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The intersection of digital transformation and circular construction practices presents significant
potential tomitigate environmental impacts through optimisedmaterial reuse.We propose a five-step
(D5) digital circular workflow that integrates these digital innovations towards reuse, validated through
real-world case studies. We assessed a variety of digital tools for enhancing the reuse of construction
materials, including digital product passports, material classification assisted by artificial intelligence
(AI), reality capture, computational design, design inspired by generative AI, digital fabrication
techniques, extended reality, and blockchain technology. Using action research through a multiple
case study approach, we disassembled several buildings that were set for demolition and
subsequently designedandexecuted construction projects using the salvagedmaterials. Our findings
indicate that digital transformation for detection, disassembly, distribution, design, and finally
deployment significantly support the application of circular economy principles. We demonstrate the
potential of the proposed workflow for industry implementation and scalability.

New digital methods have the potential to rapidly enhance the circularity of
the entire architecture, engineering, and construction (AEC) sector—a
sector that faces the significant challenge of meeting global housing needs
while reducing its 37% contribution to greenhouse gas emissions1. Con-
struction alone is responsible for 50%of allmaterial consumption andmore
than a third of all solid waste2.

One of the main reasons for the sector’s high amounts of waste is that
we construct buildings following a linear model: extracting, producing,
using, and then disposing of materials and resources. A circular model is
needed to derive maximum value from building materials by reusing them
at the end of their service life as new resources. A circular economy3–6

promotes a regenerative system where repair, reuse, recycling, and energy
recoveryminimise resource use and emissions7. More specifically, the reuse
ofmaterials in the built environment is essential to tackle challenges such as
the scarcity of resources, waste treatment, and the climate crisis. Indeed, the
Intergovernmental Panel on Climate Change (IPCC) encourages material
reuse as a near-term response to climate change8, while the United Nations
Environment Programme (UNEP) aims for near-zero emissions in the
building sector by 20309. Implementing circular principles benefits the
environment, economy, and society10–18.

While pioneering circular building projects19–22 and innovative reuse
platforms and marketplaces for construction23–29 have shown promise in

localised settings, global implementation on a large scale has not yet been
successful. Material recovery remains labour-intensive, with experts
manually measuring and cataloguing data for material reuse. Building
projects typically involve complex, multifaceted challenges that are tackled
by numerous stakeholders operating in isolated silos. As a result, circular
strategies are not yet broadly applied in construction practice. Digital
transformation can fill this gap by streamlining these processes and
enhancing efficiency.

However, the construction industry remains the least digitised sector
due to its fragmentation and risk aversion, thus struggling to attract digital
talent and impeding its adoption of digital technologies30,31. Research in
circular building practices32 highlights challenges that digital technologies
can help overcome. Frameworks for digital technologies towards circular
construction have been developed for sustainable construction using spe-
cific materials, such as upcycled wood33, or through literature reviews32,34.
Yet, entire workflows of digital innovations for material reuse have rarely
been integrated and validated on a full building scale. Therefore, a viable
digital circular constructionmanagement system for buildingmaterial reuse
needs to be developed. In the context of aCircularDigital Built environment
framework (CDB)32 and a review of existing digital technologies for a cir-
cular built environment34, we assessed the effectiveness of the proposed
digital technologies in facilitating material reuse in actual building projects.
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In this paper, we propose a five-step workflow for digital transfor-
mation towardsmaterials’ reuse, which we refer to as a “D5Digital Circular
Workflow” (D5Workflow) for integrating digital tools in assessing existing
buildings, in their disassembly of reusable materials for distribution, and in
their design and construction with the salvaged materials. Employing a
multi-case study action research approach, we evaluate the impact and
effectiveness of integrating digital tools into circular construction. Digital
technologies are applied to different test cases in each of the five steps to
validate the workflow. Our research focuses on case studies that helped us
analyse how digital technologies can facilitate deconstruction to reuse
materials in construction. Aligning the logistics of disassembling buildings
with constructing new ones is challenging. To make material reuse more
effective, the end-of-life of buildings set for demolition should be connected
to the start-of-life of new buildings, minimising storage times. Although
platforms exist for listing reusedmaterials,finding the rightmatchremains a
challenge, connecting architects, contractors, facility managers, and certi-
fiers skilled in working with reused materials35.

Our workflow introduces a comprehensive digital integration to
enhance this “matchmaking” process, which systematically pairs reclaimed
materials (supply) with appropriate construction projects (demand) by
connecting AEC stakeholders (matching). To create effective matches,
construction stakeholders need to know who has waste materials to offer,
where they can store them, andwhowants to turn them into resources. This
involves ensuring that materials salvaged from demolition sites are effec-
tively identified, catalogued, and aligned with the specific needs and
requirements of building projects. This process is structured into a five-step
approach, each beginning with the letter ‘D’—hence the term “D5 work-
flow.” This workflow incorporates advanced digital tools across these five
critical stages:
1. Detection: Use urban data combinedwithmachine learning (ML) and

computer-vision (CV) algorithms to identify sites suitable for material
reuse and incorporate these materials into building information
modelling (BIM) systems.

2. Disassembly: Catalogue materials extensively, employing reality cap-
ture, scan-to-BIMandCV to enable robotics and extended reality (XR)
for disassembly.

3. Distribution: Create digital product passports (DPPs) to efficiently
track, trace, and trade materials from demolition to new construc-
tion sites.

4. Design: Apply generative Artificial Intelligence (AI) and computa-
tional design algorithms to create and match designs with reclaimed
materials.

5. Deployment: Use subtractive and additive manufacturing to integrate
bespoke reclaimed elements, assembling them in new constructions
with XR techniques.

Detection of suitable materials for reuse can be enabled by using ML
andCValgorithms. For the effectivemapping of the environmental impacts
of building materials, various systems, such as Geographical Information
Systems (GIS), BIM, and construction management software must
exchange and use information36. In the context of identifying reuse patterns,
advancements in ML and CV have significantly improved the interoper-
ability of data representations. This enhancement supports the spatial and
temporal mapping of existing public housing stocks on an urban scale,
thereby enabling the scaling of applications to entire cities37,38. In addition,
these technologies facilitate the efficient matching of available material
resources (supply) with the material needs for new construction that
incorporate reused materials (demand). ML, particularly through deep
learning36–38, has been used extensively in other sectors to process data and
recognise patterns. Recently, this technology has been applied in the con-
struction industry to process large, unstructured datasets such as building
demolition records for forecasting the amount of salvage and waste mate-
rials obtainable at the end-of-life of buildings39. CV is also increasingly being
applied to construction sites to enhance operations, such as building
inspections. For example, research and industry projects use imagery from

various sources such as unmanned aerial vehicles (UAVs), satellite imagery,
social media, public webcams, and capturing cars (e.g. Google Street
View)40–42. To fully leverage this technology for circular construction, global
datasets suchas cadastral information43 and imagerydatamust be integrated
to forecast reusable building materials.

During disassembly, scan-to-BIM has enabled the cataloguing of
materials for reuse. AEC firms use BIM to store information in three-
dimensional (3D) models of their building projects, e.g., the material types,
schedule, and cost30,44. BIM is also used to create a repository ofmaterials for
the building project, i.e., material passports45, capturing information about
the type, configuration, volume, and location of materials (similar to DPPs
at the product level). However, most existing buildings that will be
demolished in the next few decades do not have a BIM model available.
Using reality capture techniques, point clouds are often used to create
missing BIM models a posteriori. However, processing these point clouds
remains difficult due to their unstructured, irregular form46. Techniques
such as PointNet, adapted from 2D image classification, now facilitate
semantic analysis47–49, though they often target specific components such as
structural steel or scaffolding50. CV has also been used on thematerial scale,
for instance, to detect damage such as concrete cracks, steel corrosion, and
steel delamination51. Moreover, precise data capture techniques have been
developed for reusing concrete as dry masonry52. Support-vector machine
(SVM)-based systems have also helped classify building materials for
automated digital reconstruction53, but they focus on individual classifica-
tions and lack integration with 3D reconstruction. Construction environ-
ments present challenges for CV due to their disorderly and cluttered
nature. Modern systems often misidentify background details, and active
sites contain conditions absent in training sets54. Addressing these chal-
lenges requires techniques like background randomisation in training sets,
selective masking by depth, and analysing common misclassifications to
improve accuracy and reliability.

For distribution, existing platforms23 are designed to capture data
about the quantity, quality, location, financial value, and circular utility of
materials available for reuse. Increasing efforts from research aim to link
material platforms to BIM platforms and integrate product tracking and
DPPs into these platforms32,55. Blockchain technology is now explored for its
potential to enable decentralised data management and enhance transpar-
ency and traceability in circular construction56–59. Digital platforms com-
modify buildings as material banks, making building elements tradable and
enabling organisations to meet market demands efficiently through
economies of scale and scope (e.g., BoKlok60, Reflow project61).Widely used
digital platforms from other sectors (e.g., Amazon, Tinder, AirBnB, Uber)
have shown that growth depends on increasing both supply and demand
users30. Circular platforms should act as catalysts, linking those dealing with
building disposal to those starting new constructions. Leveraging digital
technology, especially AI algorithms similar to dating app algorithms62,
could enhance matchmaking in the construction industry. Unlike one-to-
one matching systems (e.g., dating apps), a matchmaking service for the
reuse of building materials should focus on a many-to-many relationship
between reusable building components and potential new constructions,
while considering factors like timing, permits, andmaterial characteristics63.
Tracking and tracing materials in large databases allows for effective
matching of available materials for resource allocation.

For the design, the potential of unleashing co-creativity between
humans and generativeAI64 is particularly promising65–67. GenerativeAI has
the potential to enhance early-phase circular design processes with
advanced datamanagement capabilities. A critical component of this shift is
handling extensive digital databases that catalogue dismantled building
components, allowing architects to effectively match these materials with
new design projects. Leveraging AI, specifically through its subset of ML
techniques and applying matchmaking algorithms, can further streamline
this process and foster an environment where AI augments human crea-
tivity in generating innovative design solutions68. Generative AI is a subfield
of ML and a form of deep learning, which, in addition, uses parts of natural
language processing (NLP) for working with natural text in, for instance,
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Text-to-Image Generators. Next, computational design tools such as
parametric design space exploration and rule-based approaches can
advance the design process. Optimisation methods, including genetic
algorithms, flocking behaviours, or parameter vector manipulation, can be
applied within a given design space69–72. A bottom-up approach starts with
available components and algorithmically assembles them into architectural
structures73–75. Conversely, a top-down approach commences with a target
design and searches the inventory algorithmically76. Multi-objective opti-
misation automates considerations such as feasibility, costs, and impact77.
Design workflows must be developed to handle diverse material stocks,
reduce processing times, and accommodate uniquely shaped reused
materials to ensure the best match.

For deployment, digital fabrication—a combination of computer-
aided design (CAD) data, computer-aidedmanufacturing (CAM) software,
and computer numerical controlled (CNC) hardware for additive and
subtractive manufacturing—has been increasingly explored in the AEC
industry to produce rapid prototypes, complex elements, and to perform
tasks that are repetitive, dangerous, or require precision78. In a circular built
environment, digital fabrication can be used to design complex
connections79,80. to make new buildings easier to disassemble81. Moreover,
XR tools have emerged as an immersive and interactive asset both in the
AEC industry and in the broader context of human-centred
applications82–84. These advancements can benefit the AEC industry and
in particular dis- and reassembly processes.

By taking an action research approach, we prototype digital circular
techniques on real-world sites. The problem this research aims to address is
the need for upscaling sustainable building practices by integrating digital
technologies into the circular economy, particularly enhancing material
reuse in the construction industry. Moreover, this research aims to
strengthen on- and off-site collaboration across the entire value chain
towards a circular, low-carbon, zero-waste built environment.

Results
The action plan employed is to test and improve the technical setup,
accuracy, and applicability of our proposed workflow on different case
studies. By implementing this workflow in real-world deconstruction and
construction scenarios, our contribution lies in developing effective

strategies for scalable, globally applicable circular building practices. Table 1
summarises the digital technologies tested in our case studies to develop the
workflow.

Case studies were used to validate the developed workflow for digital
technologies in each circular construction step (Table 2). One case study is
the City of Zurich, for which CV and ML were used to document building
materials and predict material stocks. Another set of studies focused on the
disassembly of a Geneva warehouse and a Zurich music pavilion, where
automated material cataloguing and sorting technologies were tested to
optimise the reuse process. In addition, full-scale applications involved the
disassembly of these buildings, followed by the design and assembly of
Dome 5.1 and Dome 5.2 with the materials reclaimed from the warehouse
andmusic pavilion. Emerging technologies were further explored in the set
of domes called Dome 5.x, exploring generative AI and XR to innovate
design and improve structural assembly processes.

D5 digital circular workflow
Through the case studies in Table 2, we developed a five-step D5 Digital
Circular Workflow (Fig. 1) to match the supply and demand of reused
materials. Our research demonstrated that the collected material informa-
tion could link to existingmaterialmarketplaces for broader distribution (in
Switzerland in our cases). By developing the digital foundations for this
matchmaking85,86, the research aims to contribute to theupscalingof circular
economy principles within the built environment.

Step 1: Detection. Learnings from our analysis of the City of Zurich
demonstrated how to use a data-centric approach to harness urban data
sources, such as Google Street View, cadastral records, and diverse
photography— indeed, before demolition, buildings should be classified
as repositories of reusable materials.

CV andML algorithms can identify and catalogue materials for reuse,
supported by advanced scanning for 3D representations integrated into
BIM. Cadastral data and public record (e.g., Open Data Zurich) enable the
creation of building classification maps outlining material-specific
characteristics87. Google Street View imagery, combined with CV and
ML, is used to identify the existingmaterial stock thatneeds tobedismantled
or renovated. Such tasks are traditionally labour-intensive if pursued

Table 1 | Main digital technologies explored in the case studies for validating the D5 workflow

Digital technologies Purpose Steps

Machine learning (ML) To conduct comprehensive assessments of existing building stocks from building records in
combination with geographical information systems (GIS) and to assess the identified stocks to
estimate the potential for reusing building components.

Detection

Computer vision (CV) To advance material recognition from visual data and automate the disassembly-for-reuse
process, identifying material types and conditions during deconstruction for precise
classification.

Detection
Disassembly

Reality capture Togenerate 3Dgeometric data of existingmaterials, integrating this informationwithBIMsystems
as cyber-physical elements. In combination with robotics, these technologies enable systematic
deconstruction and sorting processes to facilitate the careful disassembly of building materials.

Detection
Disassembly

Extended reality (XR) To aid in the disassembly and reassembly of materials, simplifying the process and ensuring
accuracy in fitting reclaimed components. Robotics are also explored to disassemble building
elements carefully.

Disassembly
Deployment

Digital product passports (DPPs) To extract data to feed into specialised algorithms tailored for the construction industry to
effectively match the supply of available materials with demand, serving as digital intermediaries
for stakeholders across the value chain.

Distribution

Track & trace technologies (including Internet of
Things (IoT) & data carriers)

To track information on materials to connect DPPs and material databases. Distribution

Decentralised storage technologies (e.g.,
blockchain)

To trace the history of the material and information providence. Distribution

Generative AI To enhance creativity in the architectural design process with reused materials. Design

Computational design algorithms (e.g., parametric
design)

To plan and model buildings specifically using reused materials. Algorithms are improved to
accommodate existingmaterial inventories while factoring in the variances necessary for working
with reclaimed stock.

Design

Digital fabrication (e.g., additive and subtractive
manufacturing)

To produce precise connectors that facilitate the integration of reused materials. Disassembly
Deployment
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without automatedmethods. Therefore, algorithms are developed to enrich
building databases, amalgamating data collected from images, public
records and cadastres88. By establishing the composition and condition of
materials in urban structures, resource optimisation strategies can be
developed to minimise waste generation and foster circular economy
practices.

The detectionmethod also incorporates real-time analysis of images or
digital feeds from building owners, contractors, or even citizens, improving
database accuracy and usefulness by incorporating a broader and more
current range of materials and conditions. This enhanced spatiotemporal
understanding of material concentrations (i.e., insights into where specific
materials are most abundant) aids urban planners in pursuing a circular
economy through strategized deconstruction or renovation efforts (Fig. 2).

Step 2: Disassembly. Learnings from disassembly sites in Geneva and
Zurich, Switzerland, demonstrated how scan-to-BIM and CV tools lead
to the effective cataloguing of materials into expansive databases.

Typically, only 1% of building materials are reclaimed in deconstruc-
tion projects19. The disassembly process involves on-site dismantling,
sortingmaterials on- andoff-site, and cataloguingmaterials in adatabase for
further distribution. We explored how digital technologies can support
systematic disassembly,making it safer, more affordable, more efficient and
healthier than conventional demolition. The applied methods document
geometries and material specifications to assist in disassembling materials
marked for reuse. Integrating advanced CV, XR and robotics enables the
automation of complex disassembly processes while incorporating human
reasoning and adhering to industrial protocols.

Capture systems for building spatial data vary in technology and user
interaction, and these include photogrammetry with software such as
Agisoft Metashape or COLMAP and real-time geometry reconstruction
tools such as RealityCapture. Various methods were used to capture ima-
gery, such ashelmet-mounted cameras forperspective and spherical capture
(Fig. 3, left), smartphones (Fig. 4, left), drone-based systems for exterior
scans, and LiDAR for high-accuracy measurements. These technologies
enabled the pre-assessment of recoverable building components (e.g., ease
of material removal estimation), using point density, CV, and graph-based

matching. Using CV, we enhanced pre-demolition material recognition by
detailing material types and conditions (Fig. 4, right). As images of these
conditions are rare in bulk, training data was supplemented with industry
images of materials rejected due to defects or damage. The disassembled
building and sorting of materials in the Zurich case study is illustrated in
Fig. 5.

Throughout the application of scan-to-BIM to identify steel beam and
column systems in the K118 case study, photogrammetric methods out-
performed mobile-phone LiDAR capture. There was also significant var-
iation between the results for different software used to control the LiDAR
capture.

Step3:Distribution. Learnings from the distribution of the disassembled
materials from the demolition sites in Geneva and Zurich, Switzerland,
demonstrated how to conceptualise DPPs or digital identities for effi-
ciently tracking, tracing, and trading building materials, facilitating the
transition from demolition sites to new construction sites.

To upscale circular construction, it is important to understand the
supply chain of building materials and their properties. We do this by
labelling materials so they can be tracked through more accessible datasets.
This enables us to match supply and demand of reused materials35—
information is needed on who has ‘waste’materials to offer, where they can
be stored, and who wants to turn them into resources. However, rapid
proliferation of passport-type mechanisms (building, material, or product
passports) resulted inmarket confusion throughout the entire construction
sector, as various platforms are collecting different levels of detail for dif-
ferent purposes (marketplace, circularity calculator, etc.)89.

To facilitate communication and collaboration between value chain
actors, BIM can be used to match data from design, procurement, and
construction for recording data in a DPP. This DPP then contains relevant
information such as building geometry, material properties, and quantities
of components. The case studies showed the need for standardisation of
these DPPs. To reach a consensus on these passport mechanisms, we
continue to collaborate with stakeholders and policymakers from the
building industry86. Tagging technologies such as quick response (QR)
codes and radio frequency identification (RFID) chips, using Internet of

Table 2 | Synthesised D5Workflow from case studies and enabling technologies to upscale the reuse of building materials (as
explained in “Methods”)

1. Detection 2. Disassembly 3. Distribution 4. Design 5. Deployment

To fully
upscale
reuse from
the existing
building
stock, we
need to:

Identify buildings pre-
demolition

Invent materials for post-
disassembly sorting

Give materials an identity for
new construction sites

Design with the available
stock of reused materials

Fabricate buildings with
bespoke reused materials

Methods Data and image processing
to identify material stock in
cities

Geometry and material
identification

Database management for
tracking, tracing and trading

Human-machine
interaction for creativity
support

Connection fabrication and
assembly

Digital
technology

• ML
• CV

• Reality capture
• Scan-to-BIM
• CV
• XR

• DPPs
• Tracking and tracing
technologies

• Blockchain

• Generative AI
• Computational design
algorithms

• Additive & subtractive
manufacturing

• XR

Case studies • Zurich City • Geneva warehouse
• Zurich music pavilion
• K118

• Database of disassembled
timber beams for reuse
in domes

• Dome 5.1
• Dome 5.2

• Dome 5.1
• Dome 5.2
• Dome 5.x
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Things (IoT) to connect components to DPPs, enable this transparent
material tracking and tracing90.

Step 4: Design. Learnings from designing domes with the reclaimed
materials from the disassembly sites demonstrated how to use generative
AI to stimulate creative building design with reclaimed component and
activate computational design algorithms to match the available mate-
rials with new construction projects.

Generative AI toolswere applied in the early design stage of the dome
case studies (Domes 5.x) in the form of Text-to-Image engines from
RunwayML91 andMidjourney92 (Fig. 6). The aim is to explore if these tools
can inspire architects to come up with creative design solutions for
repurposed, often non-standardised materials. This approach helps
incorporate repurposed materials into the design process by including
them in text prompts. However, thismethod has limitations in generating
practical solutions, as the outputs from theText-to-Imagemodels are two-

dimensional (2D) images that do not represent structurally viable designs,
nor do they respect the given material passports geometrically or physi-
cally. Despite these limitations, generative AI has potential for driving
inspiration in future architectural design processes, particularly if inte-
grated with 3D data to produce spatial outputs that can be more thor-
oughly evaluated. We also expect this field to rapidly evolve in the near
future.

Computational design enabled the more accurate design of the
domes with reclaimed materials from our disassembled building case
studies. Building upon a Grasshopper-based tool93, multiple geodesic
domes can be created (see Fig. 7 Left), each with an adjustable radius and
frequency, using wooden beams of various sizes. To apply this tool to our
case studies (Domes 5.1 and 5.2), the matching strategy is adjusted from
a one-to-one assignment problem to a one-to-many cutting-stock pro-
blem, using integer linear programming (ILP)94,95. A design optimisation
algorithm adjusts parameters to maximise floor area and material usage

Fig. 1 | D5 Digital Circular Workflow (“D5 Workflow”).
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while minimising waste. Cutting-stock optimisation then matches
available stock with design needs. Reuse presents unique challenges, as
minimising cutoff waste increases operator time due to frequent tool
changes and non-sequential production. To address this, two additional
goals are integrated into the ILP optimisation: reducing component
variety from a single stock piece and sequencing production efficiently96.

The design’s stability also accounted for uncertainties or errors in stock
availability (Fig. 7).

With the ultimate goal of optimising material usage (Fig. 8), an
objective to minimise waste was tested against one maximising the con-
tiguous length of remaining pieces to potentially enhance the value of larger
components. In simulationsmatching a test domedesign requiring170mof

Fig. 3 | Geneva warehouse disassembly for build-
ing Dome 5.1. Point clouds (left) of the dis-
assembled beams and actual disassembly (right) of
these beams.

Fig. 2 | Spatial distribution of building materials for a subset of buildings in Zurich, Switzerland, adapted from ref. 88.
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material to various inventory scenarios, the waste-minimising objective
generally resulted in a more favourable waste score, typically by 4m or less,
but up to 12m as the available inventory increased. However, the objective
focusing solely on contiguous lengths produced scores that were only
marginally better, within 1% of those achieved by the waste objective and
both within 10% of the theoretical maximum, suggesting that it might be
more suitable as a secondary factor. New objectives focusing on production
order and fabrication tooling changes were also compared. An objective
centred on production order generally resulted in waste scores that were
15m worse than those achieved by the waste-minimising objective, and it
did not surpass 95% of the theoretical maximum contiguous score. Simi-
larly, the tool-change objective led to waste scores that were 20m or more
and did not exceed 90% of the theoretical maximum contiguous score.
These findings suggest that while these objectives may not be as suitable for
smaller-scale constructions like the dome, they could be more beneficial in
larger projects with more complex scheduling requirements.

Step 5: Deployment. Learnings from assembling the designed domes
demonstrated how subtractive and additive manufacturing facilitate the
making of connections between bespoke reclaimed elements and how
innovative tools such as XR can facilitate the assembly of the refabricated
components with reclaimed materials in new construction projects.

The integration of additive and subtractive manufacturing techniques
plays a pivotal role in the adaptation and reuse of materials, thereby con-
tributing to more efficient circular supply chains. Specifically, computer
numerical control (CNC) milling—a form of subtractive manufacturing—
was employed to create bespoke connectors from oriented strand board
(OSB) plates (which were about to be thrown to waste from the Geneva
disassembly site) in the Domes 5.1 and 5.2 case studies. These connectors
were designed to enhance the structural integrity of the reclaimed water
pipes. Indeed, reused materials are not always the exact dimensions needed
for the new construction and need to be augmented to meet the required

dimensions. This customisation capability afforded by digital fabrication
methods proves essential in accommodating the non-standard sizes fre-
quently encountered in reclaimed materials (Fig. 9, left). Furthermore,
additivemanufacturing enabled robotic additive joining—a formof additive
manufacturing—with steel to produce unique connections for reused steel
beams97 (Fig. 9, right). This approachnot onlydemonstrates the feasibility of
tailored component interfaces in construction but also underscores the
potential of digital fabrication technologies to foster material reuse and
reduce waste in building environments.

Using a state-of-the-art XR head-mounted display (HMD), in this
instance the Microsoft Hololens 2, enabled a step-by-step guided assembly
of a dome with reused materials (Fig. 10). The simulation engine Unity3D
was used to facilitate the visualisation of the 3D dome based on an accurate
1:1 3D model of the structure. The 3D dome was projected on the HMD,
with a slight transparency to it,within aphysical space locatedat the facilities
of ETH Zurich. Using different colour schemes directly projected to the
HMD (such as the orange in Fig. 10) can provide valuable spatiotemporal
information, which is critical in engaging and immersing the user as
intuitively as possible, especially when incorporating XR technologies82.
From a practical perspective, this colour-coding system guides the user in
the assembly process in identifying which exact component needs to be
assembled and in what particular order across the diverse components
(temporal information) as well as in determining where exactly the com-
ponent needs to be placed and mounted (spatial information)84.

Discussion
Our study confirms difficulties in coordinating data among stakeholders
due to a lack of information as a major obstacle to implementing circular
supply chains and material reuse98–100. To address this, our findings suggest
that improving the quality of shared data is critical. Aligning information
andmaterialflows beyond the initial phases of product and construction life
cycles is rare, due to the complexities of managing and owning information
in construction projects and the fragmented nature of the industry101. A
structured approach to information flow is needed to identify key steps for
reusingmaterials. Figure 11 illustrates suchaprocess, showing the transition
from the end-of-life of one building project to the start of another project,
highlighting the similarities between the digital and physical processes for
construction reuse. The use of digital technologies in our proposed work-
flow enables the alignment of both data and material supply chain.

For the detection of materials available for reuse, accurate material
classification for reuse in building facades has been achieved usingCVand
ML on street-level images and demolition datasets. Temporal data inte-
gration can enhance real-world applicability, necessitating continuous
updates to capture renovation-induced changes. Addressing visual and
cadastral data sparsity via data augmentation is critical for model scal-
ability and reliability and to avoid biases. Furthermore, comprehensive
building inventory analysis must extend beyond surface visuals to include
underlying structural and material complexities. This involves advancing
the current state-of-the-art in CV algorithms, using SVM-basedmethods
tailored for the AEC sector and CNN-based methods known for their
accuracy in general vision tasks in combination with detailed on-site
material and structural analysis. The approach could integrate specific
data through an extension of our process to generate detailed depthmaps,

Fig. 4 | Zurich music pavilion and the cataloguing
of materials that could be disassembled for the
building of Dome 5.2. Raw point cloud generated
through scanning (left) and segmented image pro-
cessed through CV (right).

Fig. 5 | Disassembly of the Zurich music pavilion, after scanning and material
identification, enabled the cataloguing and sorting of thematerials, carried out by the
authors in collaboration with industry practitioners and academic students (Pho-
tography: Buser Hill Photography).

https://doi.org/10.1038/s44296-024-00034-8 Article

npj Materials Sustainability |            (2024) 2:36 7



BIM-type mappings, and non-photographic sensor data to enrich the
overall dataset.

For the disassembly of buildings, we validated the development of
material geometry analysis to catalogue the materials through the case
studies. Previous research primarily provided either general spatial over-
views (such as rooms andfloorplans) or detailed analyses of specific features
(such as space frame node positions)102. Methods for analysing beam and
column components were tailored to accommodate the anticipated geo-
metry range, ensuring accurate data extraction103. Error correctionmethods
were tailored for different components, addressing significant discrepancies
from incorrect beam splits or joins that affected size estimation. Though our
focus was on dimensional accuracy, no standards define what constitutes a
‘usable’ reconstruction. As CV for material recognition and inventory in
disassembly advances, future research should improve these techniques’
accuracy and robustness for better material identification and classification
under complex conditions. Real-time visual data analysis can aid immediate
decision-making, and specialised datasets and annotations can enhance
model training. Combining CVwith robotic systems andML algorithms104

could automatedisassembly andoptimisematerial sorting. Integrating these
technologies with environmental impact assessment tools would provide
detailed analysesofmaterial reuse benefits. Photogrammetry is approaching
LiDAR in accuracy, with advancements like NeRF105 improving photo-

Fig. 6 | Images generated with RunwayML (top) and Midjourney (bottom) based on the text prompt: “Outside picture of a dome structure similar to Buckminster Fuller’s
dome made out of repurposed wooden beams”.

Fig. 7 | Dome 5.1 built with disassembledmaterials.
Computational design93 (left) and test the construc-
tion (right) (Photography: Daniel Winkler).

Fig. 8 |Computational design for circular construction of Domes 5.1 and 5.2: design
extents of the dome, with typical parts for each case below.
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based analysis. A hybrid approach, dividing sites for optimal method use,
could balance capture time and accuracy. Future studies should expand
digitisation sources, incorporating non-geometric sensors like thermal
cameras, testing mobile-phone LiDAR, and developing a matchmaking
database combining data from photogrammetry, LiDAR, sensing, and CV.
This would support architects in designing innovative buildings based on
available stock.

For distribution, material tracking and tracing in building con-
struction have been streamlined through the use of QR codes linked to
unique DPPs. These passports provide detailed histories and potential
applications of building materials, information derived from data
collected during themonitoring phase. This system has the potential to
transform the industry by creating a dynamic marketplace for the
redistribution of materials from deconstructed buildings, effectively
matching supply with demand. Furthermore, it could integrate with
broader material marketplaces, establishing a more extensive and
sustainable network for material reuse across the construction indus-
try. This approach not only facilitates efficient material management
but also contributes to the development of more sustainable con-
struction practices. The construction industry’s fragmented supply
chain presents challenges in material traceability. Blockchain tech-
nology, a secure distributed peer-to-peer system, offers a potential
solution for transparent value transactions without the need for central
authorities and intermediaries58. Part of the challenges associated with
reusing elements is the lack of information availability and distribu-
tion, both digital and physical. Data from physically monitoring
components allows for an understanding of how properties change
over time, which could inform its future use case. The subsequent
question is how they are being monitored and where that information
is being stored. Future data distribution can leverage linked data
principles, distributed ledger technologies, cloud computing, decen-
tralised identity and storage, and open data platforms.

For thedesign step,AI-drivendesigns,while currently showing limited
constructability, have significantly advanced traditional architectural
thinking andpractice.WhileAI could generate numerous innovative design
ideas, most demonstrated limited practical use in real construction. How-
ever, these outcomes proved invaluable in demonstrating the potential of AI
to inspire creative thought processes among architects. The designs,
although not always directly usable, sparked new ideas and discussions
about thepossibilities ofmaterial reuse, thus contributing significantly to the
conceptual phase of the architectural design of future domes. This under-
scores the need for continual refinement of AI models to better meet
practical construction requirements, merging human oversight with AI’s
innovative capabilities for a balance between creativity and functionality.
Using 3D data to trainmachines and produce outputs holds the potential to
further integrate AI in circular design strategies. The connection of opti-
misation tools with design tools at the initial stages of design development
and adapting design mindsets to broader definitions of optimisation are
essential. This involves considering factors like future usability and pro-
duction processes of components. In addition, the design system’s approach
to changes—as mere material reassignments—overlooks significant
acceptance and aesthetic impacts, highlighting an area for improvement in
optimisation strategies. Design optimisation scenarios should cover more
realistic conditions, especially multi-source to multi-design over single-
source to single-design, to further assess the effects of variable transport
distances, component conditions, and manufacturers. While the problems
of 1D and 2D material cutting and matching are well studied, a more
generalisable strategy should bedeveloped for assessing thematchmakingof
arbitrary components. Moreover, the large difference in objective results
and timing between goals in the computational design optimisation of the
Domes 5.1 and 5.2 indicated the need to precisely define the production
needs of a particular design. While goals focusing first on cutoff waste will
consistently produce the best results for this one factor, this is unlikely to be
the only consideration in real-world scenarios.

The deployment of buildings with reused materials can be trans-
formedby recent advancements inXR technologies, AI, robotics, anddigital
fabrication research in construction. These innovations improve the effi-
ciency andeffectiveness of complex assemblyprocesses in theAEC industry,
particularly in reassembly and disassembly, as showcased in the dome case
studies.However, further research is necessary to quantify the benefits ofXR
technologies and develop a multifaceted evaluation strategy with diverse
spatiotemporal metrics. This will provide a deeper understanding of XR’s
value and allow comparison with traditional methods. Understanding how
XR enhances assembly and human motor performance could lead to
interfaces that augment user capabilities and automate labour-intensive
tasks, freeing engineers and architects to focus on high-level decision-
making84,104. Integrating multi-sensory feedback (sound and tactile) in the
assembly of reusedmaterials can enhance performance by reducing reliance
on visual cues and leveraging human sensorimotor strengths82,83,106. By
incorporating XR technologies with robotics, enhanced sensory feedback
allows users to intuitively interact with their surroundings, enabling robots
to automate complex tasks through advanced AI methods84. Such integra-
tion of XR, AI, and robotics facilitates the replication of complex human
behaviours and skills, optimising the automation of demanding, lengthy,
and arduous tasks in robotic manipulation and assembly104,107.

Fig. 9 | Digital fabrication for circular construc-
tion. Subtractive manufacturing of dome con-
nectors (Circular Engineering for Architecture,
Photography: Alexander Attias) (left) and adaptive
detailing with robotic additive joining for reclaimed
steel97 (Gramazio Kohler Research, Circular Engi-
neering for Architecture and Chair of Steel and
Composite Structures, Photography: Inés
Ariza) (right).

Fig. 10 | Using XR for the structural assembly of a dome with reclaimed elements.
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In conclusion, this paper presents a unique approach that harnesses
digital innovations fromother sectors to enhance the skills of stakeholders in
the AEC sector through integration from the broader field of computer
science and in the narrower context of human-computer interaction. By
leveraging these digital tools, our research aims to disrupt the current linear
value chain of the construction sector and establish a data-driven digital
circular design and construction approach that promotes effective, user-
friendly, andwidespread reuse of buildingmaterials. The learnings from the
case studies not only contribute to the advancement of a sustainable
architecture workflow yet also showcase the power of interdisciplinary
collaboration. TheD5Workflow is essential in achieving the ambitious goal
of zero-carbon buildings by 2050. Furthermore, our hands-on, project-
based learning approach demonstrates that it is an effective way to acquire
circular engineering and design skills in a real-world design and construc-
tion project. Future research aims to expand the workflow into a match-
making service85,86 that pairs supply (materials available for reuse, skills,
tools, etc.) and demand (builders in need of materials, skills, tools, etc.)
through cloud computing, blockchain, automation, robotics, and big data
analytics.

Methods
Weadopted an action research-basedmethodology to constructively bridge
the gap between theoretical insights and practical applications of circular
economy principles in the AEC sector108. Following problem identification,
we developed an action plan for digitising circular construction processes,
called theD5Workflow, and evaluated the learnings in eachof thefive steps.
Subsequently, these steps were discretely validated through multiple case
studies. To apply this circular model in the current and future AEC sector,
we worked closely together with construction industry practitioners to
exchange and disseminate knowledge108. The case studies are described in
Table 3 and the integrated learnings from each implemented action are
synthesised in “Results”.

Urban-scale case study: Zurich City
The City of Zurich was chosen as a case study to investigate building types
and material patterns to enhance circular construction at an urban scale. A
notable method involves using publicly accessible street-level imagery
combined with CV, ML and GIS data to document building facade mate-
rials, addressing the challenge of limited data on existing materials. This
approach uses non-proprietary data, making the technology accessible for
broad implementation108.

Further research derived from integrating open-access cadastre data
with semi-open demolition audit records also examined the documentation
of material information from existing buildings43. It employs three pre-
dictive ML algorithms: linear regression, random forest regressor, and
extreme gradient boosting on 409 residential buildings in Zurich. This

model predicts the quantities of various materials like wood, minerals,
metals, glass, and roof tiles in existing buildings.

For this study, cadastral information fromOpen Data repositories in
Zurich was queried to examine the spatial location of building types:
residential, commercial and industrial. This mapping helped identify the
distribution and potential for material reuse among different building
structures. In addition, the buildings’ year of construction was overlayed
to identify locations of buildings that may require circular retrofitting or
repair due to their age. Areas in which new construction is contracted
were also examined to locate potential sites of building disassembly or
deconstruction. Street view images of the buildings were then retrieved
using Google’s API to visually examine the building architectural style
and exterior materials. By integrating spatial analysis with images and
other construction data, the study provides a method to identify targeted
opportunities for material reuse in an effort to advance circular con-
struction practices.

Disassembly case studies: Genevawarehouse and Zurichmusic
pavilion
A car warehouse in Geneva, Switzerland, and a music pavilion of a hospital
in Zurich, Switzerland,were carefully disassembledby the authors to test the
automation of material cataloguing and sorting using reality capture
technologies.

First, physical digitisation methods were evaluated for use in initial
assessments of buildings about to be demolished. Eachmethod explicitly or
implicitly produces geometric information in the form of point clouds,
coloured 2D imagery, and a spatial record of the locations of capture in the
site. Capture methods were first evaluated for their feasibility in terms of
accuracy and efficiency at the building scale47.

Available capture systems vary by both their underlying technology as
well as the specifics of user interaction. First, photogrammetry reconstructs
spatial data based on dense collections of 2D site photography. The relevant
software may be an all-in-one product, such as Agisoft Metashape, or a
modular pipeline such as COLMAP that can be further integrated with
other analysis tools. In addition, software may operate off-site after data
collection, or reconstruct live geometry as successive photos are taken (e.g.,
RealityCapture)109.

To investigate their density of data and ease of use, several methods of
imagery capture were compared, including perspective capture using a
smartphone and spherical capture using a helmet-mounted camera, cap-
turing both individual frames and video. These methods of human-guided
image capture, appropriate for interior and detail work, differ significantly
from drone-based capture, which is appropriate for larger areas and facades
butmore difficult for interiors. Next, we tested the efficiency and accuracy of
LiDAR-based sensor systems. This covered the application of smartphone-
based and handheld models with greater operator control, and tripod

Fig. 11 | Data and material flow management for circular building projects.
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models with higher density and accuracy. The capture methods were
compared based on their capture time, point density, overall accuracy, and
applicability for simple geometric analysis. LiDAR methods were also
evaluated for their use in material volume estimation110.

Scan-to-BIM methods were compared in terms of accurate ele-
ment counts, major dimensions, and element relationships, given that
the intended goal of the project was to pre-assess recoverable com-
ponents from a space before disassembly. Methods based on point-
density statistics and computer-vision detection (Fig. 12) were used to
determine the location and bounds of elements for disassembly.
Individual adjacent elements were progressively connected to the BIM
model to represent the system as a graph, assigning each element an
ease-of-removal score based on how many elements depend on it96,111.
A stack-based model using both a bag-of-visual-words and CNN
classifier achieved a 0.78 accuracy in classifying interior materials
under varying conditions, with the CNN submodel consumingmost of
the training time112.

Reuse building case study: K118
As part of the development of reality capture technologies for the detection
and disassembly steps, the K118 Halle21,110,113, a building famous for its
reusedmaterials in Switzerland, has been used as a case study. The quality of
scan sources was measured on factors including the density by surface area,
degree of statistically detected noise, average deviation from a ground truth
BIMmodel, and degree of surface coverage compared to amodel (examples
of thismethod tested on different buildings are shown in Fig. 13). The noise
profiles of each capture method also affected component classification and
localisation.

Full workflow case studies: Dome 5.1 and Dome 5.2
With thematerials disassembled from the disassembly sites (see above), two
domes were built on the campus, then disassembled, distributed, and re-
assembled. This enabled the full-scale applicationof ourworkflow.Tracking
and tracing technologies were explored for theDome 5.1 andDome 5.2 case
studies55. In the monitoring data phase of the projects, data collected from

building audits (primarily through the visual audits mentioned above),
deconstruction, and reprocessing were compiled in DPPs that were used to
create new designs.

Next, tomanage thedata,materials had tobe labelled to enable tracking
and tracing. To ensure the continuity of information over several life cycles,
approaches were developed to connect the web-stored DPPs to the physical
building elements. The case studies used QR codes to simplify data access.
Now, the material data collected during monitoring can be viewed by
scanning the QR codes on the components.

Tracking and tracing enable us to store all information in one
extendable database that can then be used to design new structures with
reused materials. The amount of new cutoff waste was used as the objective
value for the one-to-many stock-cutting problem (Fig. 8).

Further emerging technology case studies: Domes 5.x
The design, disassembly and reassembly of the domes have been explored
further (Domes 5.x), to evaluate rapidly evolving technologies such as
generativeAI andXR, aswell as to test the ease of reuse of thematerials from
the original demolition sites throughout several different life cycles. This
research used generative AI tools, specifically text-to-image engines from
RunwayML91 and Midjourney92, in the early design stage of new dome
projects to inspire architects with creative designs for repurposedmaterials,
although the generated 2D images were not structurally practical or
material-specific.

Moreover, XR technologies were employed for the case study as a
proof of concept for the structural assembly of a timber dome on cam-
pus, composed of the reused materials from previously disassembled
dome structures (Fig. 10). XR offers real-time, step-by-step visual gui-
dance that transcends the spatial and temporal limitations of conven-
tional methods. This case study highlights XR’s potential in enhancing
assembly processes, with promising prospects for integrating XR with
robotics to automate complex tasks through advanced AI, thereby
improving efficiency and reducing manual labour. Future research on
the intersection between XR technologies and robotics is being explored
on these Domes 5.x.

Fig. 12 | CV-assisted segmentation of an image of a
scanned point cloud at Zurich music pavilion,
showcasing digital material cataloguing techniques
for optimised disassembly planning.

Table 3 | Case studies using the D5 Workflow and references of each case study

Case study Description Step References

Zurich City GIS data, cadastral data, demolition audit data, and Google Street View data were collected Detection 43,87

Geneva Warehouse A steel and timber floor structure were disassembled pre-demolition. The timber beams, pipes, and OSB plates
were reused for Dome 5.1.

Disassembly 103

Zurich Music Pavilion An entire two-floor timber building was disassembled. The timber beams were reused for Dome 5.2. Disassembly 96

K118 A reused steel structure and interior of the building was scanned, making a material inventory. Disassembly 110,113

Dome 5.1 A first domewas built with the reused elements from theGenevawarehouse. The dome has been disassembled
and re-assembled at four different locations. QR codes were engraved for the material passport tracking. CNC
milling was used for the connection fabrication.

Distribution
Design
Deployment

90

Dome 5.2 A second domewas built, improving the tracking technologies, designmodelling, and fabrication technologies. Distribution
Design
Deployment

55

Domes 5.x Generative AI and XR workflows were tested out on building new domes with reused materials. Design
Deployment

84
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