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Abstract. This paper introduces "Hydnum®", an Extended Reality (XR) interactive
study that immerses users in a multisensory continuum of scent, music, form,
space, and light. "Hydnum", named after a genus of fungi known for its
distinctive scent and geometric mycelial networks, explores the integration of
human biodata with virtual and physical elements to modulate emotional and
sensory experiences. Utilizing James Russell’s Circumplex Model of Affect, the
study extends these emotional frameworks into transmodal worldmaking.
Despite historical challenges and philosophical skepticism towards olfactory
media, "Hydnum" leverages biosignal processing and transformations to
engage underutilized senses, offering a transformative approach to sensory
interaction in biodigital architecture. The project’'s modular scent system and
cyber-physical artifacts dynamically respond to users' biodata, exploring new
avenues for architectural and experiential design.

Keywords: Artistic Practices and Creative Industries, Biodata, Olfactory, Extended
Reality, Multimodal Installation

1 Introduction

The integration of digital technologies with biological data is revolutionizing the
field of architecture, giving rise to the emerging discipline of biodigital
architecture (Menges & Ahlquist, 2011). This fusion promises to create
environments that dynamically adapt to human physiological and emotional
states, transcending traditional boundaries of spatial design. At the forefront of
this evolution is the application of Extended Reality (XR) technologies, which
offer unprecedented opportunities to synthesize multisensory modalities into
cohesive, responsive architectural experiences.

2671


mailto:nefeli@ucsb.edu
mailto:iason@ucsb.edu
mailto:diarmid@ucsb.edu
mailto:marcos@ucsb.edu

2672

5
>
Z00

sLgradiaea-

biodigital_intelligent_systems

U
B

O

Figure 1. Photos of the "Hydnum" installation showcasing the dendroid tube
structure, the VR component, and the projected surfaces. Source: Authors,
2022.

1.1. Literature Review

The multisensory nature of architectural experience has been a subject of
increasing interest in recent years. Scholars have emphasized that architecture
holistically engages our senses, going beyond mere visual aesthetics. As Holl
et al. (2006) assert, architecture involves a complete sensory experience,
encompassing elements such as light, shadow, texture, and material detail.
Building on this foundation, recent research has expanded into the neurological
basis of architectural experiences. Nanda et al. (2021) explore how insights
from neuroscience can inform multisensory architectural design, proposing that
buildings can be designed to stimulate specific cognitive and emotional
responses.

The concept of atmosphere in architecture has gained particular attention.
Borch (2014) notes that atmospheres are primarily experienced on an
emotional level, preceding intellectual understanding. This idea is further
developed by Béhme et al. (2014), who describe atmosphere as a "reality
machine" when introduced into a space, highlighting its transformative power
on perception and experience. Recent studies have expanded on this concept,
exploring how digital technologies can be integrated to create dynamic,
responsive atmospheres that adapt to users' emotional states (Banaei et al.,
2022).

Among the senses, smell has been recognized as particularly potent in
shaping our experience of space, despite being often overlooked in
architectural design. Juhani Pallasmaa's work has been instrumental in bringing
attention to the olfactory dimension of architecture. In "The Eyes of the Skin,"
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Pallasmaa (2012) emphasizes the persistence of smell in spatial memory and
its capacity to evoke vivid recollections. He notes that a mere eight molecules
are sufficient to trigger a smell impulse, and humans can distinguish over
10,000 different odors. Pallasmaa's later work (2014) further explores the
power of smell in creating ambiance, describing it as an invisible element that
enhances the overall sensory experience. This aligns with the often-quoted
phrase, "The nose makes the eyes remember" (Pallasmaa, 2012).

Despite its importance, the use of smell as an artistic medium remains
underdeveloped. This underutilization can be traced back to philosophical
debates, with thinkers like Kant, Hegel, and Schopenhauer viewing smell as
deceptive, while others like Nietzsche advocated for its significance. The
challenges in harnessing smell for artistic or architectural purposes have been
largely technical, with the lack of smell-equivalent technologies for reproduction
and distribution.

In the realm of emotion research, the Circumplex Model of Affect, developed
by James Russell (Russell, 1980), provides a foundational framework for
understanding and mapping human emotions. This model arranges emotions
in a two-dimensional space defined by valence (pleasant-unpleasant) and
arousal (activation-deactivation), offering a nuanced representation of affective
states.

In music, the correlation between sensory stimuli and emotional impact has
been acknowledged since antiquity. The ancient Greeks attributed moral and
ethical potency to musical modes and rhythms. In the Baroque period, the
Doctrine of Affections aligned musical intervals, tempi, and gestures with
distinct emotional states. Contemporary accounts of musical affect provide
evidence that musical stimuli produce fluctuations in arousal and valence, core
dimensions of affect that contribute to the construction of emotional meaning in
music.

2 Methodology

2.1 Experiment Design

The experimental framework of this study was designed to investigate the
transmodal interactions between olfactory stimuli and other sensory modalities,
underpinned by the Circumplex Model of Affect. Diverse sensory inputs share
a common deep structure rooted in affective dimensions, manifesting in varied
surface features across modalities including scent, music, visual elements,
spatial configurations, and interactive forms.

Data acquisition was facilitated through the MP160 data acquisition and
analysis system (BIOPAC Systems, USA) in conjunction with AcqKnowledge
software. Physiological data were collected using a Dual Wireless Respiration
and ECG BioNomadix Transmitter, providing real-time, high-fidelity respiratory
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and electrocardiographic signals. These raw signals were subsequently
transmitted to Max MSP software via the Open Sound Control (OSC) protocol
for further processing and integration with the XR environment. The raw data
were mapped to Russell's circumplex model by leveraging correlations between
physiological and affective states. This mapping demonstrated the relationship
between crossmodal stimuli and the participant's affective state.

This study had two phases and involved the architects and artists of the
project. The first phase established baseline physiological responses without
additional stimuli, while the second phase introduced olfactory stimuli using a
BIOPAC Modular Scent Delivery System (SDS200-SYS) (BIOPAC Systems,
Inc., n.d.). A variety of essential oils was used, with air purification measures
put in place between trials to prevent olfactory adaptation. Additional sensory
and interactive elements were gradually added to the experimental protocol,
including an audio component responsive to participants' real-time
physiological data and ambient lighting changes. This approach enabled a
systematic examination of cross-modal interactions and their impact on
participants' emotional states as reflected in their biodata.
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Figure 2. Diagram showing the Biodata recordings and the 6 chosen
emotions on the Circumplex Model of Affect. Source: Authors, 2022.

2.2 Sensory outputs (Scent, Color, Audio, Bio-Inspired Structures)

The project's next stage involved developing a virtual world that can respond to
the user's biodata to influence their emotions through sight, hearing, and smell.
The user's Heart Rate (HR) readings determined their emotional state, while
music, visuals, and scents were adjusted to guide the user toward the desired
emotional state. Prior research has shown a link between Russell’'s Circumplex
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Model of Affect, the user's biodata (HR and Variability), and their perception of
color and odor. Our project (Figure 1) explored this connection and used
emotions as the foundation of the Hydnum'’s virtual world. For the generated
scents and the physical artifact, we represented 6 emotional states. Arousal-
Excitement, Pleasure, Arousal-Distress, Misery, Sleepiness-Depression,
Sleepiness-Contentment (Figure 2).

2.2.1 Olfactory Design

The scientific basis for our scent selection drew from research in olfactory
psychology and neuroscience. We referenced studies such as Herz and
Cupchik (1995) on the emotional and evocative properties of odors, and
Yeshurun and Sobel (2010) on the neural mechanisms of olfactory perception.
The olfactory component involves a rigorous process of scent selection and
mixing. We curated a palette of essential oils from various categories: natural
sources, wood scents, flower blossoms, sweet scents, and common scents.
Through empirical testing, we mapped individual scents to emotional responses
within the circumplex model (Figure 3). These blends were validated through
testing with the biomedical devices confirming their efficacy in triggering the
intended emotional states.

Custom blends formulated for each emotional state: Arousal-Excitement
[Smores, Campfire, Caramel nut muffin, Dirt], Arousal-Distress [Rosemary,
Frankincense, Dirt], Sleepiness-Depression [ Rosemary, Peppermint, Pine,
Dirt, Sandalwood, Frankincense], Misery [ Peppermint, Dirt, Ocean Breeze],
Pleasure [Lemon, Bamboo, Dirt, Violet, Gardenia, Rose, Lilac, Freesia],
Sleepiness-Contentment [Lavender, Dirt, Jasmine, Fresh Grass].
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Figure 3. Mapping of the scent samples in the Circumplex Model of Affect.
Source: Authors, 2022.

2.2.2 Ambience Color

We visually represented emotional states by linking specific colors with different
emotional dimensions. Our approach is based on the work presented in
"Affective Color in Visualization" by Bartram, Patra, and Stone, which provides
a framework for mapping colors to emotional states. Emotions with high arousal
and positive valence are often associated with bright, warm colors like red and
yellow. Conversely, high arousal and negative valence emotions might be
represented by intense, darker colors like red or dark blue. Emotions with low

2675



2676

5
>
Z00

sLgradiaea-

biodigital_intelligent_systems

(v ] g
O

arousal and positive valence can be depicted using soft, cool colors like light
blue and green. On the other hand, emotions with low arousal and negative
valence may be depicted with muted, darker colors like gray or dark blue. We
used Processing to map colors to emotions systematically, incorporating both
graphical and computational elements. Each color is linked to specific valence
and arousal values, calculated using trigonometric functions, and the color
mapping function is used to place each color appropriately within the circumplex
model.
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Figure 4. Diagram of the color mapping in the Circumplex Model of Affect.
Source: Authors, 2022.

2.2.3. Audio Synthesis

The audio component uses the arousal and valence measures derived from the
biodata to synthesize Hydnum’s soundscape in real-time. Changes in these
measures map to audio synthesis parameters. Arousal is linked to event
probability, tempo, and fundamental pitch. This is in keeping with research
linking heightened arousal with increased activity and intensity. Valence
controls shifts in timbre and harmonic complexity. Positive valence is coupled
to harmonic timbres and consonant tonalities while negative valence is
associated with inharmonic timbres and dissonant harmonies.

2.2.4. Bio-Inspired 3D Structures

The geometric structures were procedurally designed using Blender's
Geometry Nodes system and experienced in a virtual world through a high-
resolution HTC Vive Pro 2 VR headset, accompanied by a spatial sculpture
diffusing scent in the environment. This approach aligned with Novak's (2002)
concept of 'allogenesis' in digital architecture, where new forms evolve from the
intersection of computational processes and biological inspiration. These
geometries drew inspiration from nature, specifically from a genus of fungi
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within the family Hydnaceae. This genus was chosen for its unique spore-
bearing structures featuring teeth rather than gills. Additionally, the Hydnum
genus is known for its ectomycorrhizal relationships with multiple plant families,
reflecting our conceptual approach to interconnecting different modalities.

-Definition of the Main Body: General shape of the extrusion, forming the
core structure.

-Surface Offset Modulated by a Sine Function: Sine function across the
entire body, introducing wave-like variations in the surface.

-Edge-specific Offset with Multiplied and Subdivided Sine Function:
Additional detailed modulation at the edges, allowing fine control over the edge
offsets.

ot

Figure 5. Morphological timeline showcasing the “growth” stages of the bio-
inspired 3D structures. Source: Authors, 2022.

Each parameter was dynamically adjusted based on the dimensions of
valence and arousal. For positive valence, the first parameter (main body
definition) was subtractive, the second parameter (surface offset) was additive,
and the third parameter (edge offset) remained neutral. Conversely, for
negative valence, both the first and third parameters were subtractive, while the
second parameter remained neutral. In the case of positive arousal, the first
and third parameters were additive, with the second parameter neutral. When
arousal was negative, the first parameter remained neutral, the second
parameter was additive, and the third parameter was subtractive. This
differential edge growth approach, inspired by the Hydnum fungi's unique
structural properties, allowed for the creation of 6 intricate, organic geometries
that varied in response to the emotional dimensions of valence and arousal.

These bio-inspired structures were just the base of the visual composition.
Our spatial VR composition was created using Unreal Engine, where we
designed a virtual world that mirrored the principles of the physical composition.
In this VR world, 6 branches represented 6 olfactory categories, corresponding
to 6 virtual axes. The environment was crafted using fungi, atmospheric
elements, volumetric fog, and color, controlled by biodata from MAX Msp
through OSC (Figure 6). Utilizing Unreal Engine, we were able to produce
particle systems that resembled spore-bearing structures. Users could navigate
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a flying character through and around the fungi, influencing the spore particles
and the atmosphere. The color mapping was linked to various emotional
dimensions (Figure 4).

Figure 5. Snapshot from the VR environment. Source: Authors, 2022.

3 System Architecture

By employing distributed computation across multiple software programs and
computers, the complexity and richness of the environment were significantly
increased. This approach allowed for the seamless integration of diverse
sensory outputs—such as sound, light, scent, and visual elements—and
ensured computational efficiency. The collaborative use of specialized software
for biodata processing, emotional state translation, and real-time rendering
resulted in a cohesive multi-sensory experience. This setup allowed for the
parallel processing of complex tasks, such as 3D modeling in Blender and
Rhino, real-time biodata translation in Max MSP, and real-time rendering in
Unreal Engine and TouchDesigner.

J.Russel’s e Spatial Sculpture
BioData et h
Affect "
Spatial Projection
| [‘—

VR Experience

Artifa t

3D Texture
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() Unreal Engine

b Touchdesigner
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Figure 6. Data flow pipeline: Vertical/horizontal axis shows non-
realtime/real-time software. Source: Authors, 2022.
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The central artifact was accomplished with a 3D-printed tube joint network
employed as a scent distribution sculpture with a parametric design. The
system was based on a parametric framework utilizing three primary reference
points—middle, top, and bottom— replicated in a polar array to generate
diverse pipe joints featuring single inputs and multiple outputs (Figure 7, Figure
8). This approach, executed using Grasshopper in Rhino, generated complex
and adaptable tube connections. In addition to the 3D-printed joints, the
sculpture incorporated transparent medical and PVC tubes, forming a dendroid
or rhizomatic structure by leveraging the tubes' structural properties. The
parametric interactive design reflected the potential of biodigital architecture to
create complex, data-driven forms that interact with their environment,
emphasizing both functionality and sustainability.
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proposed ceiling grid layout — P .
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6000 mm " speaker #3

for hanging the tube artifact G 6000 mm
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Figure 7. Exploded Axonometric diagram of the Installation. Source:
Authors, 2022.
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Figure 8. Parametric Versions of the 3D printed tube joints. Source: Authors,
2022.
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Hydum’s soundscape was generated by mapping arousal and valence
measures to three distinct layers of sonic behavior. The resulting synthesized
audio was spatialized using a 16.2 channel system to localize aspects of the
sound in correspondence with the positions of arousal and valence within the
circumplex model. The first layer used sixteen independent voices based upon
pink noise that was filtered, amplitude modulated, and sent to its audio channel.
These voices provided a general ambience that slowly undulated at low levels
of arousal and chattered rhythmically at high levels. The second layer was a
polyphonic synthesizer that incorporated frequency and amplitude modulation
as well as envelope shaping and speaker assignment. The synthesis
parameters of this layer were controlled by both arousal and valence producing
dynamic shifts in spectromorphology over time. The third layer contained two
voices consisting of a single sinusoidal oscillator. These oscillators were
modulated in frequency, dynamic, duration, and spatial location to produce a
high-frequency chirping that followed changes in arousal and valence.

4 Results

The study on "Hydnum" demonstrated that scent and multisensory integration
can significantly impact emotional states. Combining smells, sights, and sounds
led to complex physiological reactions and enriched emotional experiences.
When different senses were combined, emotional responses were heightened,
with synchronized stimuli making a greater overall impact. For example, using
strong scents with bright colors and fast-paced music increased feelings of
excitement. Participants also found that the multisensory environment made
the experience more immersive and engaging, and synchronized stimuli, such
as matching scents with corresponding audio and color, increased the
emotional impact.

The bio-inspired 3D structures added a unique dimension to the sensory
experience. Users interacted with these structures in VR, where they facilitated
scent diffusion and contributed to an immersive environment. This integration
of parametric design with biodigital architecture principles is evident as the
system mirrors biological processes through its adaptive and responsive
structure, aligning with the concept of embedded responsiveness in materials,
which enhances the adaptability and interactivity of the design (Menges &
Reichert, 2012). The organic geometries and their dynamic responses to
emotional dimensions provided a sense of organic growth and complexity,
aligning with the emotional states represented.
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5 Discussion

The results of the "Hydnum" project reveal significant insights into the interplay
between scent, multisensory stimuli, and emotional responses. Our findings
align with previous research on the impact of scent on emotion, confirming its
ability to influence arousal and valence in a controlled environment. The
successful integration of olfactory, visual, and auditory inputs demonstrates the
power of multisensory environments in amplifying emotional responses. The
dynamic interplay between these modalities contributed to a more immersive
and engaging user experience, validating the hypothesis that synchronized
stimuli can enhance emotional impact.

In the context of biodigital architecture, the study highlights the potential for
creating adaptive and responsive environments that align with users’
physiological and emotional states. The use of multisensory stimuli to tailor
architectural experiences offers a novel approach to designing spaces that
actively respond to individual needs. This approach could lead to more
personalized and engaging environments, benefiting areas such as well-being,
productivity, and emotional health. The integration of sensory modalities in line
with the circumplex model of affect confirms the potential for creating complex,
data-driven experiences that reflect users' emotional dimensions.

Future research could build on these results by exploring enhanced
methods for integrating sensory modalities and expanding the applications of
biodigital architecture. Potential areas for investigation include therapeutic
environments, educational spaces, and public installations where multisensory
experiences could offer significant benefits.
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