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Abstract. Natural building materials are critical to the future of a decarbonized
built environment. Involving low-carbon and readily available materials such as
clay-rich soils and plant fibers in building processes employ a range of
techniques, and hence, a range of environmental and visual features, from
rammed earth to cob and light straw clay. However, despite their advantages,
natural materials are not represented in mainstream construction, perceived
mistakenly as poor in their performance, low-tech, and are missing representation
in training for building professionals. This research develops a digital
representations-study of natural material futures and their associatedembodied
carbon. It links, for the first time, computational play, and criticaldata with
traditional recipes of designing with natural materials. A digital tool for
sustainable engagement was developed by utilizing a geological database of
locally available soil-based repositories. As an exploratory design tool, it was
tested through 24 playtests for its mechanics, graphical user interface, and
perception shifts among designers and researchers. The final outcome seeks to
establish a digital foundation for a more comprehensive earthen materials
knowledge tool and life-cycle assessment. As a final deliverable, this work aims
to unveil the strength of simulative material representations in heightening the
knowledge base of an overlooked, historic, and sustainable practice.

Keywords: Earthen materials; Media arts; Computational play; Life-cycle
assessment; Embodied carbon; Sustainability design.

1 Introduction

Diagrammatic representations visualizing cradle-to-grave life-cycle assessments
(LCA), building nutrition labels, and material diets for climate-neutral construction
have been developed with the aim to cultivate a deeper understanding of decarbonized
building materials [1-3]. Some of these representation studies have been furthered as
established LCA tools, calculating the greenhouse gas emissions of modern building
materials encompassing processing, transportation, and operational energy such as One
Click LCA and the Embodied Carbon in Construction Calculator (EC3) by the Building
Transparency organization (Fig. 1) [4-5]. While these tools hold great promise and
importance in designing sustainable architecture, they have yet to adopt additional,
non-commodified and radically low-carbon building materials which are
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readily available in and around their construction site. This includes transforming soils,
agrowastes, and other bio-based additives into earthen construction systems such as
adobe bricks, rammed earth, light straw clay, and compressed earth blocks — low-
carbon building materials locally sourced from their environment [6-7]. In addition to
absent construction methods, current LCA tools lack the responsive, playful
engagement needed to help users train and understand their design and material's
locational context. As a result, this research investigates how the intersection of
computational pedagogy and natural materials can help users (1) explore building
material origins, (2) simulate low-carbon architecture, and (3) democratize knowledge
in sustainable design practices.

Following this line of inquiry, foundations of computational game theory were
explored to provide users with an accessible simulation that demonstrates a low- carbon
built environment. Traditionally, computational games have been defined as
algorithmic approaches of simulating achievement-based end goals [10].
Computational games such as SimCity and Minecraft provide players with decision
metrics from user actions that inform on either their urban or building material contexts
[8-9]. Through the game theory framework, it has been proven that combining playful
aesthetics with real-world problems delivers a perceivably low-stakes approach of
engaging users into a virtual Anthropocene [10, 28-29]. Therefore, computational play
is at the center of this research, offering users a virtual environment that simulates
datasets into spatial contexts and reflects user decisions based on their input.

This study introduces "Earthen Builder LCA," a gamified simulation demonstrating
the use of locally sourced earthen materials. Serving as a computational play
experience, it aims to foster sustainable engagement among designers and the general
public by presenting low-carbon structural possibilities. The simulation’s development
process utilized game mechanics and allowed for outcomes from playtests to inform
the minimum viable product (MVP) — serving as a foundation for a more
comprehensive earthen materials life-cycle assessment.
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Fig. 1. Diagram of a current life-cycle assessment algorithm covering modern construction
systems. From “Building life cycle assessment software for Level(s),” One Click LCA.
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2 Background

Building with natural materials suffers from both inaccurate perceptions and a lack of
representational resources to its knowledge base. This section provides an overview of
natural materials and their embodied impact, current life cycle assessment models, and
how computational play and its precedents can address natural building materials
within a virtual context.

2.1 The Case for Natural Building Materials, Perception, and Life Cycles

Natural materials are low-carbon building materials locally sourced from their
environment. Their applications include soil and fiber-based materials mixed and
applied in construction systems such as rammed earth (monolithic load-bearing earth-
aggregate wall applied in compression), to slightly reinforced assemblies such as cob
(monolithic load bearing earth-fiber wall applied in sculpture), and fiber-rich earth
composites such as light straw clay (earth slip-coated straw infill). Natural earth-fiber
materials in building construction have been a historic practice overlooked by the rapid
processing and use of modern materials — a significant climate change contributor
[7,11]. Life cycle assessment (LCA) models for building construction, which are
analyses for measuring a building’s environmental impact from its material production
(cradle) to its transport on location (site) and end of use (grave), have beenused to
document natural materials as carbon-neutral alternatives compared to life-cycles of
modern building materials such as Portland cement and steel production[7,11-13,27].
Furthermore, the use of natural materials has proven mechanical and thermal properties
yet is omitted in mainstream construction practices due its inaccurate perception of
being low-tech [14-16]. As a result, accessible representationis crucial in overcoming
the existing knowledge and perception barriers regarding building with locally-sourced
natural materials for sustainable impacts. Strides have been made in visualizing carbon
impacts of natural materials such as diagrammatic material guides and collections [17-
18]. Thus, this study presents an opportunity in furthering this work by developing a
dynamic interface for engaging users with natural materials.

2.2 Related Work on Computational Play in the Context of Architectural
Design and Materiality

Simulation and computational play provide a contemporary learning practice that
represents, informs, and visualizes user decisions within a virtual space [19]. Tools such
as “House Builder” and “Cities: Skylines” all provide informational and playful
experiences that assist users with learning about new knowledge bases within an
architectural and urban context [30-31]. This subsection explores how games and
activities — from modernist Buckminster Fuller and his developed World Game, to
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the current computational era Minecraft simulation — can set a foundation for
assessing earthen material impacts and their geography within a virtual context.

2.2.1 Buckminster Fuller’s World Game

Buckminster Fuller, an American architect and systems theorist, is relevant for his work
on computation and cooperative design — using play as a method of understanding
human collective survival (Fig. 2) [17,20]. In the World Game, Fuller sought to
“document and represent a generalized inventory of world resources. Fuller intended
for the inventory to reveal the impact of energy and resource scarcity at the scale of the
planet [17].” Through collaboration and computational simulation of resources
displayed onto a Dymaxion map, participants were asked to seek “stability and
equilibrium” for equitable and sustainable distribution of world resources [17]. From
the simulation, three metrics were visualized: resources, distribution, and impact.

Like Fuller’s activity, this research asks, how can the visualization of locality-based
natural materials contribute to carbon-neutral building practices for the collective
survival of humanity? Since both a knowledge and information accessibility barrier
exists, how can these resources be simulated for a higher level understanding?
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Fig. 2. Buckminster Fuller’s World Game™. From “A Brief History of the World Game™
Workshop,” 2019, World Game Workshop and “Buckminster Fuller’s World Game,” 2015,
Columbia University GSAPP.

2.2.2 Minecraft

The sandbox game, “Minecraft,” serves as the most relevant precedent to understanding
materiality from soil to form through a low-poly architectural context (Fig. 3) [9]. In
the game, the ‘Creative Mode’ provides users with all the material textures pre-applied
to blocks, architectural elements, and furniture to place and build in-game. While
‘Minecraft: Creative Mode’ invites an educational argument, the game empowers users
to rapidly design a world of synthetic building realities without restraint or
consideration for its environmental outcomes. As a result, can playful

171



Interaction Design and Architecture(s) Journal - IxXD&A, N.60, 2024, pp. 168 - 193
DOI: 10.55612/s-5002-060-007

approaches inspired by games such as “Minecraft” inform these worldly notions of
building through climate impact contexts? Based on the game mechanics of the
building sandbox, can users design on a level of scale where the material possibilities
feel endless? Can these approaches then be combined to visualize environmental
decisions that translate into the material world?

Fig. 3. Minecraft terrain view and village environment. From “Minecraft game adds Ordnance
Survey GB terrain data” by Matthew Wall, 2013, BBC and “5 Best Minecraft Village Seeds” by
Emily Eubanks, 2023, Sportskeeda.

3 Aims and Methods

“Earthen Builder LCA” is a response to the knowledge barrier regarding earthen
materials and their availability in a local context [21]. The purpose of this project was
to develop an accessible experience that engages multiple disciplines in designing and
visualizing potential structural outcomes with low-carbon soil-based mixtures serving
as pre-applied sustainable building materials. The intention of integrating a playful
methodology was to engage a broader user-base in designing with natural materials
through a publicly accessible computational tool. This was accomplished by calculating
the data of cradle-to-site carbon footprint metrics from the Inventory of Carbon &
Energy database, photographing earthen materials from the Columbia GSAPP Natural
Materials Lab, including clay soils and fibers such as straw, fique, flax, and hemp, and
compiling locational soil data from the USDA soil survey. All of these components
were then streamlined into accessible game mechanics, allowing for ubiquitous
understanding of earthen materials through gamification.

3.1.1 Methodology

The CRISP-DM (Cross-Industry Standard Process for Data Mining) methodology was
followed in developing the pilot MVP of representing the soil and carbon data through
a virtual simulation (Fig. 4). In this methodology, a six-step framework is established
in discovering and validating datasets and downscaling them into high-level models for
product deployment [22]. Through this methodology, a downscaled virtual space was
created to inform users on sustainable data-driven decisions through the power of
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Fig. 4. The project methodology of downscaling the soil and carbon datasets into a virtual
simulation consisted of six distinct stages: (1) project understanding, (2) data understanding, (3)
data preparation, (4) modeling, (5) evaluation, and (6) development.
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Fig. 5. The project layers map demonstrating the four disciplinary components factored into the
final outcome.
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computational play and addressing the pedagogy of design technology (Fig. 5). The
project’s process was initiated by demonstrating a video proof of concept presented to
an architecture school committee and identifying its three core components for product
development: data, representation, and mechanics.

The project’s primary datasets were the US Department of Agriculture (USDA)
national web soil survey updated once every year by the Natural Resources
Conservation Service and digital elevation satellite imagery collected by the US
Geographical Survey (USGS). The embodied carbon data was collected from an
inventory report compiled by a UK university center [23]. These datasets were then
visualized as a landscape terrain and as graphical user interface interactions for users
to be informed on the materials’ data in their chosen locality and begin building with
it. As a result, a data-informed spatial interface was fully realized, and user tested
through its first (alpha) and second (beta) iterations to inform its final (gold) stage for
product deployment.

The MVP serves as a foundational milestone for what is demonstrated in the proof
of concept (POC). In the POC, the user selects from a world library of localities to
design in. Within these localities, the user is presented with a location’s soil data and
options to mix varying materials to apply them to the architectural elements they will
be building with (Fig. 6). As they create their structures, the embodied carbon of their
design decisions is presented along with any adjustments they may need to lower their
design’s carbon footprint (Fig. 7).

Fig. 6. The ‘World View’ allows users to select which locality to build in. Each locality selection
is presented with the soil type that can be used as a suitable building material.

Fig. 7. The ‘Terrain View’ presents users with a range of possible earthen mix-designs, building
elements, and

In the pilot MVP, Santa Fe, New Mexico is presented as the first point of
intervention to design in with the locality’s soil mixtures pre-applied to the inventory
of architectural elements. This is in addition to the soil horizon level in which these
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elements are sourced and their associated carbon footprint. The product’s development
process included representing materiality within the context of a locality’s soil data and
programming the tool through the Unreal Engine 5 (UES) software to serve as a playful
design interface. Initial development tests were conducted in Unity and Rhino
Grasshopper. However, using UES allowed for higher-fidelity graphical representation
and mechanics compared to its counterparts. The interface was playtested on 24
instructors, researchers, and graduate students in an architecture and planning school
encompassing architecture, computational design,and urban planning backgrounds.
Discussed in this section is the methodology of representing earthen materials as a
speculative digital twin to understand our own physical habitats including material
texturing, real-world landscape rendering, and downscaling datasets into a simulative
spatial reality.

SAMPLE INGREDIENTS
DIFFUSE NORMAL HEIGHT SMOOTH

CLAY sOIL

VARIED OUTCOMES =
DIFFUSE NORMAL HEIGHT SMOOTH

' COMPRESSED
EARTH BLOCK

LIGHT STRAW CLAY

SAMPLE RENDERS

GRAVEL RAMMED EARTH CLAY sOIL

Fig. 8. Demonstrated are the samples of the original soil materials digitized through photo
documentation. These material maps were rendered into the Unreal Engine 5 software where
the models were texturized.
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3.1.2 Curating Material Textures

The first step in visualizing materiality through a virtual environment was to document
original soil and fiber-based textures. The Columbia GSAPP Natural Materials Lab,
which specializes in earth-fiber materials, served as the primary source for curating a
materials portfolio: clay soils, fique, flax, hemp, light straw clay, and iterations of
rammed earth were photographed (Fig. 8-9). These materials were then digitized into
varying texture maps: normal, albedo, diffuse, edge, height, and smoothness to be
rendered as material abstractions and onto the inventory of build materials provided to
the user in the simulation.

Fig. 9. (From left to right per row). Gravel, rammed earth, loam, clay soil, cob, and straw material
textures were developed in a 3D rendering system.
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3.1.3 Soil and Topographic Data

Known for its clay-rich environment, Santa Fe, New Mexico was selected as the first
locality that users could design in. Santa Fe’s soil data was identified on the USDA’s
publicly available web soil survey with its soil horizon levels and climate conditions
listed (Fig. 10, 13). Since climate plays a significant role in the texturization of natural
materials, representing this through the UES materials algorithm with contrast shading
and height map displacement was essential in providing users an accurate design
experience for understanding compositional change per location.

The topography of the landscape was downloaded as a BIL file (produced from
satellite/aerial imagery) from the USGS EarthExplorer interface, digitized as a digital
elevation model (DEM) in the TerreSculptor software, and rendered into UES
spanning a 129,024 meter-map to-scale with a procedural semi-arid biome texture
applied (Fig. 11). This large-scale map would contribute to the sandbox aesthetic of the
tool where the user could endlessly design around them at free-will [24].

Fig. 11. (Top) Demonstrated is the process of digitizing the digital elevation model into a 3D
terrain landscape asset. (Bottom) The landscape was then rendered into the simulation engine
with the semi-arid procedural biome applied.
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3.1.4 Carbon Data

The embodied carbon data for the material calculations were collected from the cradle-
to-site Inventory of Carbon & Energy report [23]. As noted by the report, “this
Inventory contains a summary of approximately 1800 records of embodied carbon and
energy for 34 classes of materials used in construction [23].” The calculations were
then assigned to the building elements to serve as a sustainable metric for the user’s
design decisions (Table 1). In the table, each building element lists the anticipated
materials needed to mix and create the necessary assets based on published guidelines
from an agency specializing in natural building construction [25-26]. It is important to
note however, that since the carbon data was limited to embodied carbon measurements
within select European countries excluding Sante Fe, U.S. as a result, the materials data
only served as a schematic estimate for providing feedback to user decisions.

Table 1. Embodied carbon calculations based on materials required.

Building Element Constituent Materials Constituent Embodied ~ Total Embodied
Carbon Values Carbon
[kgCO2/kg] [kgCO2/kg]
Arch Soil 0.023 0.765
Limestone 0.032
Timber (mold frame) 0.71
Block Soil 0.023 1.333
Sawn wood (mold frame) 0.86
Fiber 0.45
Brick Soil 0.023 0.505
Limestone 0.032
Fiber 0.45
Column Limestone 0.032 0.032
Door Soil 0.023 1.743
Sawn wood 0.86
Primary glass (only processed 0.86
source)
Foundation Soil 0.023 0.915
Limestone, 0.032
Sawn wood 0.86
Pillar Limestone 0.032 0.032
Roof Soil 0.023 1.855
Limestone 0.032
Fiber cement panel 1.09
Timber 0.71
Stairs Soil 0.023 1.123
Limestone 0.032
Sawn wood 0.86
Mortar 0.208
Tall & Wide Beam Timber 0.71 0.71
Wall Soil 0.023 0.765
Limestone 0.032
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Timber (frame) 0.71

Window Sawn wood 0.86 2.27
Primary glass 0.86
Secondary glass 0.55

4 Results

The results from the development process were recorded and tested among 24 users,
covering the navigation, mechanics, and how the playtests informed the final stages of
the computational simulation, as described below.

4.1 Navigation

The player character was assigned standard “WASD’ and/or arrow key mechanics to
navigate the user through the tool’s open world. Upon entry into the simulation, the
user is presented with a ‘Materials Oasis’ of building elements available to them with
the soil mixtures pre-applied (Fig. 12-13). The Santa Fe USDA soil horizon level data
in which the mixtures are sourced are listed as a hover Ul element once the user collides
with the building elements in the oasis (Fig. 13).

SANTA FE,NM

SO1L DATARROM USDA

Fig. 12. The ‘Materials Oasis’ presents users with all of the items available in their inventory
with the soil mixtures pre-applied.
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SANTAFE,NM

SANTAFE,NM

SOIL DATAFROMUSDA

Képpen Classification: Cfa
Annual Precipitation: 14-18 in.
Annual Air Temp: 46-50F
Elevation: 6400-7400 ft.

Landform: Valley Floors

A (Surface):

0-3"Loam

AB:

3-6"Loam

BW (Weathered Subsoil):
6-21"Loam

BK (Carbonates):
21-29”" Sandy Clay Loam

BCK:
29-61" Gravelly Sandy Loam
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CONTROLS

WASD - Movement

SPACE - Jump

B - Toggle Buildables

MOUSE SCROLL - Scroll Buildables
Q - Rotate Buildables

LEFT CLICK -Place Buildables

C - Toggle Perspective

CONTROLS
< WASD - Movement
SPACE - Jump
B Toggle Buidablos.
MOUSE SCROLL -ScrollBulldables
0-Rotate Budables
LEFT CLICK-Place Buldables
©-Toggle Perspective

Fig. 13. Once the user collides with the buildables, a hover-text UI appears to display where the
soil mixture was sourced within its locality. Additional data is presented from the locality
including the K6ppen Classification (climate zone), annual precipitation, annual air temperature,

elevation, and landform type.
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4.2 Mechanics

The mechanics of the tool were developed using blueprint class algorithms in UES for
the PC. A freeform base builder algorithm was scripted that allows users to place
architectural elements onto the open world: walls, foundations, roofs, doors, windows,
beams, arches, bricks, and simple blocks. Some of these assets were rendered in and
retexturized from open-source UES and Sketchfab libraries. The inventory of building
elements was assigned to the player character where the user could toggle their
buildables and apply the mouse scroll to view all their available elements. From there,
users could rotate buildables and move through the landscape to place the objects in
their chosen positions and view its embodied carbon (Fig. 14). Players also had the
option to design from both the first and third-person perspective adhering to the users’
range of desires and to represent the scale of the placed objects in relation to their
landscape and player character.

\

Fig. 14. Demonstrated is a user building in third and first person and viewing the embodied
carbon of each placement decision through a collision/hover Ul action.

4.3 Product Iteration and Playtests

24 playtests were conducted in an architecture and planning school through the first
(alpha) and second (beta) iterations to inform its final (gold) stage for product
deployment [32-33]. The user sample consisted of researchers, instructors, and students
with architecture, computational design, and urban planning backgrounds. In these
playtests, three components were observed through observational and qualitative data
collection: (1) subject understanding, (2) ease of use, and (3) perception shifts of
designing with natural materials.

Before the playtest began, participants were briefed about the study and were asked
about their level of knowledge in earthen materials, embodied carbon, disciplinary
background, and expertise in using game technology (Fig. 15-16). Of the 24
participants, 88% held very little to no knowledge on earthen materials, 8% had an
intermediate understanding, and 4% had advanced expertise. For knowledge in
embodied carbon 79% expressed having very little to no knowledge, 17% expressed
having an intermediate understanding, and 4% held advanced expertise. 59% of those
who playtested were architectural researchers or designers, 33% were computational
designers, and 8% were urban planners. For expertise in using game technology, 84%
expressed having very little to no proficiency, 8% held intermediate proficiency, and
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8% held advanced expertise. Having a high percentage of those who didn’t frequently
use game technology would help inform the user accessibility of the simulation. The
playtests lasted between 15-30 minutes. After 15 minutes, the players could choose to
opt out or continue exploring the simulation. This would help inform the users’ level
of engagement with the experience. In the first stage of testing, 50% chose to continue
to the 30-minute mark, with 50% in the second stage, and 84% in the final testing stage.
Following the final playtest which involved 18 participants, users were asked the
subsequent questions, concluding the playtest study:
1. Do you feel your comprehension of locally sourced earthen building
materials has enhanced?
2. Do you feel your comprehension of embodied carbon and life-cycle
assessment has enhanced?
3. Did employing a playful interface enhance your engagement with designing
for low carbon architecture?
4. Would you use this tool to design potential low-carbon structures for future
projects?

User Base Overview

(] Familiarity with Game Technology

Advanced expertise
8.3%

Computational Design Intermediate proficiency
33.3% 3.9%
Urban Planning
8.3%

Very little to no proficiency
83.3%

Architecture
58.3%

Fig. 15. Demographics on the participants involved in the playtests assessing their academic and
professional backgrounds.

Subject Understanding

Earthen Materials Embodied Carbon

Advanced expertise Advanced expertise
8.3% 16.7%

Intermediate understanding

] Intermediate understanding

4.2%

Very little to no knowledge
Very little to no knowledge 79.2%
87.5%

Fig. 16. Demographics on the participants involved in the playtests assessing their familiarity
with game technology and subject understanding of earthen materials and embodied carbon.
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4.3.1 Alpha Stage Testing and Iteration

In the alpha stage, two playtests were conducted to observe how users interacted with
the mechanics of the simulation (Fig. 17-18). In this stage, users played as the default
UES character and were assigned three building elements: blocks, foundations, and
walls. A compressed earth block asset (CEB) was assigned to the block and foundation
assets to serve as a low-fidelity representation of earthen materials applied to a virtual
space. The only mechanics available to the users at that time were the toggle and
placement options along with a blue-red hover box indicating where the build elements
could be placed in proximity to the player’s character. From this exercise, users noted
that they enjoyed creating “playful abstractions with primitive objects,” “running
through the vast terrain,” and appreciated “placing the objects at random” compared to
other base builder games that utilize a grid-based system of snapping objects next to
one another. As a result, adding a snapping system algorithmwas shelved to observe
which build-system users preferred in the following playtest stages.

Fig. 17. Playtests were conducted in an educational environment among designers and
researchers and recorded through a semi-structured interview.
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Fig. 18. The first round of playtests was observed for their mechanics and user maneuverability
of the simulation.

4.3.2 Beta Stage Testing and Iteration

In the beta stage, a mix of primitive and representational objects were added to the
inventory of build elements. The material textures were iterated on, and the player
character was replaced with a more representational humanoid designed in the
Metahuman interface. Observing representation and perception shifts was crucial in
refining the simulation for its gold stage. Four playtests were conducted, and users
stated that while they enjoyed the photorealistic rendering of the virtual space,
replacing the player character with a “less representational humanoid” could strike a
balance between “realism” and ‘“abstraction” in the playscape (Fig. 19). The
Metahuman was eventually changed into a monochromatic gravel humanoid for the
final version (Fig. 15). Users also noted that they wanted to be informed on where their
building elements’ materials were sourced from before being placed onto the landscape
and if there was an option to design in the first-person perspective. As a result, the
‘Materials Oasis’ was added informing users on where their inventory was sourced
within its locality along with a heads-up display of the soil data and toggling between
third and first-person perspective for user preference.

Fig. 19. Beta playtests observing user reactions to data and character representation.
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4.3.3 Gold Stage and Final Playtests

18 playtests were conducted in the gold stage of the simulation’s development (Fig.

Variables Observed

Alpha Playtests
. ]

Beta Playtests

Toggle and placement

mechanics; 3 items; CEB
Input texture map; Default UES

player character.

Users enjoyed creating

forrep

Mix of primitive and
representational items in
the inventory;
Metahuman player
character; Material
textures.

Users enjoyed the

primitive objects,”

“playful abstractions with pt listic rendering
of the virtual space.

“running through the vast Replacing the player

terrain,” and appreciated character with a less
representational

“placing the objects at

random” compared to

other base builder games
that utilize a grid-based

Outcome system of snapping

objects next to one
another.

I

Adding a snapping
system algorithm was
shelved.

Iteration

humanoid could strike a
balance between
“realism” and
“abstraction” in the
playspace. Users wanted
to be informed on where

Gold Playtests
18 conducted for polish

—®

GUI embodied carbon
data; Soil data GUI;
Incomplete structures.

|

The Metahuman was
changedtoa
monochromatic gravel
humanoid. The ‘Materials
Oasis’ was added
informing users on where
their inventory is sourced
from within its locality
along with a heads-up
display of the soil data.
Toggling between third
and first-person was

their building s’
materials were sourced
from before being placed
onto the landscape.
Wanted a 3rd/1st person

option.

The Metahuman was
changed into a
monochromatic gravel
humanoid. The “Materials
Oasis” was added
informing users on where
their inventory is sourced
from within its locality
along with a heads-up
display of the soil data.
Toggling between third
and first-person was
implemented.

J

Consider visualizing the
environmental
consequences of modern
building materials in
relation to its low-carbon
counterpart. Considering
a materials map of where
specific soil mixtures
were sourced from within
its locality for its
embodied carbon metric.

MVP established as a digital representations study for
designing with low-carbon natural materials.

Fig. 20. The outcomes from each playtesting stage informed the next development phase until
the MVP was accomplished. The pointer lines represent the flow of how specific user feedback
impacted iteration and outcomes contributing to the final product.
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20). In this stage, mechanics and perception shift iterations were observed based
on the comments of the previous playtests. The embodied carbon data was
added as a hover-GUI interaction and three of the early playtester’s incomplete
structures were implemented within the simulation to serve as a call to action.
With these structures, users could complete and/or add to it to seek the lowest
embodied carbon or design their buildings from scratch. The outcomes of these
playtests included exterior (Fig. 21), interior (Fig. 22), and experimental builds
(Fig. 23) based on user needs in the simulation. Most catered towards the free-
placement system as noted in section 4.3.1 (Fig. 18). Playtesters such as
architects were more interested in the “texture mapping of soil-based materials”
applied to building elements and urban planners appreciated the “sustainable
outcomes of the tool” with some suggesting a design experience for planning
earthen material realities at an urban scale.

Fig. 21. Exterior designs created by urban planners and architects.
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Fig. 23. Experimental designs created by computational designers, architects, and planners.
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4.3.4 Study Results

Upon completion of each playtest in the final gold stage, users were prompted with a
quick questionnaire to measure the effectiveness of the 15-30 minute experience on an
agree-to-disagree likert scale. These questions centered on the effectiveness of
conveying information on the geography of earthen materials, understanding building
materials’ carbon impact metrics, gamification, and future use (Fig. 24-26). Of the
responses, 72% agreed that their comprehension of locally sourced earthen building
materials had enhanced, 22% were neutral, and 6% disagreed. 50% agreed that their
comprehension of embodied carbon and life-cycle assessment had improved, 39% were
neutral and 11% were in disagreement. Employing a playful interface to enhance
engagement with designing for low carbon architecture proved effective for 88% of
participants, with 6% neutral and 6% in disagreement. For consideration of using the
tool to design future projects for low-carbon architecture, 56% agreed, 38% were
neutral, and 6% disagreed.

Subject Comprehension

Do you feel your comprehension of locally Do you feel your comprehension of embodied
sourced earthen building materials has enhanced? carbon and life-cycl has ?

Neutral
22.2%

Neutral
38.9%

Disagree  Agree
5.6% 50%

Agree
72.2%

Disagree
11.1%

Fig. 24. Results from the playtest questionnaire assessing subject comprehension of earthen
materials and embodied carbon.

Usability
Did employing a playful interface enhance your Would you use this tool to design potential
-engagement with designing for low carbon architecture? low-carbon structures for future projects?

Neutral
56% Disagree
5.6%

Neutral
38.9%

Agree
55.6%

Disagree

Agree 5.6%

88.9%

Fig. 25. Results from the playtest questionnaire assessing the user engagement and future use of
the virtual simulation.
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Playtesting Efficacy Results

B Agree [l Neutral Disagree
20
15
10
. l -
Earthen Materials Embodied Carbon Engagement Future Use

Fig. 26. Comparative analysis of the efficacy measured from the playtest results.

4.4 Findings

The data collected demonstrates the potential of using computational play to enhance
the pedagogy of low-carbon architecture. The majority of participants demonstrated
an improved understanding of earthen materials and embodied carbon. Since the
understanding of embodied carbon was lower (50%) compared to the comprehension
of earthen materials (72%), many participants suggested that adding a life-cycle map
could help demonstrate the carbon emissions produced from the processing and
transport of earthen materials compared to conventional building materials for modern
construction methods. This would assist users in understanding the carbon impact of
each material used in their design, effectively contextualizing the embodied carbon
metric applied onto each building element. Integrating a gamified approach proved
extremely useful (88%) in engaging users into learning about sustainable building
practices with more than half of participants (56%) expressing desire for future use of
the simulation as a tool to speculate earthen structures in a variety of world locations.
Overall, many expressed that adding more information to help guide users in
understanding the life-cycle assessment and additional building elements could help
ensure the continued use of the simulation as a tool for designing with earthen materials.
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4.5 Information Architecture of MVP as a Result of Playtests

The insights gathered from the playtests helped inform the final iteration, leading to the
MVP of the simulation. The steps are as follows:

Player Journey:

1. The player selects the locality to design in.

2. Upon entry into the location (Santa Fe, NM), the player is presented with a
‘Materials Oasis’ of architectural elements with the soil mixtures pre-applied
to the inventory of building elements. The player can view these mixtures by
colliding with the build elements in the oasis.

3. The GUI demonstrates the soil and weather data available in their chosen
locality to inform the texturization of the building elements.

4. The player scrolls through their inventory of buildables and places them onto
the environment to view its embodied carbon and begin designing diverse
earthen structures.

5. The player also has the option to complete three incomplete structures placed

onto the landscape to achieve the buildings’ lowest embodied carbon,
contributing to their learning of sustainable design.

Simulation Features:

The player uses standard “WASD’ and/or arrow key mechanics to navigate
through the tool’s open world.

The to-scale digital twin of Santa Fe’s landscape contributes to the sandbox
aesthetic of the simulation where the user can freely design onto the terrain.
Toggling and rotating build elements assigned to the player characters allows
for the user to place and design their structure freely. This contributes to the
playful experience of the simulation.

Colliding with build elements placed onto the open world allows for the player
to view an architectural element or building’s embodied carbon.

Each architectural element placed onto the terrain closely reflects the material
composition of its soil depending on the locality it was collected from.

5 Conclusion and Future Work

This research develops a virtual space that represents low-carbon materiality within a
data simulation for designers and researchers to (1) geolocate earthen materials through
an accessible virtual context, (2) understand its visualized materiality, and (3)design
sustainable data-driven decisions. 24 playtests were conducted and assessed,
demonstrating that streamlining these objectives into a gamified interface engaged
users into the pedagogy of decarbonized design technology. Users demonstrated an
increased interest in designing in additional localities with suggestions of a
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crowd-sourcing interface to contribute to the dataset of soil mixtures pre-applied to
building elements. Further development of this project can seek to (1) visualize the
environmental consequences of modern building materials in relation to its low-carbon
counterpart and (2) provide a materials map of where specific soil mixtures were
sourced from within its locality to clarify its embodied carbon metric. More localities
can also be added to the simulation’s library encouraging users to envision sustainable
building practices within their respective communities. Opportunities including
community-driven training and crowd-sourcing initiatives formaterial recipes can
contribute to using the simulation as a method of enhancing low-carbon building
practices for a more sustainable world.

CRediT author statement. Neil Potnis: Conceptualization, Methodology, Software,
Validation, Formal analysis, Investigation, Data curation, Writing — original draft,
Visualization. Lola Ben-Alon: Resources, Writing — review and editing, Supervision.
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