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Abstract
Investigations of creativity have been an intriguing topic for a long time, but assessing creativity
is extremely complex. Creativity is a cornerstone of engineering disciplines, so understanding
creativity and how to enhance creative abilities through engineering education has received
substantial attention. Fields outside of engineering are no stranger to neuro-investigations of
creativity and although some neuro-response studies have been conducted to understand
creativity in engineering, these studies need to map the engineering design and concept
generation processes better. Using neuroimaging techniques alongside engineering design and
concept generation processes is necessary for understanding how to improve creative idea
generation and creativity studies in engineering. In this paper, a survey is provided of the
literature for the different neurological approaches that have been used to study the engineering
design process and creative processes. Also presented are proposed strategies to apply these
neurological approaches to engineering design to understand the creative process in greater
detail. Furthermore, results from a pilot study investigating neuro-responses of engineers are
presented.
1 Introduction
Intelligence, measured by IQ and SAT, has been in a steady increase in America since 1990 [1,
2]. On the other hand, creativity, measured by Torrance Tests of Creative Thinking (TTCT), a
widely used and validated measure [3-5] proposed by Ellis Paul Torrance in 1966, has been in
steady decline since then [1, 2]. The creative ability is the most or among the most important,
core, and necessary skills to national prosperity in the 21st century [6, 7]. Hence, nurturing it
and/or slowing its decline is vital. Many researchers argued for immediate and serious actions at
different levels, starting from parents and ending with nations [1, 2].
The National Academy of Engineering has noted that there is a need for creative, as well as
competent, engineers [8, 9]. The desire for creativity in engineers has been noted since around
the 1960s [10-12] and has continued to be a desirable aspect [5, 13]. However, students
graduating from engineering fields are lacking the creative ability [14-16] even though creativity
and innovation are assumed to be hallmarks of engineering [17, 18]. Moreover, creativity is
considered a necessary prerequisite to innovation [15], which means any decline in the creative
ability will lead to a decline in the ability of engineers to be innovative.
A survey by [16] at the University of Connecticut found that there is a lack of creativity in the
engineering curriculum that is taught, and that students believed educators focused on the use of
conventional solutions to problems rather than novel solutions. At the same time, though,
instructors claimed to value creativity but didn’t see it in their students. Similarly, a study by [19]
reported that as students move forward in their engineering education, they believe that creativity
is not highly valued. Furthermore, many researchers have found that the engineering discipline

has become more focused on convergent thinking and rote learning as opposed to other, more
innovative approaches [9, 20-28].
Fortunately, research has shown that creative ability is like a muscle and can be trained and
enhanced via certain types of processes, exercises, and techniques. Studies performed by [29]
and [30] showed through both behavioral and neuroscientific methods that the creative ability
can be trained and enhanced by showing that the brain activates differently after using creativity
enhancing exercises and techniques. Though using behavioral approaches to study the impact of
these processes, exercises, and techniques on creativity is useful, the use of these approaches
does not provide a direct way to investigate the causes that underlie creativity, which may lead to
contradicting conclusions. Neurological approaches can provide a direct way to study these
underlying processes.
The use of neuroimaging allows researchers to have visible, physical results that connect
creativity to biological processes and structures. These techniques give us a better, more accurate
view of creativity via the direct acquisition of objective, quantitative data versus the indirect
transformation of qualitative behavioral data into quantifiable data. This allows researchers to
have a more direct, clear-cut view on whether methods claiming to improve creativity actually
do so. Methods that are said to aid in innovative design could be utilized with neuroimaging
techniques to gain quantifiable measurements directly related to these methods. Instead of
relying on human-based scoring methods alone (which are subjective), the use of neuroimaging
could give us a better objective understanding as to how creative an individual truly is.
In this paper, we investigate the development of new experimental approaches that can relate
widely used engineering design and concept generation techniques with neuroimaging
techniques. First, we provide information about two main neuroimaging techniques and how they
work (Section 2) and discuss the engineering design process (Section 3). Then, we provide an
overview of how neuroimaging has been used in conjunction with engineering design in the past
with the two selected techniques (Section 4). Additionally, we present results of a pilot study
conducted by our lab investigating creativity via the use of EEG (Section 5). Finally, we suggest
future research into the application of neuroimaging techniques to the engineering design process
in order to further understand and improve creativity in engineering and design education
(Section 6).
2 Neuroimaging Methods
There are many neuroimaging techniques that have been used to investigate creativity: PET [31],
SPECT [32], NIRS [33, 34], and DTI [35, 36] are just a few that have been used. In this paper,
we focus on two of the most commonly used ones: functional magnetic resonance imaging
(fMRI) and electroencephalography (EEG). These methods are introduced below, along with a
discussion of their strengths and weaknesses. For more comprehensive reviews of these
techniques, see [37-41].

2.1.1 Functional Magnetic Resonance Imaging (fMRI)
The most used neuroscience technique to investigate creativity is the functional magnetic
resonance imaging (fMRI) technique [41]. The fMRI technique works by applying a strong
magnetic field to measure the changes in the ratio of oxygenated to deoxygenated blood in the
brain. As brain activity occurs, blood is transported to the active parts of the brain to deliver
oxygen to sustain brain processes [40]. Measuring this change in ratio allows brain activity to be
physically mapped with a high spatial resolution. Unfortunately, as delivery of oxygenated blood
is an after effect of brain activity meant to replenish and sustain processes, temporal resolution is
low, with a built-in time lag. Though the low temporal resolution is a drawback of this method,
its high spatial resolution capabilities have made it a popular choice for studies focusing on what
physical areas of the brain are most active during specific processes. Another advantage of this
method is that it is noninvasive, which makes it a cleaner, simpler process compared to those that
utilize the injection of radioactive tracers into subjects [40]. Though this method is noninvasive,
it does require the patient to lay in an fMRI machine with as little movement as possible. This
limits the types and duration of tasks that can be studied as well as the responses a subject can
give to a task. fMRI trials tend to only last about forty minutes, including trial blocks of
stimulation tasks, response times, and pauses. Compared to other methods, though, fMRI does
allow for longer trial periods, which allows researchers to obtain more statistically significant
data. Working in a magnetic environment though, does add the disadvantage of limiting types of
data collection hardware to those with non-magnetic components [40]. These limitations of data
collection hardware and communication to researchers of subjects’ responses leads to responses
being communicated after trial blocks. Though this overcomes the problem of interference
during the fMRI, answers may be completely forgotten, changed, or elaborated upon after the
trial block.

Figure 1 - MRI machine and image produced from BOLD contrast taken from [42].
2.1.2 Electroencephalogram (EEG)
Another technique used in creativity research is the electroencephalogram (EEG). An EEG is a
device used to measure and record the “...electrical potentials generated in the extracellular fluid
as ions flow across cell membranes and neurons talk to one another via neurotransmitters” [43].

These electrical signals are collected through electrodes placed on the scalp. From these signals,
responses to stimuli can be extracted and analyzed, providing high temporal resolution of brain
activity. EEG signals are analyzed based on frequency, amplitude, and electrode position.
Frequency bands such as delta (0.1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and
gamma (30-100 Hz) relate to specific states of brain activity, and these states can be mapped to
various areas of the brain with high temporal accuracy.

Figure 2 - Mobile EEG cap with 24 channels and corresponding electrode layout taken from
[44]. Electrodes circled (Cz, CPz, Pz, and POz) are for reference later in the text (Section 5.2).
Alpha waves have been noted in various studies to correlate to tasks requiring creative responses.
Many of these studies have examined a phenomenon called alpha synchronization, a period when
alpha frequency (activity around the alpha band of 8-13 Hz) increases in power. The
synchronization period is associated with periods of cognitive idling or rest. Alpha
desynchronization, on the other hand, is related to a loss of power in the alpha frequency band
and typically presents when cognition is actively engaged. Increased alpha synchronization had
been linked to greater creative ability [45, 46] as well as more original ideas [47-49]. Several
researchers have also reported that creative training was related to higher alpha activity, thus
indicating the possibility that creative ability can be enhanced [50-52].
EEGs can also be used to record event-related potentials (ERPs). ERPs are signals that are timelocked to a stimulus and provide a step by step visualization of the brain processes at each
electrode during a trial [40]. They are direct measurements, down to the millisecond, of
neurotransmitter activity [53]. Several components, noted as positive or negative signal
amplitude peaks or fluctuations correlated to specific times, have been discovered that relate to
specific brain processes. Specifically, the N400, post-N400, and P50 components have been
related to creative processes. The N400 is a negatively (signified by the “N”) peaking potential
that occurs between 300-500 ms after stimulus presentation. It has been related to the processing
of semantic mismatches and violations of prior knowledge [40]. Additionally, a study by [54]
linked the N400 component to conceptual expansion and noticed it responds to unusual stimuli.

Similarly, [55] reported the N400 as responsive as a function of unusualness or novelty to their
experimental stimuli while investigating conceptual expansion. The post-N400 component is a
negative response that varies directly following the N400 component and is related to
interpretation processes and concept integration. Similarly, the P50 is a positively (signified by
the “P”) peaking potential occurring around 50 ms after stimulus presentation. This component is
related to sensory gating of relevant and irrelevant information.

Figure 3 - Raw EEG data from 24 electrodes filtered between .5-100 Hz (Top) and
corresponding electrical activity head maps at two points (bottom).
Because of its high temporal precision, the use of EEG and ERP in studies are ideal for providing
data about the neural processes that occur between stimulus presentation and neural response.
Currently, ERP has been used to understand language processing and Alternative Usage Task
experiments. Overall, measuring temporal variation of neuro-response during idea generation can
provide ways to better understand creative thinking by allowing us to measure creative ideas and
relate them with neuro-responses.

Figure 4 - ERP images from one electrode for three different types of stimuli. Box represents the
300 ms - 500 ms post-stimulus range, where the N400 effect could be found.
3 The Engineering Design Process
In this section is presented a generalized engineering design process to which neuroscientific
techniques could be applied to understand creativity and divergent thinking in engineering design
and concept generation (ED&CG). As discussed in Section 1, it is imperative to develop
creativity in engineers. Creativity is key to providing innovative solutions to unique and difficult
problems. One process that engineers use to solve these problems is the engineering design
process. Though there are several different groups of thought and various specific methods and
techniques, the basic process is as follows:
1. Identify the problem or need
2. Generate possible solutions
3. Downselect one or more solutions
4. Prototype the solution
5. Test and evaluate the solution
Each step is its own iterative process, and if necessary, steps may be repeated to obtain a final
solution. In the first step, a problem or need is identified and researched. Stakeholders,
requirements, and constraints all need to be established to understand the actual problem to be
addressed. Once the “actual” problem has been established, step two can commence, and
solutions can be generated that address this problem. In step 3, generated solutions are
downselected to a small number to prototype, allowing for important tradeoffs to be made and
money to be saved from prototyping less appropriate solutions. Once a prototype reaches step 5,
if it fails or needs improvement, engineers may go back to step 3 or even step 2. If it succeeds, it
may be further improved or exit the design process and continue to manufacturing. See Figure 5.

Figure 5 - Typical Engineering Design Process
Creativity in this process is important, but how does one measure the amount of creativity that an
engineer uses during this process? This kind of process is not executed in a vacuum. Engineers
must work in teams, communicate with stakeholders, integrate new knowledge, and use various
methods, techniques, and tools. Each process takes days and weeks to complete. How can a
complicated process like this be broken down and studied from a neuroscientific point of view?
Table 1 shows what needs to be studied in relation to the engineering design process. Use of
techniques for spatial investigations (such as fMRI, etc.) can shed light on which areas of the
brain are active during certain parts of the engineering design process. Next, since spatial
investigations find out which areas of the brain are active, the corresponding areas can be
investigated using temporal methods (i.e., EEG). Overall, the location alone is not enough for
understanding how to change engineering curriculum. There is a specific need to focus on
temporal investigations with respect to the generation of solutions to problems. The use of timebased techniques will advance research since these experiments will show exactly when idea
generation occurs (down to the millisecond), what prompted the idea or what was happening
when it occurred, and how that prompt or action can be used in education. This will be especially
useful for creative or novel idea generation.

Table 1 - Neuroimaging investigations needed for the engineering design process.
Design Process Step

Spatial (Location)
Investigation

1 - Identifying the problem or
need

✔

2 - Generate possible solutions

✔

3 - Downselect one or more
solutions

✔

4 - Prototype the solution

✔

5 - Test and evaluate the
solution

✔

Temporal (Time)
Investigation

✔✔

4 Utilizing Neurological Techniques to Study Engineering Design
Though neuroimaging methods have been used to investigate general concepts and theories of
creativity, application of these methods to investigate creativity in engineering design and
concept generation has been minimal. An important aspect to consider when selecting a
neuroimaging method is whether the device has better spatial resolution or temporal resolution.
Spatial resolution relates to a method’s capability to provide fine location detail, to map the areas
of the brain experiencing activity. Temporal resolution refers to the granularity of time detail
obtained when brain activation is occurring. Different techniques offer different combinations of
spatial and temporal resolution, but typically fMRI is regarded as having high spatial resolution
and poor temporal resolution, while EEG is the opposite, having poor spatial resolution and
excellent temporal resolution. Thus, technique type needs to be taken into consideration when
designing experiments based upon what is to be examined. In this section, some of the current
neurological investigations of engineering design and concept generation (ED&CG) are
presented. Overall, there is a limited amount of work that has been published relating
neuroimaging and design [56]. There are some studies that make use of fMRI and EEG, but at
this time, no papers were found applying ERP to engineering design type problems.
4.1 Current use of fMRI in the study of ED&CG
One of the first design investigations was conducted by [57] who utilized fMRI to study the
difference in the cognitive processes employed when solving design tasks compared to nondesign tasks. The authors found that design tasks and non-design tasks employ different
cognitive processes. These cognitive processes are linked to different regions of the brain and
there was extensive activation of these regions when solving the design tasks compared to the
non-design tasks. The paper further suggests that general problem-solving and design thinking
are distinct. Although [57] is not a plain study of creativity, the methodology used to study the
design process can be adopted when studying creativity in the ED&CG process.

A study by [58] used fMRI to investigate design ideation and concept generation with and
without the support of inspirational stimuli (e.g., analogies). While not all participants were in
the field of engineering, participants were graduate-level students specializing in engineering,
design, or product development, which included mechanical engineering students. Results
indicated that brain activation was different for participants that were able to successfully use the
inspiration to generate an insightful design and those that were unsuccessful (mostly those that
did not receive inspiration).
The study in [59] used fMRI to investigate brain activity of engineering designers during
conceptual generation in order to see if design fixation (defined as adherence to a set of ideas or
concepts that limit the final output of a design) could be detected when participants were solving
design problems. Some participants were given example images (sketches) and others were not.
Areas of the brain associated with creative output were found to be less active in the example
condition.
4.2 Current use of EEG in the study of ED&CG
Researchers from Concordia University have done a case study analyzing design activities via
EEG [60]. In this research, the participant was given a design problem that asked the participant
to arrange furniture in a room based on a given set of circumstances and measurements. In a
follow-up study by [61], engineering students were asked to design a house that could fly while
EEG was recorded. This experiment used a technique called clustering that examined the power
spectral density in the different halves of the brain, but there were no significant results. Yet
another study by [62] recorded EEG and heart rate while engineering students worked on a
design problem of their choice, however most picked the same house design problem as listed
before. They found that mental effort (which they used as an indirect measure of creativity and
measured via EEG) was lowest when mental stress is highest (measured via the heart rate
monitor). These small-scale studies indicate that it is possible to use EEG alongside design-type
problems, yet it is complex due to a multitude of factors such as the intricacies involved in the
engineering design process, the associated processing of data, and the isolation of creative
thought processes.
A recent EEG study by [63] replicated the [57] study mentioned above (Section 4.1). The
experiment consisted of 18 mechanical engineering students and 18 architects. The experimental
setup incorporated an additional open design task that included free-hand sketching. Findings
indicated design neurocognition differed when problem-solving versus designing, particularly in
the sketching task, as indicated by transformed power and task-related power within the EEG
readings.
4.3 Current use of other techniques in the study of ED&CG
While not a primary talking point of this paper, a notable investigation with the use of functional
near infrared spectroscopy (fNIRS) is worthy of mention. This technique works via the
absorption or reflection of hemoglobin in certain areas of the brain. Researchers in [64] utilized
fNIRS to investigate the neurological differences in freshman and senior-level engineering
students during an engineering design brainstorm. Even though this study did not look at the

novelty of ideas generated, this study found that freshmen generated more solutions and had five
times greater activation in regions of the brain related to memory, planning, decision making,
and ability to think about multiple concepts at once than seniors. On the other hand, seniors had
ten times the activation in areas associated with behavior control, uncertainty management, and
self-reflection in decision making.
5 Preliminary ERP investigation
As noted above, there are currently no ERP based experiments of engineering design and
creativity. Furthermore, as of date, our research has not found any ERP studies related to
engineering in any aspect. In order to investigate ERPs near the realm of engineering, our lab has
run a pilot study investigating the N400 response of engineers following a design similar to the
experiment in [55]. Two male individuals, one in Aerospace and Mechanical Engineering and
the other in Industrial and Systems Engineering, participated in one trial each for this pilot study.
Their results were averaged together for further analysis and then presented here. A brief
overview of the experiment will follow. While this experiment was not a direct investigation of
engineering design, this experiment presents promising results related to engineering and neuroresponses. Additionally, since the basis of investigations of this type are not present, it is
necessary to complete studies of this type in order to construct a base to build upon. Once the
basics are covered, there are many different possibilities for neurological research in engineering,
which are discussed in the next section of this paper (Section 6).
5.1 The Study
The pilot study presented here is based off the study that Kroger et. al. [55] implemented in an
experimental effort to look at ERPs as an investigation of conceptual expansion. Their team
investigated cognitive expansion as a central component of creative thinking based off of a 2012
study [54], which found that conceptual expansion was linked to the N400 component. Kroger et
al. [55] looked at ERP data from 24 students from their university with unspecified majors in
order to relate the N400 component to unusualness or novelty of stimuli via the use of a modified
alternative usage task (AUT). Traditionally, the AUT asks participants to generate as many
alternative uses as possible for a common object, such as a pencil. Instead of generating uses for
a given item, though, participants were shown a word of an object in conjunction with a potential
use for that object as a stimulus. There were three categories of stimuli: creative uses (i.e.,
Shoe > Pot Plant), nonsense uses (i.e., Shoe > Easter Bunny), and common uses (i.e., Shoe >
Clothing). Participants were then asked to decide if the given use was unusual and if it was
appropriate and they would answer these questions by pushing buttons. Our pilot study narrows
down the general focus of [55] to investigate results of individuals solely from engineering.
5.2 Results
Results from this study follow a similar pattern of [55], which indicates that the N400 component
is sensitive to semantic difference as well as novelty which is indicated by differences in the
mean amplitudes of the four electrodes of interest for each stimulus type, see Figure 6. The four
electrodes of interest (Cz, CPz, Pz, and POz) were chosen here based upon electrodes identified
in [54]. Locations of these electrodes are highlighted in Figure 2. Data indicated that stimuli

classified as nonsensical or creative elicit larger N400 amplitudes than the common uses. Given
the higher amplitudes for the nonsense and creative uses, it is an indication that the N400 in
engineers is sensitive to levels of novelty or unusualness.
In summary, data from this pilot study indicates that the N400 component in engineers is
influenced by novelty and unusualness. In the future, we aim to increase the number of
participants in order to validate the pilot study, investigate the post-N400 response, and remove
the POz electrode from analysis due to its ties to vision as opposed to creative thinking
processes. The waveforms of single electrode sites Cz and CPz from one of the trials are
depicted below in Figure 7.

Figure 6 - Mean amplitudes from four electrodes (Cz, CPz, Pz, and POz) for the three types
of item-use pairs (creative uses, nonsensical uses, and common uses) for the 300-500 ms time
window investigating the N400 effect.

Figure 7 - ERPs from the Cz (top) and CPz (bottom) electrodes from one individual. The box
outline indicates the 300-500 ms window of investigation of the N400 effect.
6 Future Directions
Designing experiments to study the neurological responses on engineering design and concept
generation is not a straightforward task. However, by using tools like fMRI, areas of the brain
that are active during the engineering design process could be highlighted. This would be
achieved by designing experiments such that fMRI could be recorded while addressing different
parts of the engineering design process or during idea generating tasks. Then, since the general
area of interest would be known, this would allow further investigations with other methods like
EEG, and appropriate approaches to EEG experiments could be determined. In this paper, we
focus more on potential EEG experiments than on fMRI, and present two experimental concepts
for future investigations.

One important consideration when studying engineering design and concept generation is
breaking up these complex, multi-step processes into neuroscientifically measurable processes.
The studies reported in Section 4 treated the problem solving and design process as a black box
(i.e., as a single, long step). However, when wanting to investigate the effect of a treatment on a
single part of the problem solving or design process (e.g., the idea generation step or the problem
finding step), there is work needed to design these experiments.
For example, no research has yet been completed on studying the effect of using the alternative
uses task (AUT) on engineering students’ divergent thinking skills when generating concepts to
solve an engineering problem. This could be accomplished as follows. Two groups of
engineering students would be asked to solve a design problem. One group would be asked to
practice with the AUT before solving the engineering problem, and the other group (the control
group) would solve the engineering problem without practicing with the AUT. The AUT portion
of the experiment would not have to be monitored with an EEG, as the creativity will be
measured from the engineering problem. The engineering problem would be broken into two
steps. First, participants would be presented with a problem that requires a solution (e.g., prevent
water from sticking to a glass surface). Then, participants would be asked to generate simple
alternative ideas that would satisfy the problem. After the idea generation step, the participants
would be asked to use their concepts to come up with one complete solution. EEG would be
recorded for the entirety of the engineering portion of the experiment. These signals could then
be compared to find differences between the two groups. It would also be possible to utilize
ERP, as well. In this case, the participant could press a button every time they think of a solution
and the ERP could be analyzed around that time.
Since no ERP studies related to engineering design and concept generation have been done,
including how to improve instructions for these approaches, there is a need for further
investigations into this area. In designing ERP experiments, it is important to identify
components of interest (i.e., N400). As mentioned in Section 2.1.2, the N400 or Post-N400
components would be a good place to start since studies have shown there is some relation to
novelty, unusualness, and conceptual expansion [54, 55]. Since ERPs are responses to stimuli, it
is important to have ED&CG experiments broken up into small, manageable parts, as suggested
above. Methods like function structure diagrams and Energy-Material-Systems (EMS) models
are useful in breaking down engineering problems into smaller chunks and thus could be used to
design short and simple experiments appropriate for ERP analysis. For instance, it would be
possible to present certain aspects of a problem to a participant followed by possible solutions
(e.g., selecting an energy source for a machine followed by different types of energy sources
such as solar power, wind power, natural gas, etc.) to measure the effect a suggested solution has
on brain activity. On the same note, it would be possible to present a problem to a participant and
have them press a button when they generate their own possible solution all while recording
EEG (e.g., telling participant to come up with possible energy sources for a machine and
pressing a button when they come up with a solution).
With neurological research into engineering design and concept generation starting to bud, there
are several sub-areas that could be further investigated. Potential experiments include studying
creativity and improving instruction at different stages of the engineering design process (as
suggested above), studying the effects of different models and techniques such as EMS, TRIZ,

etc. on ideation, studying creative responses and idea generation within teams, studying the
effects of diversity within teams on the engineering design process, and studying the effect of
experience on creative responses and idea generation.
Through these experiments, various processes, exercises, and techniques used to improve an
individual’s creativity could be tested for their effectiveness. The neuro-responses during
concept generation and steps of the engineering design process could also be used to understand
how the brain operates during these activities. Specific EEG frequencies and ERP components
could be identified as key to concept generation and specific steps in the design process. These
responses could then be related to experimental data from specific creativity improving
processes, exercises, and techniques to obtain targeted improvement of specific brain processes.
These processes, exercises, and techniques could then be appropriately implemented within the
engineering curriculum to effectively improve students’ creativity. The neuro-responses can
inform which design tools to use at different steps of the design process and how to improve
instructions on proper application of the tools.
7 Conclusion
Since creativity is not well understood with respect to engineering [15, 21, 65], nor is there a lot
of previous neuroscientific research investigating ED&CG, it is difficult to design experiments
related to the topic. In this paper, we discussed neuroimaging techniques as well as how these
techniques have been used in relation to ED&CG up to this point. We also provided suggestions
for experiments, and the next step would be to conduct these investigations. As more data from
these future investigations becomes available, it can be used to improve engineering education.
This data will aid researchers in understanding what cognitive processes are used in the
engineering design process. Furthermore, creativity improving techniques could be measured
using neuroscientific data. These techniques could then be incorporated into engineering
education curriculum to promote creativity in engineers.
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