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Bamboo is a renewable and biodegradable material with strong potential in sustainable
design. However, its natural irregularity and non-standard geometry present challenges
for modularity, standardization, and digital fabrication. This study proposes an Extended
Reality (XR) platform that enables intuitive, parametric design of bamboo chairs through

immersive interaction. Built on Rhino as the modelling core, the platform integrates
Grasshopper for parameter control and Wasp for modular aggregation, allowing rule-
based assembly of bamboo components that reflect their real-world irregularities. Users
can interact with chair modules in real time using hand-tracking in Meta Quest 3,
adjusting parameters and visualizing configurations directly in physical space. The
system supports both basic and advanced design modes and uses scanned bamboo
elements to ensure fabrication feasibility. Finalized models are stored and prepared for
production, bridging virtual design with traditional craftsmanship. By combining XR
technology with computational design tools, the platform offers a sustainable and
accessible workflow for bamboo furniture customization.

Keywords: Extended Reality, Bamboo Furniture, Parametric Modelling, Modular

Design, Wasp.

INTRODUCTION

Bamboo is a highly renewable and biodegradable
material with immense potential for sustainable
design and circular economy applications. Its
lightweight nature, high strength-to-weight ratio,
and rapid growth make it a promising alternative
to conventional materials in furniture production.
However, bamboo’s inherent irregularity and
non-standard characteristics pose challenges for
efficient, scalable, and modular design workflows.
Traditional bamboo furniture manufacturing
relies heavily on artisanal craftsmanship, which,

while rich in cultural heritage, lacks the precision
and adaptability required for mass customization
and digital fabrication. To address these
challenges, computational design and immersive
technologies provide new opportunities to
optimize bamboo  furniture design and
production.

This study introduces an Extended Reality (XR)
platform that utilizes Rhino as the core modelling
environment, enabling an intuitive, parametric,
and modular bamboo chair design workflow.
Through XR interaction, users can define, modify,
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and visualize bamboo chair configurations in real
time, enhancing accessibility even for individuals
without prior design experience. The platform
integrates Grasshopper for parametric control
and Wasp for modular aggregation, enabling
flexible module combinations that account for
bamboo’s non-standard geometry. Hand-
tracking technology in Meta Quest 3 allows users
to manipulate components seamlessly within the
XR environment, ensuring a more intuitive and
immersive design experience.

By bridging traditional craftsmanship with
advanced computational tools and XR technology,
this platform introduces a novel approach to
bamboo furniture design that enhances design
flexibility, material efficiency, and production
scalability. It optimizes the design workflow while
making  bamboo  furniture  customization
accessible to a broader range of users, ultimately
promoting sustainable innovation in furniture
design.

BACKGROUND

Bamboo has emerged as a pivotal sustainable
material in construction due to its rapid
renewability and low carbon footprint. However,
its industrial adoption remains hindered by
inherent geometric irregularities, which resist
conventional standardization methods (Trujillo
and Lépez, 2016) (Lorenzo, Mimendi, et al., 2020).
While traditional approaches struggle to reconcile
bamboo’s organic variability with industrial
scalability, digital technologies,3D scanning,
discrete algorithms, and Extended Reality (XR),

offer transformative potential. These tools
collectively address the research gap in
harmonizing  ecological  materiality — with

precision-driven workflows, enabling bamboo’s
integration into circular economies while
preserving its biomorphic essence (Lorenzo,
Godina, et al., 2020) (Geno et al., 2022).

3D scanning converts bamboo’s organic
variability into analysable datasets. For instance,
in Lombok, Indonesia, researchers digitized
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bamboo elements via reverse engineering,
enabling Building Information Modelling (BIM)
integration for structural coordination (AKT II Ltd
etal, 2022). However, challenges persist: irregular
geometries  complicate  accurate  digital
representation, leading to inefficiencies in
downstream design and fabrication (Yu and
Fingrut, 2022). Discrete algorithms address these
limitations by decomposing scanned data into
modular, reconfigurable units. By treating each
element as computable data, these algorithms
enable mass customization through parametric
shape-finding and topological optimization
(Retsin G, 2019) (Hyde and Filippidis, 2021).
Projects like Gilles Retsin's modular pavilion
demonstrate how discrete units adapt to diverse
structural roles, columns, beams, or staircases,
under varying boundary conditions (Retsin G.,
2019). Tools such as Wasp operationalize these
discrete design principles within computational
environments like Grasshopper, enabling rule-
based modular aggregation in architectural
applications. However, validating algorithmic
configurations remains underdeveloped,
requiring  further  topology  optimization.
(Stromberg et al., 2011) (Zegard et al., 2020).
Modular and temporary structures further
illustrate discrete design’s versatility. Walid
Anane'’s robotic assembly framework highlights
digital automation'’s role in reducing labour costs
and enhancing precision (Lok and Bae, 2022).
Despite progress, these workflows often lack real-
time collaboration tools and immersive validation,
limiting their accessibility and user engagement.
This gap is bridged by XR (Virtual, Augmented,
and Mixed Reality), which introduces dynamic
interactivity and participatory design into
bamboo workflows. XR enhances 3D scanning by
overlaying digital data onto physical bamboo,
improving geometric accuracy through real-time
feedback. For example, RUBI Lab’s Timber De-
Standardized framework integrates mixed reality
with 3D-scanned logs, enabling users to co-
design structures while receiving structural



Figure 1
GScan Scanning
Bamboo

feedback (Lok and Bae, 2022). XR also streamlines
discrete design by visualizing modular assemblies
in immersive environments, allowing stakeholders
to test configurations and joinery methods
virtually before fabrication. This reduces iterative
prototyping costs and fosters collaboration
across disciplines (Nugroho N, Bahtiar E T, n.d.).

XR democratizes bamboo furniture design by
engaging non-experts through intuitive, gamified
interfaces. By integrating Rhino with Unity, users
can interact with virtual bamboo models,
providing real-time feedback on ergonomics and
aesthetics. This participatory approach enhances
creativity while optimizing material usage,
reducing waste, and aligning with circular
economy principles. XR-enabled catalogs of non-
standard bamboo components ensure the
efficient use of irregular pieces, improving
resource efficiency (Wu et al,, 2019) (AKT Il Ltd et
al, 2022).

The incorporation of XR into the bamboo
design workflow transforms traditional design
processes by bridging virtual prototyping with
real-world craftsmanship. Unlike conventional
approaches that often neglect hands-on
engagement with irregular materials, XR's
immersive simulations allow users to explore
bamboo’s structural and aesthetic potential
interactively. By iterating between physical and
digital environments, the system deepens
understanding of material behavior and facilitates
more precise digital fabrication.

In conclusion, while 3D scanning and modular
aggregation algorithms enhance bamboo's
industrial applicability, XR bridges gaps in
collaboration, validation, and education. By
combining immersive visualization, real-time
feedback, and parametric customization, this
workflow transforms bamboo from a niche
material into a scalable solution for sustainable
design. As digital tools continue to evolve, their
integration with bamboo's ecological advantages
promises to reshape design education and

practice, fostering inclusivity, innovation, and
sustainability.

METHODOLOGY

This study adopts a structured methodology to
develop an XR platform that facilitates modular
and parametric bamboo chair design. The
methodology consists of three core components:
3D scanning to capture the geometry of bamboo
elements for accurate digital representation,
system architecture to integrate Unity, Firebase,
Rhino, and Grasshopper for seamless interaction
between the front-end interface and the
modelling engine, and modular and parametric
design processes within the XR environment to
allow users to manipulate chair configurations
intuitively.

3D Scanning for Bamboo

To ensure that the bamboo modules used in the
Wasp aggregation process accurately reflect real-
world geometry and can be reliably fabricated by
craftsmen, the system employs GScan, a handheld
3D scanner, to capture high-resolution geometric
4) ¥ z

data from bamboo elements (Figure 1).

This approach preserves bamboo's natural
characteristics, ensuring consistency between
digital models and physical construction.

However, due to the featureless and cylindrical
nature of bamboo, the scanner’s default feature-
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based algorithm often misinterprets surface
geometry, sometimes identifying areas of the
same height as having different elevations,
resulting in distortions in the 3D models. To
address this, a marker-assisted hybrid scanning
technique is used, where reference markers
placed on the bamboo surface provide additional
points for accurate geometric differentiation. This
ensures that the generated models faithfully
represent the actual bamboo geometry.

The scanned models are subsequently used as
modular components in Wasp aggregation,
preserving the authenticity of natural bamboo
and facilitating seamless fabrication by craftsmen.

System Architecture
To enable an intuitive, parametric, and modular
bamboo chair design workflow, this research

Unity

User Interaction
& VR

Visualization

Firebas
Cloud-Based
Data Relay

Unity acts as the front-end interface deployed on
the Meta Quest 3 headset, providing an
immersive XR environment where users interact
with the bamboo chair design process. It handles
real-time interaction, visualization, and parameter
manipulation through an intuitive interface.

Firebase functions as a centralized cloud
platform for temporary data storage and
synchronization. Acting as a neutral intermediary
between the interactive front-end and the
modelling back-end, it ensures cross-device and
cross-platform connectivity.

Rhino serves as the core 3D modelling
platform, generating the final bamboo chair
geometry. Through its plugin ecosystem, it
provides the geometric foundation for
computational design processes.
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proposes a XR platform that integrates Rhino,
Grasshopper, Wasp, and Unity. The system allows
users to interactively define, adjust, and visualize
bamboo chair components in an immersive XR
environment. The platform architecture consists
of three main components: geometric modeling,
modular aggregation, and immersive interaction.
Each component plays a crucial role in ensuring
the seamless transition from conceptual design to
real-world fabrication.

Platform Components.

The system is composed of five primary
components: Unity, Firebase, Rhino, Grasshopper,
and Wasp. To illustrate the relationship between
these components and their roles within the
system architecture, Figure 2 provides a visual
representation of the platform’s core structure
and data flow.

. Grass-
Rhino hopper WASP
3D Modeling ! Visual AssgAnSSI;taL:)gic
Platform '0‘-;;2'::1’:'“9
Grasshopper, embedded within  Rhino,

interprets design parameters and generates
procedural geometry through visual
programming. It operates directly on Rhino's
geometry kernel.

Wasp, nested within Grasshopper, facilitates
the modular aggregation of bamboo components
using rule-based logic and assembly constraints.

Together, these components form a multi-
layered system where Unity and Firebase serve as
the interaction and communication layers, while
Rhino, Grasshopper, and Wasp form a
hierarchically nested modeling engine. This
structure enables modular, parametric design
operations  while  supporting  immersive
interaction and cloud-based integration.

Figure 2

System
Architecture and
Component
Relationships



Figure 3
Data Flow

Figure 4
Hand-Tracking to
Grab and
Reposition the
Chair

Data Flow.

Figure 3 illustrates the system’s dual-channel data
flow architecture, which facilitates real-time
parameter updates and model file exchange
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Parameter data, which includes information
such as component dimensions, structure types,
and curvature values, is transmitted from Unity to
Firebase Firestore. The ,json format is lightweight
and human-readable, making it ideal for real-time
updates and synchronization between the Unity
interface and Rhino’s modelling backend. In
contrast, model data generated by Rhino is
exported as .fbx files, a format widely used for 3D
models due to its ability to preserve complex
geometries, hierarchies, and material properties.
Since .fbx files are significantly larger and binary
in nature, they are stored in Firebase Storage,
which is optimized for handling large,
unstructured data.

Although both Firestore and Firebase Storage
operate within the same Firebase project, they
serve distinct purposes. Firestore efficiently
manages structured, quarriable data, while
Firebase Storage handles heavy-weight 3D assets.
This dual-channel setup ensures seamless
synchronization of design parameters and
smooth exchange of geometry models between
Unity and Rhino, enabling real-time visualization
and interaction with modular bamboo chair
configurations.

Modular and Parametric Design
Process within an XR Environment

The system is designed to offer an intuitive XR
interface, enabling real-time interaction and
seamless integration between virtual design and
the physical environment. Through the
passthrough mode of the Meta Quest 3 headset,
users can visualize the virtual bamboo chair
model  overlaid onto their real-world
surroundings. This transparency allows users to
perceive how the chair fits into their actual space,
facilitating informed design decisions.

As shown in Figure 4, users can reposition the
virtual chair effortlessly by using hand-tracking
gestures, which allow them to grab and drag the
chair to a desired location within the XR

environment.

This functionality not only provides a natural
and interactive way to manipulate the model but
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also helps users refine the chair's placement to
better align with real-world spatial constraints. To
ensure that the virtual chair aligns accurately with
the physical floor, the system leverages the spatial
scanning capability of the Meta Quest, which
generates a digital representation of the user's
environment. A custom script then dynamically
adjusts the base coordinates of the virtual chair,
ensuring that the model visually adheres to the
real-world ground plane, enhancing the realism
and spatial coherence of the XR experience.
Modularization.

The chair design adopts a modular structure,
decomposing the overall geometry into three
independent components: the backrest, seat, and
legs. Each module is treated separately, allowing
flexible manipulation and localized variation. This
approach mirrors the structural composition of
real-world bamboo furniture while enabling
scalable parametric customization through
targeted interaction and fine-tuned control.
Parameterization.

The system provides two distinct design modes
that offer different levels of control and
customization flexibility to users:

In Basic Mode (see figure 5), users can select
from a library of pre-defined chair configurations
and modify modular components without
adjusting individual parameters. This streamlined
workflow is ideal for novice users or those who
wish to explore layout and structural variations
without engaging with complex parametric
settings. It enables quick experimentation
through simple selections, reducing the learning
curve and enhancing accessibility.

In contrast, Advanced Mode (see figure 6)
leverages Rhino and Grasshopper, integrating
Wasp to support greater parametric flexibility. In
this mode, users can precisely manipulate
component geometry, control aggregation
behavior, and experiment with complex
configurations  through detailed parameter
adjustments. Advanced Mode is designed for
experienced users who aim to fine-tune chair
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structures by modifying individual elements and
the logic of their assembly.

To enhance user understanding and provide
context for the selected components, the system
integrates visual and textual information that
showcases various bamboo types and structural
connection methods. Through an intuitive XR
interface, users can visually assess different
bamboo species, exploring the characteristics of
flat strips, curved members, and other traditional
bamboo  forms. Complementary  textual
descriptions further highlight the historical and
cultural significance of these elements, deepening
the user’'s understanding of bamboo furniture
craftsmanship.

Figure 5
Basic Mode

Figure 6

Advanced Mode &
Bamboo Chair
Generated Using
Wasp



Figure 7
SODERHAMN
Planner

Figure 8
Coohom Design
Tools

EVALUATION

Currently, there is a noticeable lack of online or
virtual platforms designed specifically for
bamboo furniture customization and editing. This
is primarily due to the non-standard
characteristics of bamboo, which include irregular
shapes, variable dimensions, and unique
connection methods, making it difficult to
standardize within conventional furniture design
systems. As a result, direct comparisons with
bamboo-specific editing platforms are not
possible. Therefore, to evaluate the performance
of our system, we compare it with mainstream
furniture customization platforms, focusing on
IKEA's Design and Planning Tools and Coohom to
highlight the strengths and limitations relative to
our XR platform.

IKEA's Design and Planning Tools
(SODERHAMN Planner)

SODERHAMN Planner (IKEA, n.d.) is one of IKEA's
design tools that focuses on modular sofa
configurations, allowing users to select from a
predefined set of sofa modules and arrange them
in different layouts. The tool provides basic
customization options for fabric types and
colours, enabling users to personalize the sofa's
appearance. Additionally, it allows users to
visualize the overall dimensions of the assembled
sofa, helping them estimate how well it fits within
a given space. Figure 7 shows an example of the
SODERHAMN Planner interface.

Coohom Design Tools

Coohom (Coohom, n.d.) is a web-based platform
that offers a comprehensive interior design
solution by providing users with access to an
extensive library of furniture models and
decorative elements, featuring high-quality
textures and photorealistic rendering. It supports
flexible space planning, allowing users to arrange
furniture modules across entire living spaces and
generate 3D visualizations for immersive design
previews. Additionally, Coohom enables users to

customize layouts and modify module
dimensions, offering a diverse range of materials
to match different aesthetic styles. Figure 8 shows
the interactive interface of Coohom.

SODERHAMN Planner

(€

Key Feature Comparison

While existing furniture customization platforms
provide intuitive tools for layout design and
component selection, they fall short in
accommodating material-specific irregularities
and integrating designs within real-world spatial
contexts.

In contrast, our XR-based platform combines
parametric control with mixed reality interaction,
allowing users to design with non-standard
bamboo materials in actual space. Though the
current version is optimized for Meta Quest 3 and
supports a limited set of bamboo modules, the
system architecture is designed for future
extension, including broader material libraries
and cross-device accessibility.

Volume 2 - Confluence - eCAADe 43 | 501



Table 1 presents a comparison between the

platform and the aforementioned furniture

current capabilities of the bamboo chair design  platforms.
Feature SODERHAMN Planner Coohom XR Chair Platform
Modular Predefined sofa Extensive module Wasp aggregation for
Flexibility modules variety with fixed bamboo components

rules

User Interaction Basic drag-and-drop

2D/3D visualization | XR hand-tracking for real-

time manipulation

Spatial No real-world feedback No real-world Real-time spatial overlay
Adaptation feedback (MR passthrough)
Material and Limited fabric options Extensive materials | Supports irregular bamboo
Model Library library (initial modules only)
Learning Curve Easy for beginners Moderate Intuitive XR interface with
complexity low learning curve
Hardware Phone or PC Phone or PC Meta Quest 3 (mobile

version in development)

Strengths of XR Chair Platform
Bamboo-Focused Modular and Parametric
Control.

Unlike traditional furniture design platforms that
operate on mobile or desktop devices, the XR
platform allows users to visualize bamboo chair
configurations  directly ~ within  real-world
environments. By overlaying virtual models onto
physical space, the system enhances the design
process by making it more intuitive and context-
aware, enabling accurate assessment of size, fit,
and aesthetics.

Seamless XR Visualization
Feedback.

Through passthrough XR, users receive real-time
visual alignment of the virtual model with physical
environments. This spatial feedback supports
iterative  refinement and more accurate
placement decisions, which is absent in 2D
interfaces.

Intuitive Hand-Tracking and Low Learning
Curve.

The integration of Meta Quest 3's hand-tracking
enables users to manipulate virtual bamboo
components naturally. This gesture-based input
lowers the barrier for non-experts to engage with

and Spatial
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modular chair design, making the process more
inclusive.

High Design
Aggregation.
Wasp's automatic rule-based aggregation allows
for a wide variety of configurations. This flexibility
supports creative exploration and yields
structures not easily achievable with conventional
CAD systems.

Flexibility Through Wasp

Limitations of XR Chair Platform

The platform requires a Meta Quest 3 headset for
XR visualization and interaction. This hardware
dependence limits accessibility, especially
compared to web-based platforms like IKEA's
SODERHAMN Planner or Coohom, which run on
standard devices.

Limited Material and Model Library.

The system currently offers a relatively small set
of scanned bamboo modules. In contrast,
Coohom provides a broad range of materials and
textures, offering more aesthetic versatility.
Single-Material Focus on Bamboo.

As the system is optimized for bamboo, it cannot
accommodate other materials like wood, plastic,
or metal, which narrows its applicability.
Unpredictability of Wasp Aggregation Logic.

Table 1
Comparison
Between Platforms



Although Wasp enables high configurability, its
rule-based algorithm may lead to unexpected
outcomes. Users cannot always achieve a
precisely desired configuration, which introduces
uncertainty in controlled design tasks.

CONCLUSION AND FUTURE WORK

This study introduces an XR platform that
transforms bamboo furniture design by enabling
intuitive modular and parametric control in an
immersive environment. By integrating Rhino,
Grasshopper, Wasp, Unity, and Firebase, the
system allows users to modify design parameters
and visualize configurations in real time using
Meta Quest 3's hand-tracking interface. The
platform effectively addresses the challenges of
bamboo’s non-standard geometry through
Wasp's aggregation logic, allowing flexible
module combinations while preserving bamboo’s
natural characteristics.

A comparative analysis  with  IKEA's
SODERHAMN Planner and Coohom highlights
the platform’s advantages in spatial adaptation,
interaction intuitiveness, and real-world feedback.
Unlike conventional furniture customization
systems that operate purely in virtual
environments, this XR platform provides real-time
spatial feedback, enabling users to assess how
bamboo chairs fit into physical spaces.
Additionally, its rule-based aggregation of
bamboo modules offers greater flexibility than
existing platforms.

Despite these advantages, the system has
certain limitations, including hardware
dependency on Meta Quest 3, a limited material
library, and the unpredictability of Wasp's
aggregation logic. These factors highlight areas
where further refinement can enhance the
platform’s overall performance and user
experience. In addition, broader adoption of XR-
based workflows still faces practical challenges
such as hardware availability, onboarding for non-
expert users, and integration into real-world
manufacturing pipelines.

Future work will focus on enhancing the
platform'’s capabilities to support a broader range
of bamboo species by expanding the scanned
model library. Additional efforts will include
diversifying modular components and connection
types to enable more complex and varied chair
configurations. To improve visual realism,
bamboo textures will be incorporated into the
chair models, enhancing their authenticity in the
XR environment. Additionally, we aim to explore
how this XR-based workflow could be adapted to
suit broader production scales and practical
manufacturing contexts.

A web platform will also be developed to
allow users to save and share bamboo chair
designs, where community voting can determine
the most favored designs for fabrication by
bamboo artisans. Further optimization of Wasp's
aggregation algorithms will improve the
predictability and efficiency of model generation,
ensuring that the resulting configurations better
align with user expectations.
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