cognition: literature review and synthesis of
methods. Journal of Computing in Civil Engineering 33 (6), 04019034.

Hu, M., Shealy, T., Grohs, J. & Panneton, R. 2019 Empirical evidence that concept
mapping reduces neurocognitive effort during concept generation for sustainability.
Journal of Cleaner Production 238, 117815.

Hu, W.-L. & Reid, T. 2018 The effects of designers’ contextual experience on the ideation
process and design outcomes. Journal of Mechanical Design, American Society of
Mechanical Engineers Digital Collection 140 (10), 101101–101118.

Huang, P.,Qiu, L., Shen, L., Zhang, Y., Song, Z.,Qi, Z.,Gong, Q.&Xie, P. 2013 Evidence
for a left-over-right inhibitory mechanism during figural creative thinking in healthy
nonartists. Human Brain Mapping 34 (10), 2724–2732.

Huntzinger, D. N., Hutchins, M. J., Gierke, J. S. & Sutherland, J. W. 2007 Enabling
sustainable thinking in undergraduate engineering education. International Journal of
Engineering Education 23, 218–230.

Huppert, T. J.,Diamond, S. G., Franceschini, M. A.& Boas, D. A. 2009 HomER: a review
of time-series analysis methods for near-infrared spectroscopy of the brain. Applied
Optics 48 (10), 280–298.

Hymel, K. M., Small, K. A. &Dender, K. V. 2010 Induced demand and rebound effects in
road transport. Transportation Research Part B: Methodological 44 (10), 1220–1241.

Lerner J. 2007 A song of the city|Video on TED.com.

Jonson, B. 2005 Design ideation: the conceptual sketch in the digital age. Design Studies 26
(6), 613–624.

Petrini, K., Pollick, F. E., Dahl, S., McAleer, P., McKay, L., Rocchesso, D., Haakon
Waadeland, K., Love, S., Avanzini, F. & Puce A. 2011 Action expertise reduces brain
activity for audiovisual matching actions: an fMRI study with expert drummers.
Neuroimage 56 (3), 1480–1492.

Kajzer Mitchell, I. & Walinga, J. 2017. The creative imperative: the role of creativity,
creative problem solving and insight as key drivers for sustainability. Journal of Cleaner
Production 140, 1872–1884.

Kapalko, M. 2010 Avoid the greenwashing trap. Sustainability: The Journal of Record 3 (6),
317–318.

Kavakli, M. & Gero, J. 2003 Difference between expert and novice designers: an experi-
mental study. In Human Behaviour in Design (ed. U Lindemann), pp. 42–51. Springer.
CUMINCAD.

Kavakli,M.&Gero, J. S. 2002 The structure of concurrent cognitive actions: a case study on
novice and expert designers. Design Studies 23 (1), 25–40.

Khalili, N. R., Duecker, S., Ashton, W. & Chavez, F. 2015 From cleaner production to
sustainable development: the role of academia. Journal of Cleaner Production, Inte-
grating Cleaner Production into Sustainability Strategies 96, 30–43.

Kirilina, E., Yu, N., Jelzow, A., Wabnitz, H., Jacobs, A. M. & Tachtsidis, I. 2013
Identifying and quantifying main components of physiological noise in functional
near infrared spectroscopy on the prefrontal cortex. Frontiers inHumanNeuroscience 7,
70–81.

26/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Klotz, L., Pickering, J., Schmidt, R. & Weber, E. U. 2019 Design behaviour for sustain-
ability. Nature Sustainability 2 (12), 1067–1069.

Klotz, L.,Weber, E., Johnson, E., Shealy, T., Hernandez, M. & Gordon, B. 2018. Beyond
rationality in engineering design for sustainability.Nature Sustainability, 1 (5), 225–233.

Klotz, L.,Potvin, G.,Godwin, A.,Cribbs, J.,Hazari, Z.&Barclay, N. 2014 Sustainability as
a route to broadening participation in engineering. Journal of Engineering Education
103 (1), 137–153.

Knoll, S.W.&Horton, G. 2010Changing the perspective: improving generate thinkLets for
ideation. In System Sciences (HICSS), 2010 43rd Hawaii International Conference on,
IEEE, 1–10.

Kroger, J. K., Sabb, F. W., Fales, C. L., Bookheimer, S. Y., Cohen, M. S. &Holyoak, K. J.
2002 Recruitment of anterior dorsolateral prefrontal cortex in human reasoning: a
parametric study of relational complexity. Cerebral Cortex 12 (5), 477–485.

Kudrowitz, B. M. & Wallace, D. 2013 Assessing the quality of ideas from prolific, early-
stage product ideation. Journal of Engineering Design 24 (2), 120–139.

Lambrechts, W., Mulà, I., Ceulemans, K., Molderez, I. & Gaeremynck, V. 2013 The
integration of competences for sustainable development in higher education: an analysis
of bachelor programs in management. Journal of Cleaner Production, Environmental
Management for Sustainable Universities (EMSU) 2010, 48, 65–73.

Lammi, M. D. & Gero, J. S. 2011 Comparing design cognition of undergraduate engi-
neering students and high school pre-engineering students. In 2011 Frontiers in Edu-
cation Conference (FIE), F4F-1-F4F-6.

Lee, D., Klein, L. & Camus, G. 1999. Induced traffic and induced demand. Transportation
Research Record: Journal of the Transportation Research Board 1659, 68–75.

Levy, B. J. & Wagner, A. D. 2011 Cognitive control and right ventrolateral prefrontal
cortex: reflexive reorienting, motor inhibition, and action updating. Annals of the
New York Academy of Sciences 1224 (1), 40–62.

Liang, C., Chang, C.-C. & Liu, Y.-C. 2019. Comparison of the cerebral activities exhibited
by expert and novice visual communication designers during idea incubation. Inter-
national Journal of Design Creativity and Innovation, Taylor & Francis 7 (4), 213–236.

Lindau, L. A., Hidalgo, D. & Facchini, D. 2010. Bus rapid transit in Curitiba, Brazil.
Transportation Research Record: Journal of the Transportation Research Board 2193 (1),
17–27.

Linke, B. S., & Moreno, J. (2015). New concepts for bio-inspired sustainable grinding.
Journal of Manufacturing Processes, 19, 73–80. https://doi.org/10.1016/j.
jmapro.2015.05.008

Litman, T. & Laube, F. 2002. Automobile dependency and economic development.

Lozano, R. 2010. Diffusion of sustainable development in universities’ curricula: an
empirical example from Cardiff University. Journal of Cleaner Production, Going
beyond the rhetoric: system-wide changes in universities for sustainable societies 18 (7),
637–644.

Luft, C. D. B., Zioga, I., Banissy, M. J. & Bhattacharya, J. 2017. Relaxing learned
constraints through cathodal tDCS on the left dorsolateral prefrontal cortex. Scientific
Reports 7 (1), 2916.

Maccioni, L., Borgianni, Y. & Basso, D. 2019. Value perception of green products: an
exploratory study combining conscious answers and unconscious behavioral aspects.
Sustainability 11 (5), 1226.

Maccioni, L., Borgianni, Y. & Rotini, F. 2017. Sustainability as a value-adding concept in
the early design phases? Insights from stimulated ideation sessions. In Sustainable

27/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1016/j.jmapro.2015.05.008
https://doi.org/10.1016/j.jmapro.2015.05.008
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Design and Manufacturing 2017, Smart Innovation, Systems and Technologies (eds. G.
Campana, R. J. Howlett, R. Setchi & B. Cimatti), pp. 888–897. Springer International
Publishing.

Maher, M. L. & Poon, J. 1996. Modeling design exploration as co-evolution. Computer-
Aided Civil and Infrastructure Engineering 11 (3), 195–209.

Milovanovic, J.,Hu,M., Shealy, T.&Gero, J. 2020Evolution of BrainNetwork Connectivity
in the Prefrontal Cortex During Concept Generation Using Brainstorming for a Design
Task. American Society of Mechanical Engineers Digital Collection.

McWhirter, N. & Shealy, T. 2020 Case-based flipped classroom approach to teach sus-
tainable infrastructure and decision-making. International Journal of Construction
Education and Research 16 (1), 3–23. doi:10.1080/15578771.2018.1487892

Mills, J. E.& Treagust, D. 2003. Engineering education, is problem-based or project-based
learning the answer. Australasian Journal of Engineering Education 3, p2–16.

Moore,D.W.,Bhadelia, R.A.,Billings, R. L.,Fulwiler,C.,Heilman,K.M.,Rood,K.M. J.&
Gansler, D. A. 2009. Hemispheric connectivity and the visual–spatial divergent-thinking
component of creativity. Brain and Cognition 70 (3), 267–272.

Morris, R., Childs, P. & Hamilton, T. 2007 Sustainability by design: a reflection on the
suitability of pedagogic practice in design and engineering courses in the teaching of
sustainable design. European Journal of Engineering Education 32 (2), 135–142.

Mulder, K. F., Segalàs, J. & Ferrer‐Balas, D. 2012 How to educate engineers for/in
sustainable development: ten years of discussion, remaining challenges. International
Journal of Sustainability in Higher Education (ed. M. Svanström) 13 (3), 211–218.

NAE. (2008) Changing the Conversation: Messages for Improving Public Understanding of
Engineering. National Academies Press.

Naseer, N.&Hong, K.-S. 2015. fNIRS-based brain-computer interfaces: a review. Frontiers
in Human Neuroscience 9.

National Science Foundation. 2009 Environmental sustainability, (March 1st 2009) http://
www.nsf.gov/funding/pgm_summ.jsp?pims_id=501027&org=CBET.

Newstetter, W. C. & Michael McCracken, W. 2001 Chapter 4 – novice conceptions of
design: implications for the design of learning environments. In Design Knowing and
Learning: Cognition in Design Education, pp. 63–77. Elsevier Science.

Nguyen, T.A.&Zeng, Y. 2017Effects of stress and effort on self-rated reports in experimental
study of design activities. Journal of Intelligent Manufacturing 28 (7), 1609–1622.

Noland, R. B. 2001. Relationships between highway capacity and induced vehicle travel.
Transportation Research Part A: Policy and Practice 35 (1), 47–72.

Osborn, A. F. 1993 Applied Imagination: Principles and Procedures of Creative Problem-
Solving 3rd Edition. Creative Education Foundation.

Pahl, G., Beitz, W., Feldhusen, J. & Grote, K. 2007 Engineering Design: A Systematic
Approach. Springer.

Paulus, P. B.,Kohn, N.W.&Arditti, L. E. 2011 Effects of quantity and quality instructions
on brainstorming. The Journal of Creative Behavior 45 (1), 38–46.

Pereira, T. 2009 Sustainability: an integral engineering design approach. Renewable and
Sustainable Energy Reviews 13 (5), 1133–1137.

Petkar, H., Dande, S., Yadav, R., Zeng, Y. & Nguyen, T. A. 2010 A Pilot Study to Assess
Designer’sMental Stress Using Eye Gaze System and Electroencephalogram, pp. 899–909.
American Society of Mechanical Engineers Digital Collection.

Pieroni,M. P. P.,McAloone, T. C.&Pigosso, D. C. A. 2019 Business model innovation for
circular economy and sustainability: a review of approaches. Journal of Cleaner Pro-
duction 215, 198–216.

28/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1080/15578771.2018.1487892
http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=501027&e_x0026;org=CBET
http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=501027&e_x0026;org=CBET
https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Pinti, P., Aichelburg, C., Lind, F., Power, S., Swingler, E., Merla, A., Hamilton, A.,
Gilbert, S.,Burgess, P.&Tachtsidis, I. 2015Using fiberless, wearable fNIRS tomonitor
brain activity in real-world cognitive tasks. Journal of Visualized Experiments 106,
e53336–e53336.

Ranganath, C., Johnson, M. K. & D’Esposito, M. 2003 Prefrontal activity associated
with working memory and episodic long-term memory. Neuropsychologia 41 (3),
378–389.

Rosen, D. S., Erickson, B., Kim, Y. E.,Mirman, D., Hamilton, R. H. & Kounios, J. 2016
Anodal tDCS to right dorsolateral prefrontal cortex facilitates performance for novice
jazz improvisers but hinders experts. Frontiers in Human Neuroscience 10.

Sahar, A., Farb, N. & Shu, L. H. 2020 Mirroring neurostimulation outcomes through
behavioral interventions to improve creative performance. In Proceedings of the ASME
2020 International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference IDETC/CIE2020.

Salganik, L. H. & Rychen, D. S. 2003. Key Competencies for a Successful Life and a Well-
functioning Society. Hogrefe & Huber.

Schön, D. 1983The Reflective Practitioner: How Professionals Think in Action. Temple Smith.

Schön, D. 1992 Designing as reflective conversation with the materials of a design situation.
Research in Engineering Design 3 (3), 131–147.

Schön, D. A. 1981 Learning a language, learning to design. InArchitecture Education Study,
Volume 1: The papers (eds. W. L. Porter & M. D. Kilbridge, W. Andrew). Mellon
Foundation.

Schönbrodt, F. D. & Perugini, M. 2013 At what sample size do correlations stabilize?
Journal of Research in Personality 47 (5), 609–612.

Seitamaa-Hakkarainen, P., Huotilainen, M., Mäkelä, M., Groth, C. & Hakkarainen, K.
2016 How can neuroscience help understand design and craft activity? The promise of
cognitive neuroscience in design studies. FORMakademisk – forskningstidsskrift for
design og designdidaktikk 9 (1), 1–16.

Seitz, R. J., Nickel, J. & Azari, N. P. 2006 Functional modularity of the medial prefrontal
cortex: involvement in human empathy. Neuropsychology, American Psychological
Association, US 20 (6), 743–751.

Shah, J. J., Smith, S. M. & Vargas-Hernandez, N. 2003 Metrics for measuring ideation
effectiveness. Design Studies 24 (2), 111–134.

She, J. &MacDonald, E. F. 2018 Exploring the effects of a product’s sustainability triggers
on pro-environmental decision-making. Journal of Mechanical Design, American
Society of Mechanical Engineers Digital Collection 140 (1), 011102.

She, J., Seepersad, C. C.,Holtta-Otto, K.&MacDonald, E. F. 2018 Priming designers leads
to prime designs. In Design Thinking Research: Making Distinctions: Collaboration
versus Cooperation, Understanding Innovation (eds. H. Plattner, C. Meinel & L. Leifer),
pp. 251–273. Springer International Publishing.

Shealy, T.,Gero, J.,Hu, M.&Milovanovic, J. 2020 Concept generation techniques change
patterns of brain activation during engineering design. Design Science, p. 6. Cambridge
University Press.

Shealy, T. & Gero, J. S. 2019 The neurocognition of three engineering concept generation
techniques. Proceedings of the Design Society: International Conference on Engineering
Design 1 (1), 1833–1842.

Shealy, T., Grohs, J. R., Hu, M.,Maczka, D. K. & Panneton, R. 2017 Investigating design
cognition during brainstorming tasks with freshmen and senior engineering students
using functional near infrared spectroscopy. Proceedings of American Society for
Engineering Education, American Society for Engineering Education.

29/30

https://www.cambridge.org/core/terms. https://doi.org/10.1017/dsj.2021.3
Downloaded from https://www.cambridge.org/core. IP address: 71.171.3.202, on 20 May 2021 at 11:57:36, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/dsj.2021.3
https://www.cambridge.org/core


Shealy, T., Hu, M. & Gero, J. 2018 Patterns of cortical activation when using concept
generation techniques of brainstorming, morphological analysis, and TRIZ.ASME 2018
IDETC/CIE.

Shiu, E. (Ed.) 2014 Creativity Research: An Inter-Disciplinary and Multi-Disciplinary
Research Handbook. Routledge.

Shrout, P. E. & Rodgers, J. L. 2018 Psychology, science, and knowledge construction:
broadening perspectives from the replication crisis.Annual Review of Psychology 69 (1),
487–510.

Siddiqui, S. V., Chatterjee, U., Kumar, D., Siddiqui, A. & Goyal, N. 2008. Neuropsy-
chology of prefrontal cortex. Indian Journal of Psychiatry 50 (3), 202–208.

Siller, T. J. 2001. Sustainability and critical thinking in civil engineering curriculum. Journal
of Professional Issues in Engineering Education and Practice 127 (3), 104–108.

Simon, H. A. 1973 The structure of ill structured problems. Artificial Intelligence 4 (3–4),
181–201.

Smalley, R. 2003 Top ten problems of humanity for next 50 years. In Proceedings of Energy
and Nano Technology Conference. May 3. Rice University.

Smith, G. F. 1998 Idea-generation techniques: a formulary of active ingredients.The Journal
of Creative Behavior 32 (2), 107–134.
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