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1. Introduction

1.1. Biophilic design: human-response-oriented
design strategies to foster well-being

For millions of years, nature has played a crucial role in
shaping our behavior in outdoor environments. Through
the process of evolution, we have developed innate
schemata and biologically programmed learning skills that
enable us to survive and thrive in natural settings. How-
ever, as we advanced, we began altering our surroundings
by building shelters and indoor environments (Keller and
Calabrese, 2015). Our lifestyle has shifted dramatically,
with an average of ninety percent of our time now spent
indoors (Sturgeon, 2017). The contrast between indoor
and outdoor environments is evident in various aspects,
including temperature, light, and seasonal changes, all of
which exert significant influences on our bodies, minds,
and behavior.

Therefore, the following questions arise: What kind of
information do we now gather from the environments we
create? Does this information align with our innate sche-
mata and biologically programmed learning skills we have
developed through evolution? It has become more impor-
tant to design using human-response-oriented design stra-
tegies, such as this research, which combines multiple
methods to better understand the users’ perspectives and
preferences to design solutions that address their needs
and propose indoor spaces that connect with them on a
deeper level. The need for a closer relationship with nat-
ural features in order to achieve well-being has already
been acknowledged.

Biophilic design emerges in this context, proposing
principles and strategies that foster closer relationships
with natural features to enhance our overall well-being,
especially regarding indoor environments where contact
with nature is quite restricted (Sturgeon, 2017). It also of-
fers an alternative perspective on the historically conten-
tious relationship between nature and culture by
acknowledging that nature’s influence shapes our culture
and it is not appropriated or dominated by it. As a result,
biophilic design can be seen as a dimension of approxima-
tion, uniting culture and nature in the realm of design
(Prominski, 2014).

The term “biophilia”, meaning “love of life” (Fromm,
1964), was introduced in 1964 by psychologist and philos-
opher Erich Fromm. Later, in 1984, Biologist Edward O.
Wilson popularized it and proposed the “Biophilia Hypoth-
esis,” asserting that connecting with the natural world is a
fundamental human propensity. In the same year, Ulrich
(1984) highlighted the therapeutic power of nature
through a seminal work that compared the recovery rates
of patients with and without views of nature. In 1986,
Orians and Heerwagen suggested the genetic inclination in
our bodies toward specific natural settings of the savanna,
which is our evolutionary origin in East Africa during the
Pleistocene (Orians and Heerwagen, 1992). For instance,
colors associated with the savannah, particularly those
found in healthy flora, such as green, blue, and earth
tones, are preferred by humans because they are
frequently present in healthy natural landscapes, and
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denote nutrient-rich vegetation, clean water, and flowers
and fruits (Sturgeon, 2017). This was referred to as the
Savanna Hypothesis, which has been the foundation for many
discoveries in the field of biophilia, and has sparked signifi-
cant debate and conflicting viewpoints among researchers.

In The Biophilia Hypothesis (Kellert and Wilson, 1993),
Kellert and Wilson attributed the intimacy of humans to the
savannah due to its mid-range fractal dimension. It was
suggested that mid-range fractal dimension offers distinct
survival advantages, such as the effortless conveyance of
basic structural information environments. In comparison,
habitats with higher fractal dimensions, like forests, might
conceal predators and pose a greater threat, while envi-
ronments with considerably lower fractal dimensions are
too open and exposed to provide safety and sufficient food
supplies. The savannah landscape, with its mid-range
fractal dimension, is preferred by humans instinctively
over other settings.

The biophilia hypothesis transited to biophilic design in
2004, in a conference on the built environment, culmi-
nating with a book entitled Biophilic Design: The Theory,
Science, and Practice of Bringing Buildings to Life (Kellert
et al., 2011). It advocated the use of natural systems and
features to create built environments. Furtherly, in 2014,
Terrapin Bright Green discussed specific patterns in bio-
philic design in the book The 14 Patterns of Biophilic
Design: Improving Health and Well-Being in the Built
Environment (Browning et al., 2014). Subsequently, in
2015, Kellert and Calabrese (2015) advanced this field with
their publication The Practice of Biophilic Design,
expanding it to include 5 principles and 24 strategies. Their
biophilic design framework involves three basic categories
based on the types of experience of nature: the Direct
Experience of Nature, the Indirect Experience of Nature,
and the Experience of Space and Place. The Indirect
Experience of Nature comprises the following attributes:
(1) images of nature, (2) natural materials, (3) natural
colors, (4) simulating natural light and air, (5) naturalistic
shapes and forms, (6) evoking nature, (7) information
richness, (8) age, change, and the patina of time, (9) nat-
ural geometries, and (10) biomimicry. Each category spec-
ifies various design attributes, among which number 9,
“natural geometries” under the Indirect Experience of Na-
ture, has inspired us to embed this research in geometries.

Besides Kellert and Calabrese’s guide, other researchers
also suggest that looking at 2D geometries in biophilic design,
such as images and virtual representations of natural land-
scapes, can induce many benefits like enhanced mood,
reduced stress, increased feelings of energy and vitality, and
improved recovery from surgery (Berman et al., 2008; Berto,
2005; Valtchanov et al., 2010; Valtchanov and Ellard, 2015).

In 2020, with the book Nature Inside (Browning and
Ryan, 2020), Browning and Ryan provided a practical
guide for interior designer’s practice in terms of designing
for well-being. Their work (Browning and Ryan, 2020;
Kellert, 2018; Kellert and Wilson, 1993) has become the
most frequently cited framework in the literature (Zhong
et al., 2023) of biophilic design.

Numerous mathematicians, psychologists, architects,
and neuroscientists, among others, have been reevaluating
existing theories and making significant contributions to
biophilic design regarding the impact of smell, sound,
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shapes, and geometries on our well-being, and using
advanced technologies to measure it. Because the most
recent and generic guide to biophilic design is The Practice
of Biophilic Design (Keller and Calabrese, 2015) as
mentioned above, it was used as the base of this research.

1.2. Human responses specifically related to
geometries in biophilic design

Traditionally, providing comfort and well-being in archi-
tecture and design is determined to the choice of mate-
rials, scents, ergonomics, color, or the whole environment,
so how geometry affects our well-being and health is not
often considered (Ulrich, 1984). Regarding shapes and ge-
ometries, research by Coburn et al. (2019) demonstrated
that naturalistic patterns in the built environment are
usually preferred by humans over synthetic forms. It also
suggests that the use of several specific naturalistic fea-
tures is also of critical importance, among others. They
include level of scales (e.g., fractals), contrast (e.g., void
and solid), repetition, and symmetry (Coburn et al., 2019).
In terms of fractals, Salingaros (2018) showed how fractal
art and architecture reduce physiological stress, claiming
that the "mid-range” fractal is the more effective, meaning
it is neither too complex nor too simple. Other research
emphasized the significance of *organized complexity”,
which implies high-visual-complexity patterns that are
capturable by mathematical formulas such as symmetry,
repetition, and scaling (Salingaros, 2017), in the structure
of natural elements (Berto et al., 2022; Zhong et al., 2023).
Anjan Chatterjee and his team also tested the effects of
geometries under biophilic design principles in the built
environment using fMRI. They showed participants a series
of interior design spaces that they should compare in terms
of contour (i.e., curvilinear vs. rectilinear spaces), ceiling
height (high, low), and openness (open, enclosed). The
research demonstrates that the contours of architectural
spaces play a significant role in influencing people’s
aesthetic judgments of beauty, with curvilinear spaces
being preferred. Sussman and Hollander (2021) state that
shapes, edges, patterns, and bilateral symmetrical forms in
biophilic design are important in affecting human well-
being (Milliken et al., 2020). Their research uses eye
tracker as a tool to measure people’s visual responses to
buildings and streetscapes (Hollander et al., 2018), among
others, to understand the experience of the built environ-
ment (Lavdas et al., 2021; Hollander et al., 2018).
“Natural geometries” refers to mathematical properties
commonly found in nature, such as hierarchically organized
scales, sinuous rather than rigid artificial geometries, self-
repeating but varying patterns, and more. For instance,
fractals are a geometric form often found in the natural
world, where a basic shape happens in repeated but varied
and predictable ways that contribute both in variety and
similarity to a setting. Other important natural geometries
include hierarchically ordered scales such as the “Fibonacci
Sequence” and the "Golden Ratio” (Keller and Calabrese,
2015). This category has been complemented by recent
research regarding geometry, such as the use of fractals,
symmetry, growing formulas, focal points, and comple-
mentary contrasts (e.g., lines mixed with curves).

221

1.3. Human responses to biophilia using emerging
technologies

Emerging technologies, particularly those derived from the
field of neuroscience and Quantified Self practices, have
assumed a pivotal role in the exploration of biophilic
design. They allow us to quantify the abstract aspects of
biophilia, translating them into numerical data. With the
use of emerging technologies, researchers have delved into
biophilic design by examining human responses like blood
pressure, pulse rate, and heart rate.

In terms of studying human responses, well-known is the
research of Yoshifumi Miyazaki (Park et al., 2010), Li (2010),
and others about Forest Bathing Trips, which are visits to a
forest for leisure to inhale volatile chemicals called phy-
toncides (wood essential oils) and to relax. Miyazaki has
already taken more than 600 people into the forest since he
began researching the subject in 2004. His team has found
that walks in nature, compared to urban walks, provoke a
12.4% decrease in cortisol, the stress hormone, plus a 7%
decrease in sympathetic nerve activity, a 1.4% decrease in
blood pressure, and a 5.8% reduction in heart rate (Park
et al., 2010). Salivary cortisol, blood pressure, heart rate
variability, and pulse rate were used as indices. In Li’s
research, participants’ blood and urine were tested to
check the values of natural killer (NK) cells, which increase
human immune function. He discovered that forest bathing
trips increase NK activity and human immune function and
have a preventive effect on cancer generation and
development.

In addition, research from Sussex University demon-
strated the relaxing impact of listening to naturalistic
versus artificial sounds using fMRI (Praag et al., 2017), and
much other research shows the contributions of bird sounds
to restoration and stress recovery using self-reports, heart
rate, and other type of data gathering in evaluating human
responses (Ratcliffe, 2021; Ratcliffe et al., 2020; Zhao
et al., 2020).

1.3.1. Facial micro-expression analysis and EEG
biosensor in evaluating human responses to biophilic
design

Despite the emergence of increasingly sophisticated tech-
nologies in neuroscience, their integration into the field of
architecture remains in its infancy. Of particular interest
are two technologies: facial micro-expression analysis and
EEG biosensors. Facial micro-expression analysis, while
proficient in dissecting human responses, has yet to find
significant utilization in the context of biophilic design.
Conversely, EEG biosensors have begun to make inroads
into the field of biophilic design. In one of Isabella Bower’s
works, she studied the influence of the built environment
design on emotion, assessed through neurophysiological
correlates and subjective indicators. Participants were
exposed to a specific design component, such as color,
form, texture, and scale, within a simulated or physically
experienced built environment. Heart rate was used to
determine response to stimulus. EEG was used to measure
neurophysiological impact in combination with a point scale
to evaluate the self-reported emotional state of the
participant (Bower et al., 2019).
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In another research, the participants’ EEG biosensor
signals were recorded during the perception of three
immersive virtual reality environments to enhance the un-
derstanding of neurophysiological correlates of architec-
tural perception (Vecchiato et al., 2015). And combining
EEG biosensors with the observation of heart rate, blood
pressure, and cortisol levels, research at the National
Oncology Institute in Bratislava demonstrated that the use
of wooden materials verifies their regenerative and positive
impact on the human nervous system, because of their
appealing aesthetics (color, structures, and texture), high
contact comfort, possibility to regulate air humidity,
pleasant smell, volatile organic compound emissions (VOC-
emissions), and acoustic well-being in the space
(Kotradyova et al., 2019).

In architecture and design, limited research has been
done using facial micro-expression and crossing the results
with other types of data to better understand how natural
characteristics influence people’s perception and affect. It
is important to realize that as these tools are relatively
new, crossing data of a few of them is a good strategy to
have a relatively more accurate outcome (ANFA, 2020;
Kotradyova et al., 2019). Even in neuroscience and cogni-
tive science studies, researchers use either fMRI together
with psychological-based surveys, such as the self-report,
or EEG Biosensor together with heart rate (Henning et al.,
2017; Park et al., 2010).

1.3.2. Using facial micro-expression analysis and EEG
biosensor to evaluate human responses to 2D
biophilically-driven geometries

The literature review on Coburn et al. (2019) has shown
that naturalistic patterns, and fractal patterns (Salingaros,
2018) may be two vital geometrical features that trigger
positive human responses. Hence, our research builds upon
this foundation. We leverage naturalistic and fractal pat-
terns to translate the abstract concepts of biophilic design
features into 2D geometries. We then subject these ge-
ometries to analysis, assessing the emotional and neuro-
physiological connection between them and humans with
the aid of proposed technologies, facial micro-expression
analysis, and EEG biosensors. Following this analysis, we
rank the outcomes, evaluating emotional valence (Coburn
et al., 2020) and monitored meditation levels (Salingaros,
2017) as indicators of human responses. 2D biophilically-
driven geometries that elicited positive emotional valence
and higher levels of monitored meditation were subse-
quently incorporated into real-world architectural envi-
ronments. This methodology effectively transforms the
abstract concepts of biophilic design into practical archi-
tectural elements, enhancing the connection between
users and the built environment.

This research used three workshops as a vehicle to pro-
duce 2D biophilically-driven geometries and gather data on
people’s feedback regarding their perception and affect.
The methodology started with the production of 2D geom-
etries inspired by biophilic design using algorithmic pro-
cesses. Next, each participant took a video selfie while
watching a 5-min presentation with five of the 2D geome-
tries most aligned with biophilic design features. An inter-
individual analysis, which is a comparison of data across
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different individuals, was conducted to categorize the
emotional valences elicited by each instance. Then, Face-
0SC and an Artificial Neural Network for gesture recognition
(Alexander, 2004) were used to evaluate and rank the
participants’ facial expressions and emotional valence.
Concurrently, a self-report (Prominski, 2014) and an intra-
individual analysis, a comparison of data within the same
individual, were used and the same five 2D biophilically-
driven geometries were tested with a NeuroSky MindWave
sensor (ANFA, 2020). Next, the observer’s meditation levels
(MT) were estimated. The FaceOSC and processing in-
terfaces are low-cost and based on open-source software.
These emerging tools in architecture can evaluate the
neurophysiological and emotional aspects of human re-
sponses to the built environment. Therefore, the method-
ology allowed the participants to develop straightforward
conceptual design modeling and use neural data, pattern
recognition, and self-analysis for a quantitative and quali-
tative evaluation of design features.

The combined data of analysis allowed us to grade the
2D biophilically-driven geometries according to the degree
of emotional valence (Coburn et al., 2020) and monitored
meditation levels (Salingaros, 2017). These 2D geometries
are subsequently recommended for incorporation into real-
world architectural settings. This research led us to greater
comprehension of the intersection between geometries,
emerging technologies, and biophilic design, allowing us to
propose a straightforward conceptual design approach to-
ward enhancing well-being. In general, the study synthe-
sizes conceptual design, algorithmic modeling, neural data,
pattern recognition, and self-analysis for a quantitative and
qualitative evaluation of biophilic design features for their
application in the design of the built environment.

2. Methodology and research process

The workflow of the research is divided as follows (Fig. 1).
The initial stage defines the analytical framework by
employing 2D geometries to represent built environments
imbued with biophilic features. In the subsequent stages,
using facial micro-expression analysis and EEG biosensors,
both inter and intra-individual analyses are conducted
while participants are asked to watch different 2D
biophilically-driven geometries. Quantitatively, facial
micro-expression analysis utilized Facial micro-expression
analysis utilizes FaceOSC alongside an Artificial Neural
Network custom-tailored for gesture recognition (Bullock
and Momeni, 2015) to assess and categorize the facial
micro-expressions of participants into three types of
emotional valences. Then, EEG biosensor uses NeuroSky
MindWave sensor (Neurosky.com) to collect data for the
analysis of participants’ meditation levels (MT) (Katona
et al., 2014). Qualitatively, preference data was collected
from a self-report by participants. Through a comprehen-
sive analysis of the various types of data, the research
yields a logical framework for grading the 2D biophilically-
driven geometries based on their impact on participants’
emotional valences (Coburn et al., 2020) and monitored
meditation levels (Salingaros, 2017), thus allowing the
initial geometries to be reassessed.
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2.1. Translating biophilic design features into 2D
geometries

The biophilic design features employed in this research
draw heavily from the works of key figures including Ste-
phen Kellert, Elizabeth Calabrese, Nikos Salingaros, Alex-
ander Coburn, Omid Kardan, Anjan Chatterjee, Ann
Sussman, and Justin Hollander. These biophilic design fea-
tures primarily revolved around the following aspects: (1)
Mid-range fractal dimension; (2) Symmetries; (3) Growing
formulas, such as the Fibonacci sequence and harmonic
curves; (4) Focal points; (5) Complementary contrasts, such
as the use of lines mixed with curves; and (6) Soft colors or
white. To translate these features into geometries, the
research proposed an algorithmic modeling process for
geometrical transformation based on various modeling

Golden rectangle transformation sequence

A of a series of
that exhibit fractal logic using the golden ratio,
but without using recursion explicitly (yet).

Transformations always duplicate

the geometry. A series of angles of
rotation creates a series of rectangles.
for the Move.

The golden conjugate is the golden ratio > §
(@, or simply Phi) proportional to 1. It can

be calculated in several ways. Since we
have the @ constant in GH, i
solving ¢ - 1 is the most efficient way.

The Fibonacci function computes a
Fibonacci sequence, given any pair of
numbers (0 and 1 are the default). Using
the golden conjugate and 1 give us a
sequence based on the golden ratio.

To match the number of rectangles, we
change the value of N, in this case, with the
expression x - 2.

To scale each rectangle to its own
size, we input as many scale factors
as rectangles. The same is required

We reverse the sequence to
have a pyramid-like formation.

Research workflow divided into four main stages.

software including Rhino, Grasshopper and some of its
plugins, like LunchBox, Weaverbird (Piacentino, 2013),
Pufferfish, and Anemone (Zheng et al., 2018) (Figs. 2 and
3). It is worth noting that the modeling process integrated
naturalistic features based on insights gleaned from previ-
ous research on biophilia.

The modeling process started with subdividing and filling
surfaces, and used edge curves together with extrusion and
loft operations in constructing building surfaces (Bueno,
2009). Geometrical transformations were then applied to
the base surface, incorporating two primary strategies.
Firstly, establishing lists of transformation vectors capable
of producing hierarchical sets or progressive growth. Ex-
amples demonstrating generative growth with recursive
logic were presented, eliminating the need for loops or
recursive functions. The golden ratio played a pivotal role

Weaverbird's Picture Frame and Mesh Window are
great tools for a fast fagade frames generation. They
aren't very acurate, but they work for conceptual design.

YWe changed the type of loft to Uniform for
abetter distribution of the parameter space
of the surface in relation to the curves. This
way, meshing the surface will make the
transversal edges match with the original
curves.
Yet, the input parameter U on Mesh Surface is asking for a number
of divisions, not edges. To match the number of divisions, we
subtract 1 from the number of rectangles with the expression x - 1.

Fig. 2
and mesh editions with Weaverbird components.

Example algorithm: geometrical transformation based on the fractal logic of the golden ratio and the Fibonacci sequence,
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Fig. 3

in incremental scaling and rotation, while the Fibonacci
sequence served as a variable for translation. Both math-
ematical constants were chosen for their recursive nature,
which mirrored the patterns found in nature (Omotehinwa
and Ramon, 2013) (Fig. 4). Secondly, the use of Mirror Cut
function (Khorasani, 2019) enabled Pufferfish to facilitate
combining any form with its mirrored counterpart, thus
merging the joints to create a symmetrical shape. This
approach proved to be efficient in computation and visu-
alization, especially when used with polygon meshes.
Efficiency concerns played a crucial role in visualizing
complex shapes during fast rendering and augmented re-
ality experiments. To address this, techniques were used to
discretize NURBS surfaces into meshes and to employ
interpolation to generate base shapes with continuous and
organic curvatures. To edit on these surfaces, we used
subdivision and smoothing functions, such as the Catmull-
Clark and the Charles Loop algorithms implemented by
Piacentino in Weaverbird (Piacentino, 2013), as well as
Maelstrom deformations and mesh face reductions by
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Fig. 4
metric constructions of natural patterns (student work).
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Example algorithm: geometrical modeling based on transformations and recursive functions.

Boolean patterns of repetition, and pseudo-random sorted
values. The use of plugins such as Pufferfish (Zheng et al.,
2018) and Anemone allowed specific features to be
enforced, such as fractals, symmetries and self-reference
growth. One algorithmic definition was altered to fit
several base geometries (Oxman and Gu, 2015) in order to
produce diverse design outcomes. To further differentiate
the geometries, workshop participants were invited to
make personalized edits on the 2D geometries.

2.2. Incorporating facial micro-expression analysis
to understand human responses to 2D biophilically-
driven geometries

This part of the research consisted of an inter-individual
analysis to classify the emotional valences provoked by the 2D
biophilically-driven geometries created by the participants.
The five geometries more aligned with the biophilic design
features chosen were then selected and compiled into a 5-min
presentation. While watching this compilation of the 2D
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2D geometries from workshop 01. Source: Paulo Henrique Dias and Julia Nogueira da Silva, Natural reference and geo-



Frontiers of Architectural Research 13 (2024) 219—-234

PROJECTS MOST ALIGNED
WITH BIOPHILIC DESIGN

5 MIN PREPARATION

VIDEO-SELFIES WATCHING
THEIR PROJECTS

FaceOSC

-—->

CAPTURE
FACIAL
EXPRESSIONS

A ey

RETHINKING

SENT DATA TO
INTERFACE

Neutral, Negative and Positive

Fig. 5

biophilically-driven geometries in a 5-min animated Power-
Point presentation, each participant made a video selfie,
which was later analyzed using FaceOSC and a support-vector
machine implemented in Max/MSP (Bullock and Momeni,
2015) (Fig. 5). The use of a support-vector machine serves as
an approach for gesture recognition and represents a pro-
gression from the Interface and Identification Capture of Po-
etic Presence’s States (IICPP) (Palma, 2017) (Fig. 6). The
system was trained to establish correlations and rankings
among facial micro-expressions using the Geneva Affective
Picture Database (GAPED) (Dan, 2011) (Fig. 7). These micro-
expressions were scored in terms of positive, neutral, and
negative emotional valences. Subsequently, the valences
were statistically compared using RStudio (Posit, 2022).

Emotional stimuli are often characterized according to
two major dimensions: valence describes the attractiveness
(positive valence) or aversiveness (negative valence) of
stimuli along a continuum (negative-neutral-positive),
whereas arousal refers to the perceived intensity of an
event ranging from very calming to highly exciting or
agitating (Kensinger and Schacter, 2007). As a result of this,
the interface can use their video selfies to correlate
participant emotions elicited by each 2D biophilically-
driven geometry with a corresponding emotional valence
category of GAPED. This provided graphics that let us infer
subjective relations by connecting the 5-min presentation
to the evolution of valence arousal over time (Sussman and
Hollander, 2021). After that, there was conversation among
the group regarding the particular aspects of these 2D
biophilically-driven geometries considering lines, shapes,
perimeter, surface patterns, and other features to try to
understand their relation with the emotional state indexes
and classification of valences.

A self-report was conducted through Google Forms,
revealing participants’ subjective preferences for the
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Workflow of the capture and analysis of facial micro-expression from student Ana Carolina Santos Vicente.

geometries and understandings of the information gleaned
through facial micro-expression analysis. This approach is
commonly used in studies of neuroscience, psychology and
Quantified Self-Analysis (Haeffel and Howard, 2010),
encouraging people to introspect on their experiences and
gain deeper insights into the information regarding their
perception and emotional responses, here specifically
related to biophilia and well-being.

2.3. Incorporating EEG biosensor to understand
human responses to 2D biophilically-driven
geometries

In addition to the inter-individual analysis based on facial
micro-expressions and self-reports, an intra-individual
analysis was conducted incorporating EEG biosensors, spe-
cifically the NeuroSky MindWave biosensor headset
(Neurosky.com). The 5-min presentation with the 2D
biophilically-driven geometries was shown to participants
who had never seen the projects, and their brain states
were recorded using a NeuroSky MindWave biosensor
headset (ANFA, 2020). The observer’s brain wave modula-
tions were monitored to estimate Meditation levels (MT)
(Salingaros, 2017).

A digital toolset was created to gather information from
the brainwave sensor (Salingaros, 2017) and to transform
these numbers into graphics for further analysis and compar-
isons with the aforementioned tests (Fig. 8). The procedures
were integrated into a toolset built upon Processing, an open-
source coding software known for its adaptability (Processing.
org). The 2D biophilically-driven geometries were individually
tested through the following workflow: NeuroSky MindWave
(Katona et al., 2014; Neurosky.com) — ThinkGear Connector
— TCP/IP commands — ThinkGear Java socket (Borg) —
Processing 2.2.1 (Processing.org) — Timer — Suggested
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Fig. 6 Two moments of the IICPP interface capturing and analyzing facial micro-expression.

Image — creation of a TXT file containing all the collected
data upon completion of the process.

The 2D biophilically-driven geometries and graphics
generated during the analysis were viable through a
customized tool crafted using Processing IDE, which served
as the primary management means. This approach per-
formed the dual function of capturing and preserving the
resultant biosensor data as a text file. The MindWave sensor
gathered and filtered four distinct types of data from the
ThinkGear Java Socket, incorporating a configurable timer
to determine the duration of exposure that participants had
in order to analyze 2D biophilically-driven geometries. The
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four types of data encompassed Attention Level, Meditation
Level, Poor Signal Quality, and EEG Events (Delta, Theta,
Low Alpha, High Alpha, Low Beta, High Beta, Low Gamma,
and Mid Gamma Waves). Among these, the Meditation Level
was the key indicator for evaluating the geometries.

The toolset was designed not only to collect data on brain
states but also to identify possible signal noise or interfer-
ence. Through its user interface, the software was capable
of determining whether the communication was robust,
noisy, or absent. This determination was made by measuring
the strengths of signals emitted by the hardware. Once this
data collection process was completed, the gathered data
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System trained to correlate and rank facial micro-expressions using GAPED, and to score on positive, neutral and negative
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Excel file containing individual attention and meditation levels (AT, MT) and their respective averages over a 60-s interval.

The data was visualized through the customization developed utilizing Processing IDE and a digital toolset that transformed nu-
merical values into graphics. Source: Ingrid Fernandes Baruch (student work).

could be extracted using spreadsheets to generate tables
and graphs (Fig. 9).

Throughout the analysis, graphical representations
played a crucial role in comprehending the extensive array
of collected data. The customized sensors and recognition
software interfaces facilitated the establishment of a
boundary logic, ranking geometry based on higher moni-
tored meditation levels (Fig. 10).

2.4. Preference rate: quantitative assessment of
geometry preferences

In the self-report, subjective responses regarding design
preferences were obtained within each workshop. Partici-
pants gave their ordering preference, according to those
that made them feel better, identifying, in each of the five
projects, which was their first choice, second choice, etc.

The data on this preference was processed by quantifying it
with a weighted average of choices (c) for each project:

Wi-Ci+W2C+ -+ Ws5:Cs

c
1w ’

where ¢4, ..., Cs are the number of votes received for each
choice, and wy, ..., ws are the weights established for the
ordering of the first to the fifth choices w; = 5, w, = 4,
wz = 3, wy = 2, and ws = 1. Thus, the sum of the weights
> w is 15. Subsequently, the preference rate was found,
getting the percentage that the average of each project
represented of the sum of the preference averages of the
five projects from each workshop.

+ === Project 14

=== Project 13

= Project 11

Fig. 9

Graphic plot for average meditation levels (MT) readings during 60 s of the three projects shown on the right side. Project

11 was designed by Pegah Khademi Torghabeh, Project 13 by Mutiara Cininta and Project 14 by Haron Gabriel.
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Lower Mediitation Average

Higher Meditation Average

Fig. 10

2.5. General evaluation of the selection and overall
ranking of projects

In order to obtain a ranking of the selection of projects, an
overall score was calculated. This score was obtained from
the arithmetic mean of positive emotional valence values,
meditation values and preference rate. To avoid bias to-
wards larger quantities, due to the difference in numerical
domains, the values of these variables were normalized
before calculating the average. The overall ranking of
projects was the enumeration of them, ordering by overall
score, from highest to lowest.

3. Results

The above methodology was repeated in three workshops
to gather sufficient data for analysis. The three workshops
took place completely online. For all activities, both tutors
and participants worked remotely and mostly synchro-
nously through a videoconference meeting platform.
Asynchronous activities included messaging conversations,
project deliveries through cloud file storage services, and
online form filling. The three workshops added up to 43
participants, 49% men and 51% women. The average age of
the participants was 24 years old, with a minimum age of 19
and a maximum of 42, mostly composed of undergraduate
and graduate architecture and design students, in acting
professional practice.

For clarification, the research started with the assump-
tion that biophilic design creates deeper relationships be-
tween humans and natural environments, enhancing our
overall well-being. Therefore, all the 2D geometries pro-
duced during the workshops were based on biophilic design
features, as the intention was not to compare biophilic
design geometries with non-biophilic ones but to establish a
ranking of the 2D biophilically-driven geometries.

The difference between the workshops was that in the
first, the projects had nonfixed focal points and color was
involved (Table 1, geometries 1-5); in the second, the
colors were standardized to gray, and the geometries were
assessed from a roughly equivalent distance to maintain
similar focal points (Table 1, geometries 6—10); in the
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Graphic plot for average meditation levels (MT) during 60 s of all projects of all workshops.

third, a gray frame was created as a neutral background
(Table 1, geometries 11—15), being less contrasting to the
eyes and, therefore, not so tiring to look at during the
testing times.

In the first workshop, the analysis revealed that the 2D
biophilically-driven geometries featuring symmetries,
"mid-range” fractals (neither too complex nor too simple),
and hues of blue were associated with higher monitored
meditation levels and positive emotional valences (Table 1,
geometries 1—5). However, the workshop also raised con-
cerns about the varying focal points (indicating partici-
pants’ perceptions of the depth field) and the potential
impact of colors. Consequently, in the second workshop,
the 2D biophilically-driven geometries were assessed from a
roughly equivalent distance to maintain similar focal
points, and they were rendered in grayscale. The outcomes
demonstrated that the ones featuring growing sequences,
harmonious and continuous curves, and circular forms
correlated with higher monitored meditation levels and
positive emotional valences (Table 1, geometries 5—10).
During the third workshop, the 2D biophilically-driven ge-
ometries that scored the highest have continuous curves or
lines and presented “mid-range” fractals (Table 1, geome-
tries 10—15). Conversely, it was observed that geometries
with discontinued patterns were linked to lower monitored
meditation levels and diminished emotional valences. Upon
comparing the results of the three workshops, the 2D
biophilically-driven geometries that received the highest
scores showcased continuous curves or lines, symmetric
forms, and featured “mid-range” fractals. The overall
scores that are higher are presented in bold.

It is important to consider two aspects in this analysis.
Firstly, working through videos was the way we found to
deal with the conditions imposed by the pandemic. Seen in
this light, the sharing of social and affective experiences at
that time, even if remotely, was quite important and
marked the workshop experience. Thus, we know that the
tracked emotions, or rather—the mapped states, are also
consistent with the very dynamics of the experiment, an
impact little addressed in the bibliography on studies of
neural states and emotions with live sensing. Secondly, the
model used for Face OSC training includes workshop par-
ticipants (43 persons) in order to avoid possible biases in
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Table 1 Comparison of results: average positive valences processed from the IICPP interface; Average meditation values from
EEP; Preference rate from self-report; Overall Ranking from Overall Score. Source: The authors with geometries from 1) Wesley
Morais da Silva and Rafael Torres Gavioli, 2) Dislene da Silva Marques, 3) Emanuelle Guimaraes Vieira and Caio Coelho Silva
Albuquerque, 4) Lidia Pereira Silva, 5) Camila Calegari Marques, 6-7) Ingrid Fernandes Baruch, 8) Débora Mela, 9) Mizael Trevisoli
da Silva, 10) Francisco Kazuo Daido Goncalves, 11) Pegah Khademi Torghabeh, 12) Behnaz Akrami, 13) Mutiara Cininta (Oci), 14)
Haron Gabriel, and 15) Natalia Gabriele dos Santos.

Project Number Project Images Average Positive Average Preference Overall Overall
Emotional Valence Meditation Level Rate Score Ranking

1 0.138 66.6 14.2% 0.333 12

2 0.143 42.7 25.1% 0.383 9

3 P Yo | 0.116 56.5 21.1% 0.372 10

4 0.187 67.3 19.6% 0.525 6

5 0.229 52.1 20.0% 0.468 7

6 S 0.267 64.3 22.7% 0.679 3

7 0.234 59.3 29.1% 0.732 2

8 0.188 41.3 17.7% 0.273 13

(continued on next page)
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Table 1 (continued)

Project Number Project Images Average Positive Average Preference Overall Overall
Emotional Valence Meditation Level Rate Score Ranking

9 0.163 55.2 16.9% 0.334 11

10 0.116 47.4 14.2% 0.147 14

11 0.052 53.0 13.8% 0.096 15

12 0.142 63.0 18.9% 0.413 8

13 0.223 62.0 26.2% 0.676 4

14 0.293 82.0 16.9% 0.734 1

15 0.205 66.0 25.0% 0.657 5

the classification of facial expressions associated with
phenotypic, cultural, gender, and ethnic traits, and others
that ongoing research is addressing.

To finalize, by considering human perceptual and af-
fective responses, architects can create spaces prioritizing
well-being and enhancing the overall human experience. In
real-world architectural settings, it can be applied to
architectural components such as artwork decoration
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(Fig. 11), interior wallpaper, and furniture surfaces for ar-
chitects and interior designers to place inside hospitals,
meditation spaces, spas, medical offices, and other spaces
that promote relaxation, in order to enhance the users’
well-being. For future research, the selection of the ge-
ometries and their degree of monitored meditation levels
and valence could vary according to a place’s needs and
function. For instance, a hospital might require a higher
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Fig. 11

meditation level than a medical office. Therefore, the 2D
biophilically-driven geometries could be cataloged ac-
cording to specific architectural needs.

The research established an efficient workflow,
combining quantitative (IICPP and EEG analysis) and quali-
tative (self-report) methods, for translating abstract bio-
philic design concepts into user-friendly components within
the built environment. It effectively makes biophilia visu-
ally accessible to users by presenting 2D biophilically-driven
geometries.

4. Discussion

The research on human responses to 2D biophilically-driven
geometries has advanced our comprehension of biophilic
design. It suggests a new approach for predicting how well-
being factors might clarify and rationalize a more intuitive
design process inspired by nature. Moreover, it has intro-
duced a potential methodology for qualitatively and
quantitatively exploring biophilic features using emerging
techniques. The initiation of the algorithmic process for
generating 2D biophilically-driven geometries and the
development of the toolset to approach a database of
neurophysiological and emotional values have the potential
to develop into an efficient workflow for analyzing biophilic
features through their geometrical attributes. This meth-
odology has the potential to empower architects and de-
signers, enhancing their awareness and sensitivity to the
built environment.

This research might also have a valuable impact on the
development of specific measurements and visualization
tools for human cognitive and emotional simulation. Usu-
ally, architects use existing measurement tools from other
fields, such as psychology, anthropology, and neuroscience,
to determine the impact of the built environment on human
perceptions, emotions, and cognitions. It would be inter-
esting to embrace the creation of new tools that could map
architectural needs and, from there, utilize a multidisci-
plinary approach to develop more assertive measurement
tools for the architectural field. Also, new visualization
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Application of the 2D biophilically-driven geometries as artworks. Source: Ingrid Fernandes Baruch (student work).

tools and plug-ins (e.g., in Grasshopper) could be created
for human cognitive and emotional simulation.

The use of Quantified Self practices and emerging
technologies, such as facial micro-expression analysis,
brain wave modulations, and self-reports, among others,
allowing architects and designers to gather information
regarding human physiological and psychological states-
—this can be related to any information about the built
environment, not only restricted to biophilic design.

However, there are also limitations to consider. Two
negative points of the Neurosky sensor are the low mea-
surement speed (1 Hz) and the lack of extra data collection
points, as it has just one electrode. Regarding the analysis
of facial expression, different characteristics and qualities
of the videos sent by the participants are a complicating
factor, as they include aspects that are crucial for image
mapping and, consequently, for tracking facial expressions.
The local lighting, the distance between the face and the
camera, and even the chair where each person is, among
other factors, contribute to a certain diversity that is not
related to the emotional state but determines the reading
of facial gestures and emotions. A good example is the
position of the spine, which, as it determines the posi-
tioning of the head and, therefore, the face in relation to
the camera, facilitates the identification of positive
valence insofar as the head expresses an upward vector.
Therefore, the opposite is true in the two-state model; if
the spine is more upright and the head assumes an upward-
directed vector, it can induce the identification of the
negative valence state. Although this influence of the spine
is true in the case of the expression of emotions in social
contexts, in theory, it should not interfere with the
experiment since facial expressions are more related to
individuality.

In addition, the research has primary constraints being
related to scale and budgetary considerations. Out of a
total of 55 projects, only 15 were tested due to time and
budget constraints. Despite the potential for data scale
enhancement, as aforementioned, we find it acceptable
given the typical scale of research in neuroscience (Man
et al., 2020; Preston et al., 2007; Szucs and loannidis,
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2020). The tools utilized mainly comprise open-source
software. With an increased budget, exploring more tech-
niques in neuroscience, such as fMRI, which measures brain
activity through blood flow changes (Vartanian et al.,
2013), could be considered. Another limitation might be
the subjective nature of the selection of the biophilic
design features, especially during the 2D biophilically-
driven geometries generation process and the tested
ones. This part of the process could be further clarified and
rationalized.

Future research could expand the analyzed dataset for
stronger conclusions, including new methodological pro-
cedures that might also consider individual differences.
Also, it could encompass 3D modeling, interactive holo-
graphic experiences, and augmented reality in larger,
immersive spaces that could provide deeper insights into
how 2D biophilically-driven geometries transition to 3D and
physical spaces, which is the core of architecture. It is worth
noting that the workflow initiated based on biophilic design
features may not possess universal applicability, as 2D
biophilically-driven geometries inherently bear the imprint
of personal and cultural preferences, giving rise to endless
variations that are presently not fully accounted for.

5. Conclusions

This research investigates the incorporation of emerging
neuroscientific technologies into evaluating human re-
sponses to the use of biophilic features into the built
environment. It introduces a methodology that is both
qualitative and quantitative. This mixed methodology as-
sesses human perceptual and affective responses to bio-
philic design features. It enhances well-being within the
built environment. The approach encompasses three core
components: Firstly, defining the setting of the built envi-
ronment by generating 2D geometries based on biophilic
design features. Secondly, analyzing human responses
while participants visually interacted with the 2D
biophilically-driven geometries. This process is the core
component of analysis and involves the application of facial
micro-expression analysis and EEG biosensors. Thirdly,
grading 2D geometries in terms of the three key indicators
of human responses: emotional valences, meditation levels
and subjective preferences. Overall, the research encom-
passes two fundamental aspects: inter-individual analysis
and intra-individual analysis. The former involves facial
micro-expressions recognition and preference rate from
self-reports; the latter focuses on emotional valences and
monitored meditation levels through EEG biosensors.

It has developed a process for converting abstract bio-
philic design ideas into tangible 2D biophilically-driven ge-
ometries to be used indoors, demonstrating a ranking of
human inclination toward nature-inspired geometries. The
outcomes showcased that the 2D biophilically-driven ge-
ometries that achieved higher monitored meditation levels
and pointed toward a positive emotional valence tend to
have continuous curves or lines, symmetric forms, and
featured “mid-range” fractals. The lowest ones presented
geometries with discontinued patterns. This is valuable for
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the architectural field because biophilic design has so many
principles and strategies that, depending on how they are
applied, can be more effective or less. Being able to know
which one is more effective for a specific purpose, such as
in wallpapers, furniture surfaces, or other architectural and
interior components, could be very useful.

This research also highlights the importance of geo-
metry’s impact on human health and well-being, which is
rarely taken into account since, traditionally, promoting
comfort and well-being in architecture and design is related
to the selection of materials, fragrances, ergonomics, color,
or the overall atmosphere. It is interesting to understand
how the selection of determined geometries and shapes,
regarding biophilic design, of the built environment tran-
scends personal tastes and styles. According to the architect
Douglas Ruggles (2017), the design decisions taken today will
determine our future health and well-being.
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