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Brain Activity in Constrained and Open Design: The Effect of Gender

on Frequency Bands

This paper presents results from a design neurocognition study on the effect of gender on
EEG frequency band power when performing constrained and open design. We used
electroencephalography to measure the brain activity of 84 professional designers. We
investigated differences in frequency power associated with gender of 38 female and 46
male designers, while performing two prototypical design tasks. The aim of the study was
to explore whether gender moderates brain activity while performing a constrained versus
an open design task. Neurophysiological results for aggregate activations across genders
and between tasks indicate a main effect of gender for theta, alpha 2 and beta 1 frequency
bands. Females show higher theta, alpha 2 and beta 1, namely in the right dorsolateral
prefrontal cortex, right occipitotemporal cortex, secondary visual cortex and prefrontal
cortex in both tasks. Females show higher beta bands than males, in areas of the left
prefrontal cortex, in the constrained design. While in the open design, females showed
higher theta, alpha and beta 2 in the left prefrontal cortex and secondary visual cortex for
all frequency bands. Results within gender between tasks indicate higher theta and alpha
in the prefrontal cortex in the constrained design for both genders. Whilst for open
design, results indicate higher theta, and alpha 1 in the right hemisphere and higher alpha
2 and beta bands across hemispheres for both genders. Results within gender reveal
common brain areas and frequency bands in distinguishing constrained from open design.
(250 words)
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1. INTRODUCTION

Distinguishing designing, in particular open design from constrained design based on
problem-solving, has implications for design research and design education in
particular, since much of education is based on problem-solving theories. Rooted in
different professional activities the practice of design shows variable use of a core of
characteristics that make the foundations of designing as a generic thinking process (Goel
& Pirolli, 1992; Visser, 2009; Vieira, 2021). Constrained and open design evoke
different design behaviors and higher brain activity (Vieira et al., 2020). Higher freedom
while externalizing the co-evolution of problem and solution (Maher & Poon, 1996;
Dorst & Cross, 2001; Dorst, 2019), and ideation (Silk et al., 2021), problem finding
(Simon, 1995), problem structuring (Goel, 1994) and problem framing (Runco &
Nemiro, 1994) characterizes open design and play a lesser role in problem-solving design
tasks. Whether the practice of designing, open or constrained, is influenced by gender is
of particular interest to understand methodological approaches in design research.
Gender differences in design have been studied with several focuses, e.g. to check
whether gender equality is ensured in education (Moss & Gunn, 2007), or to analyze the
effect of gender composition on team dynamics (Milovanovic & Gero, 2019). The
common ultimate goal is to understand the implications of gender differences in design
management, design education, and design research.

As part of a larger experiment, we have previously tested part of this claim by studying
the brain activity of professional designers while designing in constrained and open
design tasks in single domain studies (Vieira et al. 2019a; Vieira et al. 2019b) and
compared domains, namely mechanical engineers and architects (Vieira et al. 2019c¢);
mechanical engineers and industrial designers (Vieira et al. 2020a; Vieira et al. under
review). The original contribution of the study presented here is to report to what extent
brain activity in constrained and open design differ between gender groups. Knowledge
of gender differences among designers while designing is underexplored. Neuroscience
methods can contribute to our understanding of this gap in design research providing
methods for measuring the gender effect on brain activity. We use measurements from
the electroencephalographic (EEG) technique to explore frequency power associated
with gender differences of professional designers while performing prototypical stages
of constrained and open design tasks, a problem-solving stage and a design sketching
stage respectively.

Design research studies using EEG started by investigating cortical activation in multiple
creative tasks (Martindale & Hines, 1975), stages of the creative process and originality
(Martindale & Hasenfus, 1978). Other studies compared the brain activation of expert
and novices (Goker, 1997; Liang, Chang & Liu, 2018). Investigations focused either on
design activities in single domains (Nguyen & Zeng, 2010; Liu, Zeng & Hamza, 2016;
Liuetal., 2018; Liang et al., 2019; Vieira et al., 2019a; Vieira et al., 2019b; Jia & Zeng,
2021), or compared domains (Vieira et al., 2019c; Vieira et al., 2020a).

As part of this larger experiment, one single-domain design neurocognition study on the
effect of gender revealed differences between male and female industrial designers while
performing constrained and open design tasks (Vieira et al., 2021). The present paper
extends the previous studies on constrained and open design tasks comparing domains
(Vieira et al. 2019a, 2020a) and the study investigating the effect of gender of industrial
designers (Vieira et al., 2021) to the effect of gender across four domains. We investigate
the effect of gender on brain activity in a larger sample of design professionals including
industrial designers, communication designers, architects and mechanical engineers
while performing constrained and open design tasks.



1.1 Constrained and Open design

The notion that designing, as a cognitive process, commences with an exploration by
generating the solution space (Yoshikawa, 1981; Gero, 1990; Gero & Kumar, 1993; Dorst
& Cross, 2001; Kruger & Cross, 2006; Visser, 2009; Dorst, 2019) or the problem space
(Goel & Pirolli, 1992; Goel, 1994; Goldschmidt, 1997), has been replaced by the notion
that exploring or designing the problem and the solution co-evolves (Maher & Poon,
1996; Dorst & Cross, 2001; Dorst, 2019) in constrained or open design spaces, depending
on the design request’s level of constraint and openness to exploration (for a review see,
Vieira et al. under review). A constrained design space is confined by specific
requirements, while an open design space expands by the introduction of new design
variables allowing the unfolding of the space of solutions (Gero & Kumar, 1993; Mose,
Biskjaer & Halskov, 2013).

Another notion emerged when in creativity research problem finding was identified as an
important component of creative performances, and distinct from problem-solving
(Runco, 1994; Abdulla et al., 2020). The problem-solving space view was shown to be
incomplete with Schon’s work (Schon, 1983) and later problem finding was considered
related to skills such as problem definition and problem expression, problem generation
and problem discovery (Runco & Nemiro, 1994). Similar characteristics were identified
in protocol studies of design and non-design problem spaces, such as problem finding and
problem forming (Simon, 1995), problem structuring (Goel, 1994), problem scoping and
problem framing (Goel, 2014). These initial studies compared designers and non-
designers performing in design and non-design spaces (Goel, 1994). These studies lead
to the investigation of one of the core design research questions. When and whether
designing, as a cognitive process, is distinct from problem-solving (Goel & Pirolli, 1989;
1992; Visser, 2009; Vieira, 2021). Distinctive brain activity between design tasks, based
on problem-solving and layout design (Alexiou et al., 2009; Vieira et al., 2020b) and
problem-solving and open design (Vieira et al., 2020a) have previously provided
preliminary answers to this core design research question. Recent design neurocognition
studies explore brain activity while performing constrained and open design tasks. No
significant differences were found when comparing two types of tasks, based on
constrained and open requests performed by product design engineers in an fMRI
experiment (Hay et al., 2019). However, significant differences were found comparing
two tasks, based on constrained layout design and open design, for mechanical engineers
and industrial designers in an EEG study (Vieira et al. 2020a; Vieira et al. under review).
In the latter study, significant differences were found for alpha 2 and beta frequency bands
between the constrained and the open tasks, in the earliest stage immediately after reading
the task instructions. From the qualitative observation of the experiment sessions’ video
recordings participants took different methodological approaches. Reading the
instructions of the constrained task produced a direct response, while a reflecting stage
took place in the open design task before sketching. Such differences in the designers’
methodological approach translated in different brain activity. We infer that problem
finding, as a relevant component of creativity in design, took place in this stage of
distinctive brain activity from problem-solving leading to higher brain activity
differences in the sketching stage. In the present study we compare the most prototypical
stage of each task, problem-solving of the constrained task and design sketching of the
unconstrained, open task, and investigate when and whether the effect of gender reveals
similarities or differences in brain activation.



The investigation of gender differences and similarities might open the way to further
studies on how appropriate is adopting the same educational approaches and techniques
in design and insights on building design teams.

The next section provides an overview of the literature on gender differences in creative
cognition and design neurocognition.

1.2 Gender Differences in Creative Cognition and Design Neurocognition

In the neuroscience of creative cognition, comprehensive literature reviews have focused
on topics relevant to design research, such as mental visual imagery (Pidgeon et al.,
2016). We highlight results relevant to the investigation of the effect of gender in design
research. Despite the lack of clear differences in creative potential (Baer & Kaufman,
2008; Abraham, 2016), women less often than men have outstanding creative
achievements. It was found that men overestimate while women underestimate their
creative efficacy (Abra & Valentine-French, 1991), which was identified in the field of
the general intellect as “male hubris-female humility” (Furnham, Fong & Martin, 1999).
It was further shown that the mechanisms of shaping creative self-efficacy are gender-
specific (Karwowski, 2011). Although there is evidence of differences in patterns and
areas of strengths between the genders, there is still relative equality in creative ability
(Baer & Kaufman, 2008). Women appear more interested in the creative process than in
its result or have a lower need of achievement reflecting cultural values and other factors
contributing to differences (Baer & Kaufman, 2008; Ruth & Birren, 1985).

Studies using the EEG technique are usually based on the analysis of activation in specific
frequency bands (Cohen, 2017; Benedek & Fink, 2020; Sawyer, 2011; Stevens &
Zabelina, 2019). For reviews on creativity and EEG studies see (Fink & Benedek, 2013;
Fink & Benedek, 2014).

The oscillatory neuroelectric activity of frequency bands are thought to act as resonant
communication networks through large populations of neurons, with functional relations
to memory and integrative functions, and complex stimuli eliciting superimposed
oscillations of different frequencies (Basar et al., 1999). Fink and Neubauer (2006) found
no behavioral differences for originality between genders, although they significantly
differed with respect to task-related synchronization of EEG alpha activity in anterior
regions of the cortex. Females in the high ability group demonstrated stronger
synchronization with originality than those of average verbal intelligence, whereas the
opposite pattern was seen among males. Razumnikova (2004) found that gender
differences in beta 2 activity, associated with creativity in both genders, are instantiated
in terms of the hemispheric organization of brain activity during creative thinking.

In design research EEG studies associated design activities with beta 2 (Vieira et al.,
2020b), gamma 1 and gamma 2 (Liu, Zeng & Hamza, 2016). Higher alpha power is
associated with open ended tasks and divergent thinking (Liu et al., 2018). Upper alpha
power is also associated with visual association in expert designers (Liang et al., 2017).
While theta and beta power are related to convergent thinking in decision-making and
constraints tasks (Nguyen & Zeng, 2010), beta power is also associated with visual
attention. Higher alpha and beta frequency bands have been found to play a key role from
constrained to open design tasks (Vieira et al. under review). Vieira et al. (2021) in their
design neurocognition study on the effect of gender on frequency bands of industrial
designers demonstrated hemispheric differences for alpha and beta bands while problem-
solving, and theta, alpha and beta bands while designing. Here, we explore how far these
results replicate in a larger sample involving industrial designers, communication
designers, architects, and mechanical engineers. The larger sample should provide more
robust findings.



We look at each gender cohort’s cognitive demands associated with constrained and open
design tasks and how they translate into brain activation and specifically changes in
frequency bands. The analysis of frequency bands describes these aspects and we relate the
statistical results with selected cognitive functions associated with the respective Brodmann
areas that can be inferred as connected to design cognition in constrained and open design.
The brain’s structure, function and connectivity studies originally made by Brodmann
(1909) have been refined and correlated to various cortical functions and cognitive
activities (Glasser et al., 2016). Most researchers are cautious about relating specific
electrode positions with higher cognitive functions, although such associations are
commonly used when discussing brain regions of main findings. Through the comparison
of frequency band power between the genders and tasks we connected the results to the
literature on associated cognitive functions and present an overview of hypothetical
inferences and interpretation in the discussion. These inferences are not intended to claim
the presence of cognitive processes from observed brain activation (reverse inference,
(Poldrack, 2006), but selected cognitive functions associated to channels of statistical
differences that relate to design cognition, in particular to these stages of design cognition.

1.3 Research Question and Approach
We investigate the effect of gender based on the analysis of oscillatory brain activity of
frequency bands while performing constrained and open design tasks. We analyse the
neurophysiological activation differences of male and female professional designers
when designing for a constrained problem-solving design task and for an open design
sketching task. The experiment design has been previously reported in Vieira et al.,
(2020a) (Appendix A), as has the division of the two tasks in three stages (Vieira et al.
under review) which is further detailed in the methods section.
We explore if differences occur between constrained and open tasks, by examining the
brain activity and comparing the most prototypical stage of each task: the earliest reaction
after reading the task, a problem-solving stage of the constrained design task and the open
externalization sketching stage of the open design task.
The analysis focuses on the frequency band power differences observed between the two
different stages of the execution of the tasks. By temporally segmenting these activations
for each participant, we distinguish brain activation within design sessions across the two
stages. We investigate the following research question:
e What are the similarities and differences in the brain activation of male and
female designers when performing constrained design problem-solving and open
design sketching?

2. METHODS

The research question is investigated by using the problem-solving stage of the
constrained design task as reference for the sketching stage of the open design task.

In this study we time-locked on a scale of multiple seconds to allow for the design activity
to unfold. We shift the focus on time-locking the experiments equally for all participants,
to the unfolding of the cognitive activities of designing in constrained and open tasks until
the solution is produced. Hence, our experiment is time-locked for the complete unfolding
of the cognitive activities involved in each task (Vieira et al., 2020a). We examined the
resting state of some participants from the different background groups and their brain
activity differed considerably. Therefore, we compute absolute power instead of task-
related power changes relative to resting-state activity. Moreover, participants’ cognitive
effort during the resting state is unknown. By taking the problem-solving stage of the



constrained task as the reference, we know that their cognitive effort is focused on solving
a problem-solving task of well-defined instructions, therefore we consider this a suitable
reference for comparison with the open sketching stage and with the aim of the research
project.

By temporally segmenting the activations of each stage for each participant, it is possible
to distinguish brain activation within design sessions across the two stages and gender.
We analyzed frequency power (Pow) across distinct frequency bands. The tasks and
experimental procedure were piloted prior to the full study, resulting in the final
experiment design (Vieira et al., 2020a).

2.1 Participants

Participants were 91 professional designers with the same demographics (language and
culture). Seven participants’ data were incomplete. The final sample thus consists of 84
right-handed participants, aged 23-64 (M = 35.5, SD = 8.8), including 46 men, aged 24-
58 (age M = 36.5, SD = 8.7) and 38 women, aged 23-64 (age M = 33.5, SD = 10), from
four design background activities namely: 23 mechanical engineers, 14 men (age M = 29,
SD =5.8) and 9 women (age M = 30, SD = 8.7); and 23 industrial designers, 11 men (age
M =36.9, SD = 7.4) and 12 women (age M = 31.1, SD = 7.1); 27 architects, 14 men (age
M =419, SD =6.7) and 13 women (age M = 39.1, SD = 7.9); and 11 graphic designers,
6 men (age M = 39.8, SD = 9.3) and 5 women (age M = 36.4, SD = 11.4). The result of
the unpaired t-test controlling for experience between gender cohorts revealed no
statistically significant difference, t(82)=1.79, p=.077. The participants are all
professionals (years of experience M = 9.7, SD = 7.6). This study was approved by the
local ethics committee of the University of Porto.

2.2 Experiment Tasks

This experiment consisted of a sequence of tasks previously reported (Vieira et al.,

2020a) (Appendix A). We have adopted and replicated the constrained task based on

problem-solving described in Alexiou et al. (2009) fMRI study. This task is considered a

problem-solving task as the problem itself is well-defined, and the set of solutions is

unique (Alexiou et al., 2009). In the earliest reaction stage of this constrained task,
participants’ methodological approach is immediately oriented to respond to the three
well-defined instructions of the request, the strict placement of three pieces of furniture,
therefore this stage reflects the problem-solving characteristics of the task. We added an
open design task that included free-hand sketching. This task is an ill-defined and fully

unconstrained task unrelated to formal problem-solving (see Figure 1).

The two tasks were previously divided into three stages of categorical similarity: Stage

1, reading the task; Stage 2, earliest reaction; Stage 3, open externalization.

Distinguishing the three stages is motivated by the assumptions that:

a) designing starts by reading the task request, whether constrained or open it may evoke
different levels of conceptual expansion prompting designers to different
methodological approaches.

b) while protocol analyses usually address only the third stage by relying on designers’
externalizations, we investigated what comes before the externalization of the idea
and immediately after reading the task request.

¢) problem finding and problem forming (Simon, 1995) and problem structuring (Goel,
1994) have been identified as invariants of design problem spaces and for having a
smaller role in problem-solving and non-design problem spaces (Goel, 1994).

We explored differences in brain activation between female and male designers between

the two most prototypical stages of constrained and open designing. The average task



duration for the constrained design based on problem-solving was M = 33.7s (SD = 14.4),
and for the open design based on free-hand sketching was M = 578.3s (SD = 317.2).

(insert Figure 1)

2.3 Setup and Procedure

The setup, tasks sequence (Appendix A) and complete procedure have been previously
described in Vieira et al. (2020a). A brief outline is presented here. Electromagnetic
interference of the room was checked including the 50Hz power line contamination. One
researcher was present in each experiment session to instruct the participant and to check
for recording issues. A period of 10 minutes for setting up and a few minutes for a short
introduction were necessary for informing each participant, reading and signing the
consent agreement and to set the room temperature. The researcher followed a script to
conduct the experiment so that each participant was presented with the same information
and intentional stimuli. The participants were asked to start by reading the task request
which took an average of 10s of reading period. The participants were asked to stay silent
during the tasks and use the breaks for clarifying questions. In the constrained design
task, participants received a tangible interface based on magnetic material for easy
handling. In the open design task, each participant was given two sheets of paper (A3
size) and three instruments, a pencil, graphite and a pen (see Figure 1). The unconstrained
task always followed the constrained task.

2.4 Equipment and Data Collection Methods

EEG activity was recorded using a portable 14-channel system Emotiv Epoc+. Each of
the Emotiv Epoc+ channels collect continuous signals of electrical activity at their
location. The fourteen electrodes were placed according to the 10-10 I.S., 256 Hz
sampling rate, Figure 2.

(insert Figure 2)

Two video cameras captured the participants’ face and activity while performing the
tasks. AIll the data captures were streamed using Panopto software
(https://www.panopto.com/). The experiment sessions took place at the University of
Porto, between March and July of 2017 and June and September of 2018 in the Mouraria
Creative Hub, during August 2018 between 9:00 and 15:00.

2.5 Data Processing Methods

In a first step, the EEG signal was band pass-filtered with a low cutoff 3.5 Hz, high cutoff
28 Hz to maintain only oscillatory brain activity between the theta and beta frequency
range. As both tasks involved motor activity, we applied methods to attenuate the muscle
artifact contamination of the EEG recordings. Specifically, we adopted the blind source
separation (BSS) technique based on canonical correlation analysis (CCA) for the
removal of muscle artifacts from EEG recordings (De Clercq et al., 2006; Vos et al.,
2010). Additionally, the data were visually checked for the remaining artifacts, and
artifactual epochs caused by muscle tension, eye blinks or eye movements were excluded
from further analysis.

Data analysis included the computation of frequency-specific band power on individual
and aggregate levels using MatLab and EEGLab open-source software. The
decomposition of the EEG signal followed the typical component frequency bands and



their approximate spectral boundaries, theta (3.5-7 Hz), alpha 1 (7-10 Hz), alpha 2 (10—
13 Hz), beta 1 (13-16 Hz), beta 2 (16-20 Hz), and beta 3 (20-28 Hz). By adopting lower
and upper alpha boundaries, and beta sub-bands, we ensured that the findings can be
related to the literature in other domains. The total transformed power (Pow) was obtained
by band-pass filtering the EEG signal at each electrode for specific frequency bands (see
above) and computing the median of the squared values of the resulting signal. This
measure reflects the amplitude of the frequency power per channel and per participant.
An average value per participant of 5.0% in the constrained problem-solving stage and
5.5% in the open sketching stage of critical channels with unremovable artifacts were
substituted by the mean of the series. The valid EEG data corresponding to each stage of
the constrained and open design tasks were averaged, respectively. The segmentation of
each task in three stages followed a time-stamping procedure according to the criteria
presented in the methods section and then computed in MatLAB. The divisions into Stage
1, reading the task, Stage 2, earliest reaction, and Stage 3, open externalization, were
visually checked through the observation of the two videos captured per session. In the
constrained design task, the problem-solving stage is the earliest reaction after reading
the request and starts when the participant takes action to answer to the three requests and
ends when these are accomplished. This was done in one sequence by all the 84
participants. Some participants end the task here, others complete the layout design. In
the open design task, a stage of reflecting is the earliest reaction after reading the request
followed by the open externalization stage that starts with the beginning of sketching or
notation activities and ends when the design is concluded. We thus obtained one
measurement of the power (Pow) for each frequency band and selected stage per task,
Appendix B.

2.6 Statistical Approach

We performed standard statistical analyses based on the design of the experiment: a
mixed-measures design (2x2x7x2) with task (problem-solving of the constrained design
and sketching of the open design), hemisphere (left, right) and electrode (O1/2, P7/8, T7/8,
FC5/6, F7/8, F3/4, AF3/4) as within-subject factors and gender (male, female) as between-
subjects factor. Analyses were performed for the dependent variable of Pow for each
frequency band. The threshold for significance in all the analyses is p<.05. Cohen’s d was
calculated to measure the effect size for each electrode, and each frequency band between
the genders for each stage, and between stages within gender.

3. ANALYSIS OF RESULTS

We focus on the frequency band power per channel, task, and participant as the study aim
is to know whether there are gender differences in brain activation during constrained and
open designing. Total power (Pow), for each frequency band across the 14 channels per
task and gender are depicted in Figures 4 and 5.

3.1 Significant Main effects and Analysis by Gender

From the analysis of the 84 participants, we found significant main effects and significant
interaction effects between multiple factors (Appendix C, Table C1). Significant main
effects were found for the between-subjects factor of gender for the following frequency
bands, theta, p=<.01, alpha 2, p=.01, and beta 1, p=<.01. A significant interaction effect
was found between the factors: hemisphere and gender for alpha 2, p=.02; and electrode
and gender for alpha 1, p=<.01, alpha 2, p=<.01, beta 2, p=.02 and beta 3, p=.02.



Analysis revealed significant main effects of task for alpha 2 and the beta bands. Main
effect of hemisphere and of electrode were found across the six bands. Significant
interaction effect was found between the factors: task and hemisphere for alpha and beta
bands among other effects, Table 1.

(insert Table 1)

No interaction effect between task and gender was found. The sample of participants has
an approximately equal percentage of female designers in each domain. We infer there is
no or minimal gender domain effect.

Following the between-subjects factor of gender for theta, alpha 2 and beta 1, and the
interaction effects between electrode and gender for alpha 1, alpha 2, beta 2 and beta 3,
Cohen’s d was calculated to measure the effect size for each electrode, and each frequency
band between the genders for each stage (Appendix C, Table C2 and Table C3). Problem-
solving and design sketching are labels for the considered stage of each of the two
different tasks.

3.1 Analysis of Gender Differences in Constrained Design

Total transformed power (Pow), for the problem-solving stage of the constrained design
task across the 14 channels, frequency bands and gender, are depicted in Figure 3. We
look at the frequency bands neurophysiological activation in the problem-solving stage
of the constrained design task per gender and how it translates into brain activation. The
plot shows the two hemispheres by distributing the electrodes symmetrically around a
vertical axis. Total power (Pow) per electrode (average of the entire stage) can be
considered by comparing the vertical scale and across the two tasks, per frequency band.
Cohen’s d was calculated to measure the effect size of gender differences in frequency
power for each electrode (Appendix C, Table C2). A positive effect size reflects higher
power in females compared to males. The solid circles indicate channels of moderate
(>.50) and large (>.80) effect size, Figure 3.

(insert Figure 3)

All the channels of moderate or greater effect size across the frequency bands were found
in three main areas of the brains of female designers, the posterior cortices, right
dorsolateral and left prefrontal cortex. In the posterior cortices, in the right hemisphere
the channel O2 for the six bands and the channel P8, for five bands except alpha 1. In the
left hemisphere, the channel O1, for theta and alpha bands. Female industrial designers
showed higher posterior theta and alpha bands than males, mainly in the right hemisphere:
in the right dorsolateral prefrontal cortex, channel FC6, for theta and alpha 2; the channel
F8, for alpha 2 and beta 1; and the channel F4, for beta 1. In the left prefrontal cortex:
channel F7, for beta 3; and the channel AF3, for beta 1 and beta 3. Female designers
revealed increased prefrontal beta 3 in the left hemisphere, and beta 1 in the right
hemisphere. Male designers did not show significantly higher brain activation in any of
the six frequency bands.

3.2 Analysis of Gender Differences in Open Design

Total transformed power (Pow), for the design sketching stage of the open design task
across the 14 channels, frequency bands and gender, are depicted in Figure 4. We look at
the frequency bands power in the sketching stage per gender. Cohen’s d was calculated
to measure the effect size for each electrode transformed power (Pow), between the
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genders for this stage (Appendix C, Table C3). The positive effect sizes reflect higher
power in females. The solid circles indicate channels of moderate (>.50) or larger effect
size, Figure 4.

(insert Figure 4)

All the channels of moderate or greater effect size across the frequency bands were also
found in the same three main areas of the brains of female designers, the posterior
cortices, right dorsolateral and left prefrontal cortex. In the posterior cortices, in the right
hemisphere: the channel O2 for five bands except beta 3; and the channel P8, for beta 1.
In the left hemisphere, the channel O1, for alpha 2 and beta 1. In the right dorsolateral
prefrontal cortex: the channel FCB6, for theta, alpha bands and beta 1; the channel F8, for
theta, alpha 1 and beta 1. In the left prefrontal cortex: the channel F7, F3, and the channel
AF3, for theta. Female designers showed increased prefrontal theta, in the left hemisphere
along with moderate effect size for theta, alpha bands and beta 2 in the channel FC5. Male
designers do not reveal channels of moderate or greater effect size across the six bands.
Both genders show higher brain activity in channels of the right occipitotemporal and
secondary visual cortices in designing, compared to problem-solving, Figures 3 and 4.

3.3 Analysis of Differences between Problem-solving and Design Sketching within
Gender

Following the main effects of stage for alpha 2 and the beta bands, and of hemisphere
and of electrode across the six bands, Cohen’s d was calculated to measure the effect size
for each electrode, and each frequency band within gender between stages (Appendix C,
Tables C4 and C5). We look at the channels of moderate and large effect size between
the problem-solving and sketching stages per gender. The positive effect sizes reflect
higher power in problem-solving compared to design sketching. Solid circles indicate
channels of moderate (>.50) or larger effect size, Figure 5.

Both genders revealed channels of moderate and large effect size in areas of the prefrontal
cortex for theta and alpha bands, in problem-solving. No results were found for beta bands
in problem-solving for both genders.

While for design sketching, both genders revealed channels of moderate and large effect
sizes in the occipitotemporal and secondary visual cortex. In the right hemisphere, the
channel O2 and the channel P8, revealed large effect sizes and the channel T8 moderate
effect size for theta and alpha 1, for both genders. In the left hemisphere, the channel O1,
for alpha 2, and the channel P7, for beta 3. Two channels reveal specific moderate effect
size for beta 2, the channel T8, for the men, and channel O1, for the women. The female
designers additionally showed higher bilateral beta 3 in the channels FC5 and FC6.

(insert Figure 5)

4. DISCUSSION

With this study we provided evidence for the effect of gender between two prototypical
stages of constrained and open design tasks, across a large sample of data including
participants from four design domains, mechanical engineering, industrial design,
communication design and architecture. The brain activity found in the frequency bands
power by taking the problem-solving stage as the reference for the open sketching stage,
support a number of inferences. Results reveal differences and similarities across the
genders and provide initial answers to the research question.
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4.1  Gender Effect and Associated Cognitive Functions

When comparing the frequency bands power between genders in different stages and
tasks, prioritising specific cognitive functions seems to play a role in gender's approach
to constrained and open design tasks. Hence, we connect the discussion of the results to
the literature on selected cognitive functions associated to channels of statistical
significance, relevant to understanding the effect of gender in these stages of design
cognition. These inferences based on results from studies using fMRI and positron
emission tomography (PET), should not be confused with with reverse inference
(Poldrack, 2006) as we do not infer cognitive processes, but selected cognitive functions
related to these stages of design cognition. By doing so, we open possibilities for insights
on hypotheses building, new studies and experiments. The electrode placement of the EEG
device and their associated Brodmann area is shown in Figure 6.

(insert Figure 6)

4.2  Gender Similarities
While being aware of the issues related to reverse inference, we suggest the following
design cognition similarities between genders:

e Significant higher frequency band power in the open sketching stage for both
genders on the aggregate level were measured, for alpha 2 and beta bands,
meaning that from this study open design sketching, is the most distinguishable
design activity from problem-solving, in particular for these frequency bands.
Sketching relevance to designing has been studied and identified (Goldschmidt,
1997; Scrivener, Ball & Tseng, 2000; Kavakli & Gero, 2001; Bilda, Gero &
Purcell, 2006; Cash & Maier, 2021). This is consistent with higher brain activity
reported in previous studies for mechanical engineers and industrial designers
(Vieira et al., 2020a), and mechanical engineers and architects (Vieira et al.,
2019c).

¢ Similar adaptive and methodological approaches can be inferred for both genders
as the constraints of problem-solving disappeared in the open design sketching.
Male and female designers showed higher frequency band power, in particular
alpha 2 and beta bands in open design. We hypothesize that greater adaptation
to the open design invokes higher brain activation in design activities such as
exploring the co-evolution space (Dorst, 2019; Dorst & Cross, 2001; Maher &
Poon 1996), ideation (Silk et al., 2021), problem finding (Simon, 1995), problem
structuring (Goel, 1994) and problem framing (Runco & Nemiro, 1994).

e Similar frequency bands results are found in the open sketching design stage, in
particular, of the channel P8, for both genders, whose cognitive functions are
associated with drawing (Harrington et al., 2007). We infer similarities in
sketching across participants of both genders. Statistical differences are found
only for beta 1 in this particular channel. Relating the underexplored beta 1
frequency band with design cognition is not an easy task. From the literature it is
known that beta 1 relates to decision-making of constrained tasks and convergent
thinking (Nguyen & Zeng, 2010) and open layout and sketching design tasks
(Vieira et al., 2020b).

e Hemisphere and electrode significant differences were found between the two
tasks’ stages across the six frequency bands. This is consistent with results
comparing EEG total signal of mechanical engineers and industrial designers
performing constrained and open design (Vieira et al., 2020a). From the within-
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gender analyses, channels of moderate and large effect size between stages
revealed higher theta and alpha 1 in the prefrontal cortex, in problem-solving.
While for design sketching, channels of moderate and large effect size revealed
higher alpha 2 and beta bands in the occipitotemporal cortex and in the
dorsolateral prefrontal cortices, for both genders.

e In the first design neurocognition study on the effect of gender on frequency
bands, Vieira et al. (2021) demonstrated hemispheric differences for alpha and
beta bands of industrial designers, while problem-solving, and theta, alpha and
beta bands while designing. Theta relates to motor behavior (Basar et al., 1999).
The present study reveals similar results, however, all hemispheric differences
show higher activation for the female designers, while the previous study reports
results for higher prefrontal alpha and right prefrontal beta 1 and beta 3 in
problem-solving, and higher right dorsolateral prefrontal alpha and beta 1 while
designing of male industrial designers.

4.2.1 Gender Similarities from Constrained to Open Design

Both genders revealed channels of moderate and large effect size in areas of the prefrontal
cortex possibly associated with planning (Fincham et al., 2002), decision-making (Rogers
et al., 1999) and deductive reasoning (Goel et al., 1997), for theta and alpha bands, in
problem-solving. No results of higher brain activity were found for beta bands in
problem-solving for both genders.

While for designing, both genders revealed channels of moderate and large effect size in
channels of the occipitotemporal and secondary visual cortex. In the right hemisphere,
the channel O2 can possibly be associated with visuo-spatial information processing
(Wabersky et al., 2008), the channel P8 with monitoring shape (Le, Pardo & Hu, 1998)
and drawing (Harrington et al., 2007), for theta and alpha 1, and the channel T8, with
observation of motion (Rizzolatti et al., 1996). In the left hemisphere, the channel O1 can
be associated with visual mental imagery (Platel et al., 1997), for alpha 2, and the channel
P7, can possibly be associated with semantic categorization (Gerlach et al., 2000) and
metaphor comprehension (Rapp et al., 2004) for beta 3.

4.3  Gender Differences
We can infer the following design cognition differences between genders.

4.3.1 Constrained Problem-Solving

All the channels of moderate or greater effect size across the frequency bands were found
in three main areas of the brains, all for the female designers, namely, the posterior
cortices, right dorsolateral and left prefrontal cortex. In the posterior cortices, in the right
hemisphere, the women revealed higher power: in the channel O2, associated with the
cognitive functions of visuo-spatial information processing (Wabersky et al., 2008) for
the six bands; and the channel P8, associated with the cognitive functions of monitoring
shape (Le, Pardo & Hu, 1998) and drawing (Harrington et al., 2007), for five bands except
alpha 1.

In the left hemisphere, the women revealed higher power: in the channel O1, associated
with the cognitive functions of visual mental imagery (Platel et al., 1997), for theta and
alpha bands.

In the right hemisphere, in the dorsolateral prefrontal cortex, the women revealed higher
power: in the channel FC6, associated with the cognitive functions of goal-intensive
processing (Fincham et al., 2002) and search for originality (Nagornova, 2007), for theta
and alpha 2; the channel F8, associated with the cognitive functions of response inhibition
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(Marsh et al., 2006) for alpha 2 and beta 1; and the channel F4, associated with the
cognitive functions of executive control (Klbler, Dixon & Garavan, 2006) and planning
(Crozier et al., 1999), for beta 1.

In the left prefrontal cortex, the women revealed higher power: in the channel F7,
associated with the cognitive functions of deductive reasoning and semantic processing
(Goel et al., 1997), for beta 3; and the channel AF3, associated with the cognitive
functions of deductive reasoning (Goel et al., 1997) and metaphoric comprehension
(Shibata et al., 2007), for beta 1 and beta 3.

Female designers revealed increased prefrontal beta 3 in the left hemisphere, and beta 1
in the right hemisphere.

4.3.2 Open Design Sketching

All the channels of moderate or greater effect size across the frequency bands were also
found in the same three areas of the brains of female designers, namely, the posterior
cortices, right dorsolateral and left prefrontal cortex.

In the posterior cortices, in the right hemisphere, the women revealed higher power: in
the channel O2 associated with the cognitive functions of visuo-spatial information
processing (Wabersky et al., 2008), for five bands except beta 3; and the channel P8,
associated with the cognitive functions of monitoring shape (Le, Pardo & Hu, 1998) and
drawing (Harrington et al., 2007), for beta 1.

In the left hemisphere, the women revealed higher power: in the channel O1, associated
with the cognitive functions of visual mental imagery (Platel et al., 1997), for alpha 2 and
beta 1.

In the right dorsolateral prefrontal cortex, the women revealed higher power: in the
channel FC6, associated with the cognitive functions of goal-intensive processing
(Fincham et al., 2002) and search for originality (Nagornova, 2007), for theta, alpha bands
and beta 1; the channel F8, associated with the cognitive functions of response inhibition
(Marsh et al., 2006) for theta, alpha 1 and beta 1.

In the left prefrontal cortex, the women revealed higher power: in the channel F7,
associated with the cognitive functions of deductive reasoning and semantic processing
(Goel et al., 1997); F3, associated with the cognitive functions of inductive reasoning
(Goel et al., 1997); and the channel AF3, associated with the cognitive functions of
deductive reasoning (Goel et al., 1997) and metaphoric comprehension (Shibata et al.,
2007), for theta.

Female designers showed increased prefrontal theta, in the left hemisphere along with
moderate effect size for theta, alpha bands and beta 2 in the channel FC5, associated with
complex verbal functions and reasoning processes (Goel et al., 1997; 1998) and metaphor
processing (Rapp et al., 2004).

4.3.3 Summary of Gender Differences

We selected the above-mentioned cognitive functions relatable to design cognition. Both
stages are associated with the same cognitive functions, except for: channel F4, associated
with executive control (Kibler, Dixon & Garavan, 2006) and planning (Crozier et al.,
1999), for beta 1 in the problem-solving stage, beta 1 is known to play a role in convergent
thinking (Nguyen & Zeng, 2010); and channel F3 associated with deductive reasoning
(Goel et al., 1997) and metaphoric comprehension (Shibata et al., 2007), for theta, known
to be related to motor behavior (Basar et al., 1999), and channel FC5 associated with
complex verbal functions and reasoning processes (Goel et al., 1997; 1998) and metaphor
processing (Rapp et al., 2004) intrinsic to design thinking in the open design sketching
stage. We infer these same cognitive functions operate on different frequency bands
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power, in each stage, mostly theta and alpha in problem-solving and mostly alpha 2 and

beta bands in open design sketching. However, we hypothesize how far the cognitive

functions involved in the higher brain activity are the same or differ between the stages.

We can infer the following design cognition differences between genders:

e  When problem-solving, female designers show higher theta and alpha power in the
secondary visual cortex, right occipitotemporal cortex and right dorsolateral
prefrontal cortex. This is not entirely consistent with results from creativity research,
where females demonstrated stronger synchronization of alpha power in the anterior
cortex than males for originality (Fink & Neubauer, 2006). This may be because the
task is a problem-solving design task rather than a creativity task.

e Similarly, male and female designers differ in brain activation in the beta band during
problem-solving. Female designers show higher beta power (1 and 3) in areas of the
prefrontal cortex. Female designers also show higher beta power (1, 2 and 3) in the
right occipitotemporal cortex, and secondary visual cortices.

e When design sketching female designers show higher theta power in the left
prefrontal cortex, higher theta and alpha power in the right dorsolateral prefrontal
cortex, and higher theta and alpha power in the secondary visual cortex.

o Differently from the results for problem-solving, female designers show higher theta
power in the left hemisphere in areas of the brain associated with the cognitive
functions of deductive and inductive reasoning (Goel et al., 1997), metaphoric
comprehension (Shibata et al., 2007), semantic processing (Goel et al., 1997), and
complex verbal functions and reasoning processes (Goel et al., 1997; 1998).

e Male and female designers showed different brain activation with respect to beta
power during sketching. Female designers show higher beta 2 power in the left
prefrontal cortex, higher beta 1 in right dorsolateral prefrontal cortex, and higher beta
1 and beta 2, in the secondary visual cortex.

e Differently from the results for problem-solving. female designers show higher beta
power in the left hemisphere, in areas of the brain associated with visual mental
imagery (Platel et al., 1997), and complex verbal functions and reasoning processes
(Goel et al., 1997; 1998).

4.4  Significance and Implications

This study has shown that EEG brain activation can be used as a measure to identify
gender similarities and differences while performing problem-solving and design
sketching. Results are significant to advance our understanding of the distinction between
designing from problem-solving, open from constrained design tasks, and design spaces.
Distinguishing brain activity in constrained and open design can open avenues to
understand the practice of design when gender and task differences emerge, help design
researchers and design educators rethink and improve design education and support
educational approaches based on designing.

Current research in education is based on Webb’s Depth of Knowledge (DoK; Webb,
1997) and Bloom’s (1956) Revised taxonomy, both of which have a level beyond
problem-solving, Level 4, augmentation as extended thinking for DoK and Level 6,
creating, (Anderson & Krathwohl, 2001), that became the top level in Bloom’s revised
taxonomy (Armstrong, 2010).

The present results can also be useful in industry, by helping design professionals and
educators share design thinking characteristics and support the understanding of such by
novices and non-designers with interest in the transdisciplinary influence of design
(Vieira 2021).
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The results from the different studies of this research project allowed the exploration of
brain activity and specific frequency band power as proxies for assessing change
between design tasks. We assume that the design tasks’ different levels of constraints
frame different design spaces. Further experiments are necessary to test how far brain
activity and frequency band power can work as an anchor and be correlated to other
possible measures of design spaces, as items towards the development of a Design
Spaces Index (DSI), a feedback system of the pliability of the design space created by
the designers while designing. The ongoing analysis of think-aloud protocols of related
experiments measuring EEG responses can bring further clarification and add support
to this hypothesis. The development of the Design Spaces Index can be relevant to
support neurocognitive, ideational and creative feedback and inspire methodological
change in design thinking, management and education.

5. CONCLUSION

This experiment has shown that frequency band power can be used to measure gender
effects in constrained and open design tasks. Each task prompts male and female
designers to a problem-solving methodological approach in the constrained design task,
and a reflective and exploratory approach in the open design task. Female designers
showed general higher activation for theta, alpha and beta bands in areas of the brain
associated with response inhibition and search for originality, of the right prefrontal
cortex, monitoring shape, of the right occipitotemporal cortex and visuo-spatial
information processing and visual mental imagery of the secondary visual cortices in both
tasks. Prioritizing different cognitive functions seems to play a role in both gender's
approach to constrained and open design tasks. These results contribute to the knowledge
of gender differences useful for researchers, design educators, and design managers. The
results also contribute to the knowledge of brain activity responses across frequency
bands by gender, and to the knowledge about neurocognitive measurements in design
research.

Limitations of the Research

The knowledge level of the participants and the task-unrelated variability of their EEG
signals acquired are variables which we cannot fully control. The statistical approach we
described, and the signal processing treatment reduced the potential effects on the results
of the limitations of the EEG device. Due to the low spatial resolution of the EEG device
used, the results cannot support strong claims related to location, as fields extend across
the brain. To better identify unique brain regions associated with neural activity a larger
number of EEG channels is needed.

Future Work

The present results allowed the exploration of the effect of gender on the brain activity
across frequency bands. We infer that each gender cohort of designers’ brain activity
reflects the cognitive demand from the analysis of two prototypical tasks. Further
experiments are necessary to test how far brain activity differs within each design
domain. We infer and hypothesize that the differences between open design sketching
and constrained problem-solving are due to methodological approaches prompted by
reading the design task. The ongoing analysis of think-aloud protocols of related
experiments can also bring further understanding and add support to this hypothesis.
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More data needs to be collected to understand the extent of variation in EEG data of
design studies necessary for the development of datasets, of potential use in Artificial
Biological Intelligence.
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Table 1

Table 1. Significant main effects and interaction effects from the ANOVA (2x2x7x2).

Theta Alpha 1 Alpha 2 Beta 1 Beta 2 Beta 3
Between-subjects factor of gender <.01* .01* <.01*
Hemisphere and gender .02*
Electrode and gender <.01* <.01* .02* .02*
Within-subjects factor
Task <.01* <.001* <.001* <.001*
Hemisphere <.001* <.001* <.001* <.001* <.001* <.001*
Electrode <.001* <.001* <.001* <.001* <.001* <.001*
Task and hemisphere <.001* <.001* <.01* <.001* <.001*
Task and electrode <.001* <.001* <.001* <.001* <.001* <.001*
Hemisphere and electrode <.001* <.001* <.001* <.001* <.001* <.001*

*p<.05
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Figure 1
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In the constrained layout task, the design of a
set of furniture is available and three conditions
are given as requirements. The task consists of
meeting three given restrictions and they freely
complete the design afterwards.

In the free-hand sketching, the participants are asked to
propose and represent an outline design for a future
personal entertainment system

Fig. 1 Description and depiction of the constrained layout design task based on problem-solving and the

open design task based on sketching.
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Figure 2
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Fig. 2 Electrodes placement according to the 10-10 I.S in the brain cortex.
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Figure 3
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Figure 3. Transformed power (Pow) per channel for theta, alpha and beta frequency bands of
the female and male designers for the problem-solving stage. The solid circles indicate
channels of moderate (>.50) or greater effect size. Shaded areas refer to higher frequency

power in that group.
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Figure 4

Female Design Sketching (38) Male Design Sketching (46)
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Figure 4. Transformed power (Pow) per channel for theta, alpha and beta frequency bands of
the female and male designers for the sketching stage. The solid circles indicate channels of

moderate (>.50) and greater effect size. Shaded areas refer to higher frequency power in that

group.
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Figure 5
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Figure 5. Channels of moderate (>.50) and greater effect size of higher activation in

the constrained task based on problem-solving (blue) and of higher activation in the

open design task based on sketching (pink) within gender for each frequency band.

® o
®
@
@®
alpha 2
® o
® @
[
L
alpha 1
B
® O
® L
-
tetha
B
Figure 6

27



F3 F4 08 08

F7 F8 47 45
FC5 FC6 Br 44
T7 T8 42 21
P7 P8 37 37
Prefrontal cortex Temporal cortex Occipital cortex Secondary visual cortex .
(@) (b)

Fig. 6 (a) Electrodes placement related to each cortex of the brain and (b) corresponding Brodmann areas.
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Appendix A

Pretask

Reference
Task 1
Problem-solving

Task 2
Basic
layout design

Task 3
Open
layout design

Task 4
Open free hand
sketching

Figure Al. Schematic sequence of the tasks’ procedure given to the participants (Vieira et al. 2020a).

Table Al. Description of the problem-solving, basic design and open design tasks (Vieira et al. 2020a).

Task 1 — Problem-solving

Task 2 — Basic layout design

Task 3 — Open layout design

Task 4 — Open sketching design

In Task 1 the design of a set of
furniture is available and three
conditions are given as
requirements. The task consists
of placing the magnetic pieces
inside a given area of a room
with a door, a window and a
balcony.

In Task 2 the same design set of
furniture is available and three
requests are made. The basic
design task consists of placing
the furniture inside a given room
area according to each
participant notions of functional
and comfortable using at least
three pieces.

In Task 3 the same design
available is complemented with
a second board of movable
pieces that comprise all the
fixed elements of the previous
tasks, namely, the walls, the
door, the window and the
balcony. The participant is told
to arrange a space.

In the free-hand sketching Task 4,
the participants are asked to:
propose and represent an outline
design for a future personal
entertainment system

Figure A2. Depiction of the problem-solving Task 1, layout design Task 2, open lay
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Appendix B

Problem-solving stage of the Constraint Design Task

AF4 |Fa |F8 |Fcs 18 P8 02 o1 P7 7 FCs 7 F3 AF3
Theta
Average 3,67 2,91 5,02 3,88 3,60 3,09 3,09 2,21 1,80 1,97 2,66 3,66 2,36 3,27|
STDEV 1,25 1,32 1,21 1,47 1,46 1,30 0,90 1,41 1,34 1,21 1,47 1,24 1,17 0,88
Alpha 1
Average 3,33 2,67 4,35 3,39 3,50 3,11 3,47 2,15 1,74 1,73 2,40 3,22 2,14 3,00
STDEV 1,46 1,11 1,54 1,16 1,52 1,29 1,71 1,32 1,28 0,80 1,50 1,51 0,91 1,20
Alpha 2
Average 3,11 2,50 4,23 3,54 3,75 3,38 3,49 1,92 1,54 1,71 2,08 2,99 1,92 2,86
STDEV 1,32 1,05 1,48 1,57 1,82 1,60 1,69 0,91 0,93 0,88 0,94 1,33 0,82 1,17|
Betal
Average 2,74 2,13 3,66 3,12 3,50 2,92 2,94 1,67 1,43 1,73 2,01 2,73 1,61 2,58
STDEV 1,23 0,81 1,09 1,51 1,78 1,26 1,29 0,71 1,05 1,09 0,91 1,24 0,58 0,98
Beta 2
Average 2,89 2,17 3,65 3,38 3,92 3,03 2,91 1,74 1,60 2,08 2,22 2,82 1,73 2,74
STDEV 1,54 0,94 1,18 1,99 2,28 1,55 1,45 0,96 1,36 1,63 1,10 1,41 0,78 1,25
Beta 3
Average 4,88 3,18 5,38 4,93 5,65 4,24 3,74 2,31 2,35 3,25 3,43 4,36 2,54 4,64
STDEV 3,21 1,27 1,63 2,50 3,37 2,13 1,52 1,06 2,02 2,40 1,86 2,12 1,10 2,47
Problem-solving stage of the Constraint Design Task
AF4 |Fa |r8 |Fcs |18 P8 02 o1 P7 7 FCs F7 F3 AF3
Theta
Average 3,63 2,48 4,40 3,23 3,68 2,54 2,44 1,66 1,54 1,96 2,17 3,25 2,05 3,10
STDEV 1,23 0,89 1,46 1,21 1,33 0,81 0,75 0,62 0,61 0,84 0,79 1,28 0,84 1,31
Alpha 1
Average 3,21 2,32 3,78 2,91 3,55 2,62 2,47 1,58 1,46 1,87 1,86 2,63 1,88 2,70]
STDEV 1,26 0,97 1,37 1,24 1,78 1,05 0,97 0,59 0,75 1,18 0,71 0,96 0,82 1,13]
Alpha 2
Average 2,94 2,12 3,39 2,76 3,82 2,60 2,41 1,48 1,38 2,20 1,82 2,70 1,69 2,44
STDEV 1,02 0,78 1,02 1,10 2,25 1,08 1,05 0,58 0,66 1,96 0,68 2,39 0,70 0,90}
Beta 1
Average 2,46 1,76 2,98 2,53 3,70 2,21 2,09 1,38 1,22 2,12 1,63 2,23 1,37 2,13
STDEV 0,77 0,57 1,00 1,25 2,51 1,08 1,05 0,75 0,47 1,61 0,67 1,49 0,56 0,77]
Beta 2
Average 2,68 1,87 3,49 3,06 3,94 2,32 2,06 1,51 1,34 2,61 1,90 2,35 1,47 2,33
STDEV 0,96 0,71 1,97 2,25 2,46 1,14 1,01 1,19 0,67 2,14 0,96 1,32 0,68 0,98
Beta 3
Average 4,34 2,87 517 4,60 5,78 3,27 2,77 1,94 1,95 4,26 2,98 3,41 2,25 3,53]
STDEV 1,95 1,26 3,00 3,12 3,33 1,69 1,20 1,09 0,96 3,56 1,65 1,61 1,23 1,81
Sketching stage of the Open Design Task
AF4 |F4 |F8 FC6 T8 P8 02 01 P7 7 [RCE] F7 [ AF3
Theta
Average 2,90 2,52 4,25 3,63 3,93 3,80 3,73 2,46 1,65 1,79 2,44 3,15 2,01 2,75]
STDEV 0,84 1,01 1,15 1,24 1,36 1,66 1,40 1,22 0,60 0,66 0,86 0,87 0,73 0,74
Alpha 1
Average 2,72 2,45 3,88 3,55 4,28 4,71 4,63 2,68 1,57 1,73 2,34 2,75 1,93 2,54
STDEV 0,96 1,08 1,29 1,30 1,87 2,73 2,74 1,36 0,57 0,73 1,04 0,87 0,77 0,85
Alpha 2
Average 2,59 2,31 3,79 3,95 5,12 6,07 5,53 2,79 1,66 1,82 2,40 2,58 1,77 2,34
STDEV 0,98 1,05 1,40 1,79 2,74 4,47 4,11 1,60 0,74 0,94 1,43 0,83 0,75 0,91
Betal
Average 2,25 1,92 3,38 3,42 4,80 5,12 4,33 3,08 1,74 2,01 2,36 2,99 1,58 2,29
STDEV 0,81 0,81 1,24 1,29 2,54 3,73 2,75 3,81 1,10 1,39 1,81 3,84 0,66 0,93]
Beta 2
Average 2,61 2,28 3,82 3,94 5,54 5,48 4,82 3,41 1,94 2,68 3,08 2,79 1,87 2,72
STDEV 1,08 1,12 1,52 1,59 2,71 3,71 2,68 4,52 1,09 2,10 2,75 0,96 0,89 1,44
Beta 3
Average 4,25 3,59 5,77 6,22 9,11 7,66 6,78 4,26 3,38 4,35 4,69 4,62 2,84 4,30]
STDEV 1,88 1,86 1,99 2,32 4,68 3,33 3,18 2,35 2,14 3,76 2,55 1,63 1,23 1,95]
Sketching stage of the Open Design Task
AF4 |F4 |F8 FC6 T8 P8 02 01 P7 T7 FC5 F7 F3 AF3
Theta
Average 2,68 2,20 3,48 2,92 4,04 3,18 2,81 1,96 1,68 1,91 1,94 2,68 1,64 2,35
STDEV 0,77 0,82 1,02 0,94 1,63 1,27 1,00 1,17 0,60 0,73 0,76 0,91 0,56 0,73]
Alpha 1
Average 2,50 2,20 3,26 2,87 4,49 3,99 3,26 2,02 1,66 1,74 1,69 2,38 1,60 2,21
STDEV 0,76 0,94 1,05 0,97 2,00 2,09 1,48 1,34 0,86 0,76 0,62 0,92 0,70 0,80
Alpha 2
Average 2,43 2,12 3,22 2,97 5,01 4,58 3,72 2,02 1,61 1,91 1,71 2,23 1,48 2,12
STDEV 0,85 0,92 1,11 1,07 2,25 2,55 2,23 1,28 0,60 1,05 0,69 0,78 0,61 0,76
Beta 1
Average 2,14 1,79 2,77 2,65 4,93 3,96 2,93 1,72 1,66 2,22 1,64 2,06 1,32 2,03
STDEV 2,13 0,77 0,91 0,97 2,89 2,20 1,31 0,76 0,77 1,53 0,67 0,75 0,58 0,90}
Beta 2
Average 2,60 2,06 3,28 3,22 6,38 4,76 3,37 2,00 2,17 3,25 1,99 2,41 1,50 2,42
STDEV 1,24 0,78 1,44 1,46 4,05 2,71 1,72 1,09 1,42 3,10 0,85 0,91 0,66 1,14
Beta 3
Average 4,43 3,47 5,29 537 9,42 7,64 5,46 3,40 3,50 5,84 3,60 4,07 2,42 4,01
STDEV 2,40 1,69 2,18 2,47 5,77 4,19 2,71 2,00 2,11 4,47 2,12 1,82 1,07 2,06

30




Appendix C

Table C1. Significant main effects and interaction effects from the ANOVA (2x2x7x2).

Theta Alpha 1 Alpha 2 Beta 1 Beta 2 Beta 3
Between-subjects factor of gender <.01* .01* <.01*
Task and gender
Hemisphere and gender .02*
Electrode and gender <.01* <.01* .02* .02*
Hemisphere, electrode and gender <.001* <.001* <.001* <.01* <.01*
Task, hemisphere and gender
Task, electrode and gender
Task, hemisphere, electrode and
gender
Within-subjects factor
Task <.01* <.001* <.001* <.001*
Hemisphere <.001* <.001* <.001* <.001* <.001* <.001*
Electrode <.001* <.001* <.001* <.001* <.001* <.001*
Task and hemisphere <.001* <.001* <.01* <.001* <.001*
Task and electrode <.001* <.001* <.001* <.001* <.001* <.001*
Hemisphere and electrode <.001* <.001* <.001* <.001* <.001* <.001*
Task, hemisphere and electrode <.001* <.001* <.001* <.001* <.001* <.001*

*p<.05

Table C2. Cohen’s d for gender differences in the channels and bands of problem-solving.

Band AF3 |F3 |F7 |FC5 |T7 |P7 |01 |02 |P§ T8 |FC6 |F8 |F4 | AF4
Theta .53 .66 .53 .50
Alpha 1 59 | 75
Alpha 2 .60 | .80 .59 .59 .68
Beta 1 53 74 | .62 66 | 54
Beta 2 70 | 54
Beta 3 .53 51 .54 73 | .52
Table C3. Cohen’s d for gender differences in the channels and bands of sketching.
Band AF3|F3 |F7 |FC5|T7 |P7 |O1 |02 |P8 |T8 |FC6|F8 |F4 |AF4
Theta .54 .58 .53 .62 78 66 72
Alpha 1 8 65 81 | 54
A|pha 2 .64 .54 57 .69
Beta 1 113 | 1.14 | 55 .82 .69
Beta 2 .57 .67
Beta 3
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Table C4. Cohen’s d for differences in the channels and bands between problem-solving and sketching of
the female designers

Band AF3|F3 |F7 |FC5|T7 |P7 |01 |02 |P8 |T8 |FC6|F8 |F4 | AF4
Theta 65 50 -55 | -50 66 74
Alpha 1 | 56 57 -52 | -.75 50
Alpha 2 | 50 52 -55 |-51 | -61 | -51 56
Beta 1 -72 | -66 | -80 | -.60

Beta 2 -52 | -90 | -88 | -.65

Beta 3 -57 -50 | -1.09| -1.24| -1.24| -86 | -54

Table C5. Cohen’s d for differences in the channels and bands between problem-solving and sketching of
the male designers

Band AF3|F3 |F7 |FC5|T7 |P7 | 01|02 P8 | T8 |FC6|F8 |F4 | AF4
Theta 71 58 | 51 -.61 74 04
Alphal | 50 -.64 -83 | -.50 70
Alpha 2 - | -76 -1.03 | -54 54
55
Beta 1 -.70 -71 -1.02
Beta 2 -.76 -.94 2119 | -73
Beta 3 -9 | - -1.29 -138| -.78
92
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