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Abstract

The growing adoption of prefabricated timber construction in Australia has highlighted
persistent difficulties in integrating digital workflows between architectural design, struc-
tural engineering, and manufacturing. Although Building Information Modelling (BIM),
Computer-Aided Design and Manufacturing (CAD/CAM), and Computer Numerical
Control (CNC) technologies are increasingly used, fragmented software environments,
inconsistent data exchange, and limited early manufacturer involvement continue to
cause information loss, manual rework, and design-to-manufacturing workflow gaps.
This study provides a PRISMA-informed structured review of design-to-manufacturing
integration in prefabricated timber construction, focusing on workflow stages, software
ecosystems, interoperability issues, and manufacturer-ready data requirements. Follow-
ing PRISMA 2020 guidelines, 588 records from ScienceDirect and Web of Science were
screened, resulting in 60 peer-reviewed studies. These were supplemented by 32 practice-
based technical sources, including industry reports, software manuals, user guides,
CNC/machinery manuals, and interface documents. The review maps current workflows
for timber frames, trusses, and mass timber components, identifying recurring challenges
such as fragmented responsibilities, insufficient data detail, incompatible software, re-
peated remodelling, and weak design-production continuity. Based on these findings, the
paper proposes a conceptual digital integration framework emphasising early collabora-
tion, shared parametric logic, and clearer manufacturer-ready data to support more relia-
ble, resource-efficient, and sustainable design-to-manufacturing workflows in Australian
prefabricated timber construction.

Keywords: prefabricated timber construction; design-to-manufacturing; BIM-CAD-CAM
interoperability; CNC systems; digital workflow; software integration; Australia

1. Introduction

The construction industry is one of the main sectors of the global economy, signifi-
cantly contributing to gross domestic product (GDP), employment, and infrastructure de-
velopment [1]. Despite its economic importance, the sector persists in demonstrating low
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productivity growth relative to manufacturing and other industrial sectors [2]. Over the
past few decades, construction has remained characterised by fragmented supply chains,
project-based production models, and labour-intensive methods, resulting in inefficien-
cies, rework, and cost overruns [3]. Unlike manufacturing, which has achieved significant
productivity gains through process standardisation, automation, and digitalisation, con-
struction has been slow to adopt systematic innovation in both process and production
technologies.

This stagnation is increasingly unsustainable given current demographic and envi-
ronmental pressures. The expansion of the global population, rapid urbanisation, and in-
creasing living standards persist in fuelling the need for housing and infrastructure [2].
Conversely, the industry concerns increasing material and energy limitations, labour
shortages, and rising expenses [4]. Australia is expected to need more than 1.2 million
additional dwellings by 2030 to accommodate population growth, and housing afforda-
bility demands.

Traditional on-site construction methods are unable to meet this demand, as they
heavily depend on skilled labour and sequential processes that are progressively limited
by workforce availability and declining productivity. The rising costs of materials, logis-
tics, and labour intensify the gap between supply and demand, underscoring the necessity
for a fundamental change in construction planning and execution [3].

Industrialised and off-site construction have gained prominence internationally as
effective strategies for addressing these systemic challenges. Prefabrication transfers pro-
duction from variable site conditions to controlled factory environments as a key compo-
nent of industrialised construction [5]. This shift facilitates process standardisation, qual-
ity assurance, and the concurrent execution of tasks, thereby improving project efficiency
and reducing waste [1,6].

Prefabrication also provides a foundation for automation and digital integration, en-
abling the use of robotics, computer-numerically controlled (CNC) machinery, and
model-driven manufacturing workflows [7,8]. These advancements align closely with the
principles of Design for Manufacturing and Assembly (DfMA) and Design for Disassem-
bly (DfD), which promote constructability, efficiency, and lifecycle sustainability through
early design integration and modular production [9-12].

Automation plays a central role in enhancing productivity within prefabrication
workflows. The integration of digital design tools, parametric modelling, and automated
fabrication systems supports greater precision and consistency while minimising manual
intervention and human error [13,14]. Automated production not only mitigates the ef-
fects of skilled labour shortages but also enables predictable output, scalability, and con-
tinuous improvement through data feedback [15]. The construction sector’s transition to-
wards automation thus mirrors broader industrial transformations under Industry 4.0,
where interoperability, data exchange, and cyber-physical integration are key enablers of
performance improvement [10,16].

Within this context, prefabricated timber construction has emerged as a promising
pathway towards sustainable and industrialised building practices. Engineered timber
products such as cross-laminated timber (CLT), glue-laminated timber (GLT), and lami-
nated veneer lumber (LVL) exhibit high strength-to-weight ratios, dimensional stability,
and compatibility with digital fabrication [10,17,18]. Their renewable properties and abil-
ity to store carbon led to substantial decreases in embodied emissions relative to tradi-
tional concrete and steel structures. These attributes correspond with Australia’s decar-
bonisation goals and circular economy initiatives, which increasingly prioritise low-car-
bon materials and waste minimisation throughout the construction lifespan.

Despite these benefits, the implementation of prefabrication and automation in the
Australian construction industry is still restricted. Industry fragmentation, inconsistent
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regulatory frameworks, and insufficient integration between the design and manufactur-
ing processes continuously limit scalability and performance outcomes [4,6,13]. One of the
most critical challenges lies in the weak digital connection between architectural, struc-
tural, and manufacturing models [3,19].

In current practice, design intent rarely translates directly into manufacturer-ready
information, resulting in data loss, redundant modelling, and frequent design revisions.
The absence of interoperability among software platforms constrains automation poten-
tial and undermines the benefits of DEIMA and DfD [9,10]. Consequently, the transition
from design to manufacturing remains a major bottleneck to achieving efficiency, cost pre-
dictability, and sustainability within Australia’s prefabricated timber industry [20].

Building Information Modelling (BIM) has been widely investigated in prefabricated
and off-site construction as a means of improving multidisciplinary coordination, clash
detection, documentation, quantity extraction, component planning, assembly sequenc-
ing, and stakeholder communication [21-25]. These studies demonstrate the value of BIM
for improving coordination and information management in prefabricated construction.
However, the use of BIM for coordination does not automatically ensure that design mod-
els contain the fabrication-level information required for CAD/CAM modelling and CNC-
based timber manufacturing.

While previous research has explored BIM-enabled prefabrication, digital fabrica-
tion, DIMA, robotics, and timber manufacturing workflows, the design-to-manufacturing
interface in prefabricated timber construction remains insufficiently synthesised as a dis-
tinct integration challenge. Existing studies often discuss digital tools broadly or focus on
isolated stages such as design coordination, fabrication automation, or manufacturability
assessment.

There has been less emphasis on the workflow gaps that arise between architectural
models, structural models, and manufacturer-specific CAD/CAM and CNC systems, es-
pecially concerning manufacturer-ready information requirements and the issues caused
by fragmented software ecosystems. This issue is particularly important in Australia,
where prefabricated timber delivery is limited by uneven industrial maturity, diverse soft-
ware practices, and minimal early collaboration between design and manufacturing stake-
holders.

This paper explores the gap in integrating design and manufacturing in prefabricated
timber construction, focusing specifically on the Australian context. Instead of proposing
a validated implementation model, it offers a structured review and synthesis of current
workflows, stakeholder interactions, software ecosystems, and common interoperability
issues at the design—manufacture boundary.

The contributions include: (i) mapping the existing design-to-manufacturing work-
flow for prefabricated timber systems; (ii) identifying recurring fragmentation points in
software, data, and processes across BIM, CAD/CAM, and CNC environments; (iii) clari-
fying the information requirements needed for manufacturers that are often absent from
initial design models; and (iv) proposing a conceptual framework for digital integration
based on reviewed evidence. In this way, the study aims to position the digital integration
challenge not only as a software compatibility challenge but also to address issues related
to information maturity, workflow management, and early cross-disciplinary coordina-
tion.

2. Methodology

This study employed a structured document-based review methodology to examine
design-to-manufacturing integration in prefabricated timber construction. The review in-
tegrated peer-reviewed academic literature with selected industry and technical docu-
mentation to capture both scholarly perspectives and practice-based evidence on software
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Identification

Screening

ecosystems, BIM, CAD/CAM, CNC workflows, interoperability issues, and manufacturer-
ready information requirements.

The review was conducted and reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [26]. A
PRISMA 2020 flow diagram was used to document the identification, screening, eligibility
assessment, and inclusion of peer-reviewed studies and relevant industry/technical
sources. The completed PRISMA 2020 checklist is provided as Supplementary Material
[26]. The review protocol was not formally registered, and no separate protocol document
was prepared.

2.1. Literature Identification and Search Strategy

Peer-reviewed studies were identified through systematic searches in ScienceDirect
and Web of Science, covering publications from 2015 to 2025. These databases were se-
lected because they provide broad coverage of construction management, architectural
engineering, digital construction, timber engineering, automation, and manufacturing-re-
lated research.

As shown in Figure 1, the database search identified 588 records, including 489 rec-
ords from ScienceDirect and 99 records from Web of Science. After removing 110 dupli-
cate and non-peer-reviewed records, 478 records remained for title screening.

Identification of studies via databases and registers

J { Identification of studies via other methods

Records identified from databases:

Databases (n = 2)

ScienceDirect (n = 489)
Web of Science (n = 99)
Total (n = 588)

Records removed before screening:
Duplicate and non-peer-reviewed records
removed (n=110)

Records identified from:
Websites (n = 6)
Organisations (n = 16)

¥

Records screened by Title
(n=478)

Y

Records excluded after title screening:
(n = 160)

Records screened by Abstract

Reports excluded after abstract screening:
(n =180)

=]

(n=318)
Y
Reports assessed for eligibility
(n=138)
v
. Studies included from database

search: (n = 60)

. Practice-based/technical sources

included: (n = 32)

Reports excluded: (n = 78)

. Not related to prefabricated/off-site timber
construction

. No design-to-manufacturing/digital
workflow focus

. No BIM/CAD/CAM/CNC or manufacturing
integration focus

. Insufficient relevance to software
interoperability/data exchange

Reports assessed for eligibility:

. Industry technical reports: (n = 7)
. Software manuals/user guides: n = (12)
. CNC/machinery manuals and interface

documentation: n = (13)

Figure 1. PRISMA-informed database search and literature screening process.
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The search strategy was designed to identify studies addressing the digital transition
from design to manufacturing in prefabricated timber construction. Search terms com-
bined concepts related to prefabricated timber, off-site construction, mass timber, BIM,
digital modelling, CAD/CAM, CNC manufacturing, workflow integration, automation,
interoperability, and design-to-manufacturing coordination. The search strategy used in
each database is summarised in Table 1.

Table 1. Search strategy used for database identification.

Database Search Terms/Search String
(“timber”) AND (“CAD model” OR “CAM model” OR “CNC”)
ScienceDirect AND (“digital workflow” OR “integration” OR “BIM-to-fabrica-
tion” OR “design-to-manufacturing”)

(“mass timber” OR “prefabricated timber” OR “timber manufac-
turing” OR “offsite manufacturing”) AND (“CAD” OR “CAM”
OR “CNC” OR “digital modelling” OR “fabrication” OR “manu-
facturing model”) AND (“digital workflow” OR “automation”
OR “integration” OR “BIM-to-fabrication” OR “design-to-manu-
facturing”)

Web of Science

2.2. Eligibility Criteria and Study Selection

Studies were selected using predefined inclusion and exclusion criteria. The criteria
were developed to ensure that the selected literature specifically addressed design-to-
manufacturing integration rather than timber construction more broadly. The inclusion
and exclusion criteria are summarised in Table 2.

Table 2. Inclusion and exclusion criteria used for study selection.

Category

Inclusion Criteria Exclusion Criteria

Publication period

Studies published between 2015 and 2025 Studies published outside the selected pe-

riod
Language English-language publications Non-English publications
Peer-reviewed journal articles and confer- . .
- . . . Non-peer-reviewed academic records dur-
Publication type ence papers identified through academic da-,

ing database screenin
tabases & 8

Construction context

Studies focused on prefabricated, off-site, in-Studies focused only on conventional timber
dustrialised, engineered, or mass timber construction without prefabrication or man-
construction ufacturing workflow relevance

Digital workflow focus

Studies involving BIM, advanced 3D model-
ling, parametric modelling, computational
design, CAD/CAM, CNC, digital fabrica-
tion, or manufacturing modelling

Studies with no clear digital workflow, soft-
ware, interoperability, automation, or man-
ufacturing link

Design-to-manufacturing
relevance

Studies addressing design-to-manufacturingStudies focused only on structural perfor-
integration, data exchange, workflow coor- mance, fire, acoustics, material behaviour, or
dination, manufacturer-ready information, sustainability without workflow integration
model transfer, or software interoperability relevance

Practical/technical sources

Industry reports, software manuals, machin- .
yrep Marketing-only sources, general webpages,

or documents without sufficient technical
detail

ery manuals, user guides, and interface doc-
umentation relevant to prefabricated timber
design-to-manufacturing workflows

The selection process followed a staged PRISMA-based screening procedure. First,
titles were screened to remove studies outside the scope of prefabricated/off-site timber
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construction and digital workflow integration. This resulted in the exclusion of 160 rec-
ords, leaving 318 records for abstract screening. Abstract screening then excluded a fur-
ther 180 records that did not sufficiently address design-to-manufacturing integration,
software interoperability, or manufacturing-related workflows. The remaining 138 re-
ports were assessed in full text for eligibility.

During full-text assessment, 78 reports were excluded because they were not suffi-
ciently related to prefabricated/off-site timber construction, did not focus on design-to-
manufacturing or digital workflow integration, did not address BIM/CAD/CAM/CNC or
manufacturing integration, or lacked relevance to software interoperability and data ex-
change. A final set of 60 peer-reviewed studies was included from the database search,
and a summary of these studies is provided in Supplementary Table S1.

The initial screening and data extraction were conducted by the first author. The in-
clusion logic, selected studies, and synthesis structure were reviewed through discussion
with the co-author team to improve consistency and reduce interpretive bias. No automa-
tion tools were used to make inclusion or exclusion decisions.

2.3. Industry Reports and Technical Documentation

Since many software compatibility issues, machine-specific data requirements, fabri-
cation workflows, and model-to-machine processes are not fully documented in peer-re-
viewed academic publications, the review was further supported by selected industry and
technical sources. These sources were used to capture practice-based information on real-
world design-to-manufacturing workflows, especially where academic literature pro-
vided limited detail.

The main purpose of including these documents was to identify and report current
practice within the Australian prefabricated timber industry. Peer-reviewed studies pro-
vide important academic evidence, but they often do not describe the detailed software
configurations, shop detailing practices, CNC data preparation steps, machine-interface
requirements, and model handover problems encountered in day-to-day industry work-
flows. Therefore, technical documents from major Australian prefabricated timber manu-
facturers, software providers, and CNC machinery suppliers were reviewed to better un-
derstand the real-world workflow conditions, practical constraints, and integration chal-
lenges currently faced by industry practitioners.

Industry and technical sources were identified from publicly available websites, or-
ganisational reports, technical guides, software documentation, user manuals, machinery
manuals, and interface documents relevant to prefabricated timber construction, timber
manufacturing, specialist CAD/CAM platforms, CNC machinery, and digital fabrication
systems. As shown in Figure 1, documents were sourced from 6 websites and 16 organi-
sations. The practice-based source pathway included 7 industry technical reports, 12 soft-
ware manuals/user guides, and 13 CNC/machinery manuals and interface documents, re-
sulting in 32 practice-based and technical sources.

The industry and technical sources were selected purposively rather than through
extensive organisational sampling. The aim was not to represent every prefabricated tim-
ber manufacturer, software provider, or CNC machinery supplier, but to capture techni-
cally relevant evidence from documents that reflect current Australian prefabricated tim-
ber practice. Sources were prioritised when they provided direct information on
BIM/CAD/CAM interoperability, timber detailing, shop drawing workflows, CNC data
preparation, machine-readable file formats, production planning, and model-to-machine
transfer.

Therefore, sources were prioritised when they provided direct technical relevance to
BIM/CAD/CAM interoperability, timber detailing, CNC data preparation, machine-read-
able file formats, production planning, and model-to-machine transfer. This approach was
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appropriate because many practical workflow and machine-interface details are docu-

mented in software manuals,

machinery guides, implementation documents, and manu-

facturer-facing technical resources rather than peer-reviewed literature.

These sources were not treated as equivalent to peer-reviewed empirical studies. In-

stead, they were used as practice-based technical evidence to contextualise current indus-

try workflows, software environments, production constraints, data exchange formats,

and manufacturing information requirements that are frequently underrepresented in ac-

ademic literature. This distinction was maintained during synthesis, with peer-reviewed

studies forming the core academic evidence base and industry documents supporting the

interpretation of current practice and practical workflow challenges.

2.4. Data Extraction and Synthesis

Relevant information was extracted from both peer-reviewed studies and practice-

based technical sources. The extracted data focused on software ecosystems, workflow

stages, file exchange formats,

manufacturing outputs, CNC-related requirements, and re-

curring issues such as information loss, remodelling, version-control problems, and coor-

dination gaps between design and production. The data extraction and synthesis frame-

work is summarised in Table 3.

Table 3. Data extraction and synthesis framework.

Review Focus Data Extracted

Contribution to Synthe-

Purpose of Extraction
sis

BIM, CAD, CAM, CNC, structural mod-
elling, detailing, and manufacturing soft-
ware platforms

Software eco-
systems

Supported the software
comparison and discus-
sion of fragmented tool-
chains

To identify the tools used across
design, engineering, detailing,
and production stages

IFC, DWG, BTL, BVX, NC files, proprie-

Data exchange .
& tary formats, and other machine-readable

T derstand how inf ti
© ncerstand Row Iormation 1 formed the analysis of

is transferred between design | o
interoperability issues and

formats and manufacturing environ- . .

outputs information loss

ments
Architectural modelling, structural mod-
elling, fabrication review, manufacturing To map the design-to-manufac- Supported the develop-
Workflow . 1 . . . . .
staces modelling, shop detailing, nesting, CNC turing process in prefabricated ment of workflow dia-
& file generation, production planning, and timber construction grams
installation outputs
Tolerances, material specifications, con- . . . . . .
Manufacturer- P To identify information required Informed the discussion

nection details, machining requirements,
part identifiers, sequencing logic, and
production constraints

ready infor-
mation

for reliable manufacturing and  of manufacturer-ready
CNC-enabled production data requirements

Remodelling, metadata loss, geometric
Integration chal-inaccuracies, file-based handovers, late
lenges manufacturer involvement, role ambigu-
ity, and version drift

Supported the thematic
discussion of design-to-
manufacturing integration
challenges

To identify recurring causes of
workflow fragmentation

CNC machine requirements, software
Practice-based configuration needs, post-processing
workflows, machine interfaces, and fac-
tory-specific constraints

constraints

Strengthened the practical

To capture technical details often
relevance of the concep-

absent from academic literature
tual framework

Design-to-factory feedback, detailing re-

F k h-
eedback mec visions, quality checks, production feed-

anisms . S
back, and site/factory coordination

To understand whether infor-
mation flows back from manu-

Supported the discussion
of bidirectional feedback

facturing to design teams and digital continuity
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The extracted information was analysed through qualitative narrative synthesis sup-
ported by structured manual categorisation. This approach was appropriate because the
review did not aim to calculate effect sizes or conduct statistical meta-analysis. Instead,
the purpose was to synthesise evidence from heterogeneous academic and technical
sources to understand how design-to-manufacturing workflows are currently structured,
where integration problems occur, and what information is required to improve digital
continuity in prefabricated timber construction.

The synthesis involved three main steps. First, included studies and technical sources
were grouped according to their relevance to key workflow stages, including architectural
modelling, structural modelling, fabrication review, manufacturing modelling,
CAD/CAM processing, CNC file generation, production planning, and factory/site feed-
back. Second, recurring integration issues were compared across source types, with atten-
tion to software interoperability, information loss, remodelling, file-based handovers, and
late manufacturer involvement. Third, the synthesised findings were used to develop
workflow diagrams, software comparison tables, discussions on current integration chal-
lenges, and the proposed conceptual digital integration framework.

Particular attention was given to CAD/CAM modelling practices for timber compo-
nents, BIM-to-fabrication data transfer, CNC file generation, machine-specific constraints,
software interoperability, workflow fragmentation, manufacturer-ready information re-
quirements, and feedback mechanisms between design, detailing, and factory environ-
ments.

No statistical synthesis or meta-analysis was conducted because the reviewed
sources were heterogeneous in scope, method, and evidence type. The findings are there-
fore presented through narrative synthesis, workflow mapping, comparative tables, and
conceptual framework development.

2.5. Methodological Limitations

Several methodological limitations should be acknowledged. The academic database
search was limited to ScienceDirect and Web of Science, and only English-language pub-
lications from 2015 to 2025 were considered. Although these databases provide broad cov-
erage of construction, engineering, and digital technology research, relevant studies in-
dexed elsewhere may have been missed.

The industry and technical documentation were also selected purposively and may
not capture every software platform, machinery vendor, or manufacturing workflow used
across the prefabricated timber sector. However, the selected sources were considered
sufficient for the purpose of this review because they covered the main categories of in-
formation required to examine design-to-manufacturing integration, including
BIM/CAD/CAM workflows, CNC data preparation, software interoperability, machine-
readable file formats, and production-level constraints.

These sources also varied in scope, detail, and level of technical transparency, as
some were prepared for software support, product guidance, or machinery implementa-
tion rather than academic reporting. Therefore, they were used to supplement the peer-
reviewed literature with technically relevant practice-based evidence, rather than to con-
duct a complete market survey of all available organisations or technologies.

Despite these limitations, combining academic literature with selected industry and
technical sources provided a more comprehensive basis for analysing design-to-manufac-
turing integration in prefabricated timber construction. This combined approach was nec-
essary because many practical issues related to software compatibility, CNC data prepa-
ration, machine-specific constraints, and fabrication-level information requirements are
not fully captured in academic publications alone.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790

9 of 31

3. Findings
3.1. Prefabricated Timber Construction

Prefabricated timber construction has become an important component of industrial-
ised building systems, facilitating the shift towards more efficient and sustainable produc-
tion methods [27]. The construction industry worldwide is increasingly transitioning from
fragmented, site-specific activities to integrated, factory-based procedures [16]. Timber is
essential to this transformation because of its renewable characteristics, versatility, and
suitability for modular and automated fabrication methods [15]. Prefabrication improves
accuracy, minimises waste, and accelerates project timelines, while also supporting decar-
bonisation goals through the utilisation of renewable materials and regulated manufac-
turing environments [7,16,28].

Across many developed regions, prefabricated timber has reached a level of indus-
trial maturity underpinned by integrated supply chains, regulatory support, and strong
market acceptance [4]. Many Countries have demonstrated that industrialised timber con-
struction can achieve high levels of productivity, consistency, and quality while meeting
diverse architectural and structural demands [17,29]. These contexts illustrate the poten-
tial of prefabrication to deliver large-scale, sustainable construction outcomes when de-
sign, manufacturing, and assembly processes are effectively aligned through early collab-
oration and digital integration [5].

The Australian timber construction industry is still in the early stages of industriali-
sation. Despite the nation’s substantial forest resources and increasing engineered timber
manufacturing capabilities, the widespread implementation of prefabricated construction
techniques remains in its early stages [30-32]. The industry faces multiple structural chal-
lenges, such as fragmented supply chains, insufficient regulatory coordination, and an
absence of early collaboration between design and manufacturing sectors. Labour con-
straints, increasing expenses, and inconsistent implementation of digital workflows fur-
ther limit the sector’s ability to expand prefabricated manufacturing [33]. Despite these
limitations, prefabricated timber construction offers considerable possibilities for enhanc-
ing productivity, enhancing safety outcomes, reducing site disruption, and advancing na-
tional sustainability and housing objectives.

3.1.1. DEMA and DfD in Prefabricated Timber Construction

Design for Manufacture and Assembly (DfMA) and Design for Disassembly (DfD)
are complementary strategies that support the efficiency and sustainability of prefabri-
cated construction [10]. DIMA focuses on optimising components for ease of fabrication,
transportation, and assembly, while DfD emphasises adaptability, reusability, and mate-
rial recovery at the end of a building’s life cycle [11,19]. Together, these principles aim to
reduce waste, improve productivity, and extend the lifecycle value of timber systems.

Despite conceptual consistency between DIMA and DfD, implementation is still frag-
mented throughout practice. During the early stages of design stages, architects and en-
gineers rationalise layouts and simplify parts from their perspective [32]. Since manufac-
turers often participate after approval or procurement of designs, manufacturing con-
straints are not fully embedded into the early stages of design decision-making [19].
Therefore, when the manufacturers later review the project, fabrications that are incom-
patible or less efficient have arisen, necessitating changes. As a result, DEIMA and DfD are
applied in isolation by different stakeholders rather than through an integrated workflow
that systematically aligns design intent with manufacturing capability, allowing ineffi-
ciencies and lost optimisation opportunities to persist [20,34].

The application of Design for Disassembly (DfD) in prefabricated timber construction
remains extremely limited in Australia. Although its principles, such as modularity, re-
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versible connections, and material reuse, are well established in academic research and
pilot projects, they are rarely adopted in mainstream practice [9,11]. Barriers, including
regulatory constraints, cost pressures, the absence of shared standards, and weak collab-
oration between architects, engineers, and manufacturers, further limit the adoption [11].
Consequently, only a small number of pilot buildings have incorporated disassembly-
ready detailing, and DfD continues to be more aspirational than operational in the current
industry context [10,35].

The systematic use of DEMA and DfD can support improved coordination, fewer de-
sign changes, and more consistent delivery outcomes [36]. It facilitates efficient manufac-
ture through precise modelling, material optimisation, and waste minimisation, enhances
site safety and assembly efficiency, and promotes long-term reuse and recycling, therefore
strengthening circular economy and sustainability outcomes for prefabricated timber con-
struction systems [31,32,34].

3.1.2. End-to-End Workflow in Prefabricated Timber Construction

Prefabricated timber construction follows a systematic and connected series of pro-
cesses from project initiation to completion, with every phase having different delivera-
bles and different levels of stakeholder engagement. During the inception and feasibility
phase, the client and project team define the project brief, budget, site limitations, and
delivery expectations. Initial evaluations of prefabrication applicability are conducted by
architects and engineers, focusing on spatial, engineering, and regulatory feasibility
[29,37].

Figure 2 shows the traditional design-to-manufacturing timeline, where architects
and engineers control initial decision-making, whereas manufacturers are generally in-
volved at later stages. In the conceptual and schematic design phases, design teams trans-
late client requirements into spatial configurations, preliminary structural frameworks,
and initial budget estimates [1]. While DfIMA ideas like standardisation, modularity, and
simplified geometry may be considered at this stage, they are frequently implemented
without direct input from manufacturers. Therefore, critical decisions primarily depend
on expert judgement instead of manufacturing-based standards, potentially limiting
downstream manufacturability [19].

Client/ Builder
Architect
Structural Engineer

Manufacturer

INITIATION CONCEPT & PLANNING DESIGN MANUFACTURE COMPLETION
Client Brief and
Feasibility
Site Reports
L a A ']
| ) L] Ll 2 L]
Concept Schematic Planning Approval 2 a N
Development  Design " Detailed ° Building
Design Approval
L a ']
L} L] L]
Design for Manufacture and Assembly Manufacture

Assembly & Finishing

Figure 2. Conventional stakeholder involvement across the design-to-manufacturing timeline in

prefabricated timber construction.

In the design development and detailed design stages, architectural, structural, and
services information is integrated into coordinated documentation needed for regulatory
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approval. Manufacturer involvement often occurs upon building approval, as suppliers
examine the approved design to assess production feasibility [38]. Collaborative discus-
sions are then held with architects and engineers to address constraints relating to manu-
facturing attributes [32]. However, the ability to implement substantial adjustments is of-
ten limited by prior design approvals, which constrain opportunities for early optimisa-
tion [20].

Following approval, manufacturers transform the coordinated design into produc-
tion-ready shop drawings and fabrication models, specifying tolerances, nesting methods,
and CNC instructions [31]. Manufacturing includes machining, assembly, and quality as-
surance, followed by the labelling, packaging, and preparation of components for site in-
stallation. Construction thereafter emphasises logistical coordination, assembly, inspec-
tion, and final documentation [30].

Although this workflow appears linear, in practice it remains iterative and partially
fragmented. Delayed manufacturer involvement and limited interoperability between
software environments create a disconnect between design intent and production feasi-
bility, often leading to redesigns, duplicated effort, and inefficient coordination [32,35,37].
This highlights the importance of earlier collaboration and more structured digital conti-
nuity across the design-to-manufacturing process [10,19].

3.2. Software Ecosystems and Digital Workflows in Prefabricated Timber
3.2.1. Architectural Design and Modelling

Architects are typically responsible for developing the building’s spatial layout, en-
velope, and regulatory compliance documentation [38]. They are generally sufficient for
coordination with engineers and for obtaining planning and building approvals [14,39].
Many architects also incorporate aspects of DEIMA and DfD principles at this stage, such
as rationalised grids, repetitive layouts, modularity, and transport constraints, drawing
on their professional experience [10,19]. However, these early design decisions are not
always aligned with downstream manufacturing requirements [20,34].

3.2.2. Structural Analysis and Detailing

Structural engineers are responsible for developing the building’s primary structural
system, establishing load paths, and designing connections to ensure structural perfor-
mance and compliance. In the design and approval process, structural models mainly fo-
cus on performance, code compliance, and coordination. Engineers also provide critical
inputs such as member size, structural tolerance, service penetrations, fire tolerance, vi-
bration, and indicative connection type [38].

At this stage, many engineers also consider inputs from DfMA, such as rationalisa-
tion of spans based on standard panel widths, matching structural grids to modular solu-
tion layouts, and conceptual connection design that can accommodate buildability and
assembly requirements [13]. However, similar to the architectural phase, these efforts oc-
cur largely in isolation from manufacturers, resulting in designs not fully optimised for
manufacturing [37].

3.2.3. Fabrication Review and Manufacturability Assessment

Once building approvals are secured, manufacturers and builders are formally en-
gaged, and the project enters the transition from design to fabrication. At this stage, the
approved architectural and structural documentation is reviewed against fabrication ca-
pabilities, transport constraints, and site logistics [37]. This review frequently identifies
the need for adjustments such as modifying panel or member dimensions to suit CNC
machining limits, altering joint details to align with production lines, revising tolerances
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to match factory precision, splitting or merging elements to accommodate transport and
handling constraints, or refining connection details to support faster installation [20].

Architects and structural engineers continue to play a critical coordinating role dur-
ing this phase with manufacturers, ensuring that changes remain consistent with the orig-
inal design intent, regulatory approvals, and performance requirements [31,32]. However,
because manufacturers typically become involved only after design development and ap-
provals are completed, many fabrication-related considerations are addressed late in the
process [21,40]. This late-stage refinement approach will result in missed opportunities to
improve the design structure for manufacturing and assembly, and any significant struc-
tural modifications identified at this stage might require alterations to permits, which will
raise the complexity of the delivery timeline [26].

3.2.4. Manufacturing Modelling and Digital-to-Factory Integration

Manufacturing represents a critical phase in prefabricated timber construction, mark-
ing the transition from digital design to physical production [41]. At this stage, architec-
tural and engineering concepts are converted into precise, data-driven instructions that
guide automated and semi-automated manufacturing systems [13,14,42]. This transfor-
mation requires high levels of technical accuracy and close coordination among architects,
structural engineers, and manufacturing specialists, as the effectiveness of this phase di-
rectly influences the quality, precision, and efficiency of prefabricated components deliv-
ered to the site [31].

In modern prefabrication workflows, manufacturing relies heavily on digital model-
ling as the foundation for production [41]. Unlike conventional construction, where much
of the decision-making occurs on-site, prefabrication demands that all geometric, struc-
tural, and connection details be resolved in the digital environment before fabrication be-
gins [19]. The manufacturing model, often referred to as the fabrication model, extends
beyond design representation to include the exact dimensions, cutting paths, and material
properties that guide machinery operations [39].

Digital-to-factory integration ensures that these models can be directly translated
into manufacturing processes with minimal manual intervention. It connects CAD-based
design platforms with CAM systems that control machining and assembly, creating a con-
tinuous digital thread from design to production [6,8,43,44]. The outcome is a manufac-
turing-ready digital twin that mirrors the physical product and embeds key parameters
such as tolerances, material grades, and assembly logic [45,46].

The degree of digital integration varies widely across the industry. Advanced facili-
ties operate fully automated production lines where design models feed directly into CNC
routers, saws, or press machines, while smaller or hybrid operations still rely on partial
manual input and layered approval stages [33,47]. Regardless of the level of automation,
the main objective is to ensure seamless and accurate transition from design intent to man-
ufacturing [37,48]. This often requires manufacturers to redraw or remodel received de-
sign data within specialised platforms, ensuring compatibility with production systems
and fabrication workflows [21,31].

Therefore, the manufacturing modelling and digital-to-factory integration form the
backbone of industrialised timber construction. They connect design intelligence with
production capability, enabling prefabricated systems to achieve the high levels of quality,
repeatability, and efficiency required for modern construction [34,49]. As digitalisation
continues to advance, this integration will increasingly depend on interoperable data en-
vironments, smart manufacturing technologies, and adaptive workflows that bridge de-
sign, engineering, and fabrication in real time [14].

(a) CNC systems in the timber prefabrication industry
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Prefabricated timber manufacturing in Australia involves a range of CNC machine
types and associated control environments, each with different capabilities, data require-
ments, and implications for the transition from design models to fabricated components
[30,31,33]. The reviewed industry and technical sources indicate that machine selection is
closely related to product type, production workflow, and factory configuration. Table 4
summarises the main CNC machine categories and vendor platforms identified through
the reviewed Australian industry documentation and associated technical references.

The data pathways from the model to these machines vary greatly between the dif-
ferent manufacturing facilities. In some cases, an open manufacturing format like BVX,
BTL, or NC is used by multi-axis beam and panel processing machines, while in other
cases, a suite-specific format from the machinery vendor is required [50]. IFC and DWG
formats are mainly used for reference and coordination, as CNC machines require opti-
mised job files that have been post-processed for toolpath generation [13,31,51].

To ensure the production is reliable, strict revision control is followed by the manu-
facturing plants, treating the manufacturing model as the single source of truth during
the entire fabricating process. Comprehensive validation checks are performed to ensure
that the model information, part names, and geometry are consistent to mitigate the risk
of version drift and support traceability from design to final installation [20,31].

Table 4. CNC systems used in the Australian prefab timber industry.

Machine Main Use/Application Machine Capabilities References
Fundegger CLT, GLT, LVL beams, wall frames, Multi—fixis milling, sawing, drillir.lg', notching, [52,53]
floor cassettes, trusses trenching; panel and beam machining
Essetre CLT and engineered timber panels 5-axis profiling, joinery detailing, openings [54,55]
Profiling, trimming, finishing, integra-
Ledinek CLT and GLT panel processing lines ti];(;l g trimming, HHsiing, press egra [56,57]
Kallesoe Glulam beam shaping and profiling Beam profiling, taper cuts [68,59]
Randek Wall.frames, cassettes, trusses, volu- Franlling line automation, cutting, nailing, [60]
metric modules nesting
. . Routing, nailing, sheathing, integrated panel
Weinmann (Homag)Panelised wall, floor, roof systems lines [61]
MiTek Roof trusses and wall frames Linear saws, truss jigs, automated fabrication [62-64]
Nailplate t tems, framing li to-
Pryda Roof trusses and wall frames a .p ate Htiss systems, framing Ane auto [65-67]
mation
Multinail Wall frames and trusses Linear saws, AutoFramer, truss lines [68-70]
Linear cutting and handling for High-speed linear saw, automated infeed, la-
Vekta . [71]
frame and truss components belling

Overall, these CNC machines specify the information requirements needed during
digital design. While mass timber manufacturers rely on multi-axis and simulation-driven
systems that demand precise data-rich models, the residential factories depend on stream-
lined, proprietary ecosystems optimised for repetitive workflows [45]. This diversity in
machinery types contributes to the broader lack of interoperability and standardisation,
reinforcing the need for digital data exchange protocols between design and manufactur-
ing stages.

(b) Design and CAD modelling

The development of a specialised CAD/CAM model is an essential stage in the digital
processing of prefabricated timber construction [44,72]. This model serves as the principal
interface between design intent and physical production, converting approved architec-
tural and structural information into manufacturing-ready data [43,73]. Architectural and
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engineering models primarily emphasise coordination, compliance, and structural perfor-
mance, whereas the manufacturing model prioritises geometric integrity and production
logic to ensure compatibility with CNC-driven operations, including cutting, drilling,
routing, and assembly [21,73].

Compared to architectural and structural design models, usually produced at LOD
200-300, manufacturing demands significantly more information levels (LOD 350-500)
[34,74,75]. Manufacturing operations need precise instructions for joinery, fastener posi-
tioning, machining allowances, sequencing logic, grain orientation, lifting points, assem-
bly sequence, and machine-specific tolerances [19,31,49].

This fabrication-critical information is rarely incorporated carefully within architec-
tural or structural models. Therefore, the direct use of design models for CNC-enabled
manufacturing is inconsistent. As a result, manufacturers develop an independent
CAD/CAM model that incorporates both the approved design and the practicalities of
factory production [38]. This model facilitates the development of shop drawings, cutting
lists, nesting plans, and machine-readable files, including BVX, BTL, or NC codes
[13,30,31].

The manufacturing modelling process typically begins following the completion and
approval of architectural and structural documentation. Manufacturers receive a set of
project files typically including IFC, DWG, and PDF mark-ups, that must be analysed and
reconstructed within proprietary CAD/CAM systems [31,34]. Re-modelling has become
widely utilised in the industry due to the limited interoperability across design and man-
ufacturing tools [14,19].

Despite IFCs being recognised as a neutral exchange format, the integration of these
files into manufacturing tools often results in geometric imperfections, positional discrep-
ancies, metadata loss, and incorrect connection definitions [34,51]. Even small changes
could lead to significant implications during automated CNC processes. As a result, many
manufacturers choose to reconstruct models utilising 2D/3D references instead of rectify-
ing defective imports [20].

Figure 3 represents the current industry workflow for design-to-manufacturing in
prefabricated timber construction, highlighting the reliance on manual re-modelling and
multi-format data handovers between design and factory environments. In Australia, pre-
fabricated timber manufacturers utilise a range of specialised software platforms selected
primarily based on product type, factory workflow requirements, and compatibility with
existing CNC machinery. Software choices are typically shaped by operational capability,
in-house expertise, and machine integration needs rather than industry-wide interopera-
bility considerations.

ARCHITECT IFe Cadwork, hsbcad Cambium, woodWUP Hundegger, Randek

bwg MANUFACTURER
- Mass Timber (CLT & GLT)
- Frame and Truss Modelling

wC
STRUCTURAL Wz from scratch

CAD Modelling v CAM Simulations Fabrication

ENGINEER + Detailed modelling «» Toolpath generations
(LOD 350-500) = Nesting optimisation
« Panelisation » Feed rate & tool setup
« Nesting layouts = Quality check

« Truck loads

Figure 3. Overview of the current industry workflow for design-to-manufacturing in prefabricated

timber construction.
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Table 5 summarises the main software tools identified across the reviewed Australian
timber manufacturing and technical sources, together with their typical functions,
strengths, and commonly reported limitations.

Table 5. Software tools currently used in the Australian prefab timber industry.

Software Primary Function Typical Use Key Strengths Limitations/Challenges
IFC/BIM workflows less em-
phasised; potential metadata
loss when interfacing with
broad BIM platforms
As with many design-to-

3D modelling, Detail- CLT, GLT, wall & floor Modular architecture;
ing, CAD/CAM export panels, light-frame tim- strong CNC/fabrication-
for timber systems ber construction data export capability.

Cadwork
[76,77]

Panelised
HsbDesign = BIM-based design + aneise Compatible with Auto- manufacture tools, full para-
. walls/floors/roofs, . . -
(hsbcad) manufacturing data ex- . CAD/Revit; export to ma- metric flexibility and ma-
2 CLT/SIP, light-frame , . . e
[78] port for off-site timber factories jor CNC machines.  chine-specific export may re-
quire configuration
Whole-h 3D E tem is relativel
MiTek Sap- olehouse Residential wall & roof 3D digital model of entire COSYSTEI 1S re/avely.
, model, design & pro- . closed; interoperability with
phire . framing, trusses, panel- structure; supports man- . .
duction workflow for ; . non-MiTek production sys-
[62-64] . . ised timber systems ufacturing output. ey
timber/framing tems may be limited
Primarily focused on
Prvda Build Truss and frame design ~ Roof trusses, floor ~ Australian-fabricator fo- truss/frame rather than large
}[I 65-67] software + production  trusses, light-frame cus; training/support eco- panels; export/coordination
automation components system. across diverse machines may
be less developed
BIM software for wood Modular & panelised Automates drawing sets, CNC export capability may
Vertex BD . . . . )
[79] & cold-formed steel housing, timber framing material scheduling, be less well documented; IFC
framing factories manufacturing data.  property mapping may vary
. . Not always as deep in up-
Detail kfl D d for the Austral-
Cornerstone ctal 'mg ,+ worktiow Off-site timber module ‘es1g.n € o.r € AUS ré stream BIM/design coordina-
.. coordination + manu- ian timber industry; di- . .
(Multinail) . producers, truss & wall tion for prefabricated panels;
facturing data export . rect export to manufac- . e
[68] framing plants machine-specific export may

for truss/frames turing machines.

require extra work
HOMAG  CAM/CNC program- Downstream cutting, High-precision machine Requires fully modelled up-
woodWOP  ming software for ma- routing, machining of control; supports 3-5 axisstream data; less emphasis on
[61,80] chining centres panels/beams CAM programming. design/BIM integration
Native machine-manu-  Specific to Hundegger ma-
facturer platform; inte- chines; interfacing with non-

Large-format engi-

neered timber: CLT, i )
GLT, beam/kit-of-parts grates design to machin- Hundegger systems may re-

[52,53] Hundegger machines lines ing for Hundegger equip- quire custom files or transla-

Hundegger Production/CAM con-
Cambium trol platform for

ment. tion

These software platforms can be categorised into timber-specific 3D modelling and
detailing environments for developing manufacturing models for production, vertically
integrated 3D truss and frame systems offering a combination of engineering and produc-
tion outputs, and machine-based CAM/control environments used to execute manufac-
turing data [31,34]. Although some platforms offer some level of similarity to one another,
the choice of a platform is often based on various factors such as product type, compati-
bility with a CNC machine, licensing, and technical support, among others, and not on
the level of industry-wide integration [19].

(c) Manufacturing planning, documentation, and quality control
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Following the internal verification of the manufacturing model and consultant ap-
provals, the production process begins, including nesting, documentation, coordination
of the logistics, and quality assurance [34,81]. The nesting in mass timber manufacturing
includes optimising the positioning of panels and machining processes on billets to im-
prove material efficiency [15]. In lightweight framing and truss manufacturing, optimis-
ing similarly emphasises saw-cutting patterns to reduce waste and assembly time while
maintaining structural integrity and connection effectiveness [33].

Machine-readable files generated by CAD/CAM platforms, such as BVX, BTL, or NC
formats, are transferred to specialised CAM environments compatible with specific CNC
machines [31,50]. These systems function as the final digital interface between modelling
and fabrication, where imported data is verified, optimised, and transformed into execut-
able toolpaths [15,30]. Simulation and validation processes are executed to evaluate tool
accessibility, collision risks, fastening methods, and tolerance compliance, functioning as
the final digital verification before machining [31,53,80].

Manufacturing documentation is thereafter produced to facilitate coordinated man-
ufacturing and installation [31,32]. Outputs typically include CNC job files, component
labels, cutting lists, quality assurance diagrams, inspection checklists, loading plans, and
installation drawings. These documents ensure the alignment of machining logic, pack-
aging order, and site sequencing, thereby maintaining the efficiencies achieved through-
out digital production [30,33].

Quality assurance procedures are integrated throughout the workflow. Throughout
the design phase, the model’s compliance with specifications and interface requirements
is evaluated. Post-machining measurement checks ensure tolerance accuracy, while dis-
patch inspections ensure completeness, accurate labelling, and compliance with loading
plans [31]. This comprehensive traceability across the modelling, machining, and dispatch
phases improves responsibility, ensures quality compliance, and reduces conflicts arising
from late design modifications or site-level inconsistencies.

3.3. Challenges and Limitations in Design-to-Manufacturing Integration

A major inefficiency in Australia’s prefabricated timber sector is the repeated neces-
sity to remodelling or reinterpretation of design data during the transition from design to
manufacturing [21]. This problem extends beyond project miscommunication and indi-
cates fundamental fragmentation within organisational structures, information manage-
ment methods, and digital technology ecosystems. The absence of continuous integration
between design and manufacturing reduces the key advantages such as speed, precision,
and material efficiency of industrialised construction, and shows the lack of a unified dig-
ital framework for model development, exchange, and validation across disciplines
[13,14,44].

3.3.1. Organisational and Procedural Fragmentation

Manufacturers are mostly involved only after the design approvals and procurement
phases are finalised, limiting significant early-stage manufacturability contributions [14].
While engineers and architects consider Design for Manufacturing and Assembly (DfMA)
concepts, they are rarely integrated at a level needed for direct production. Delayed in-
volvement of manufacturers limits design optimisation possibilities and leads to models
that frequently lack compatibility with manufacturing software environments or ma-
chine-specific data requirements [34,37]. As a result, manufacturers must reinterpret ap-
proved models within their systems, which causes duplicated modelling efforts, data loss,
and an increased chance of interpretive errors [38,49].
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3.3.2. Information Granularity and Model Incompatibility

The transition from design models to manufacturing-ready data is limited by varying
degrees of information granularity among disciplines. Models designed for coordination
and regulatory approval generally lack manufacturing-level attributes, as the inputs
change depending on a variety of product types, production workflows, and CNC plat-
forms [31,34]. In practice, this creates uncertainty about what information is reliable, what
is missing, and who is responsible for defining it during the handover from design to
manufacturing [19,37].

Manufacturers rarely depend on the incoming design models and proceed with re-
modelling the design within proprietary CAD/CAM environments, which satisfy the ma-
chine constraints, internal production standards, and sequencing requirements [30]. This
translation stage presents risk, as assumptions may be established and design intent may
diverge when parameters are poorly specified [38]. File-based exchanges increase these
issues, as IFC and DWG formats sometimes do not maintain parametric and semantic in-
tegrity, resulting in metadata loss and dependence on 2D drawing checks or PDF remarks.
The lack of unified information requirements and model governance breaks digital conti-
nuity between design and manufacture [31,74].

3.3.3. Software Fragmentation and Interoperability Challenges

The Australian prefabricated timber industry operates within a very diverse software
ecosystem that goes from architectural modelling to structural analysis, detailing, and
manufacturing-specific CAD/CAM. These systems are optimised for specific lifecycle
stages and usually rely on different data schemas, file standards, and, in many cases, pro-
prietary formats. As a result, the digital continuity between design and production envi-
ronments is still limited [14,19].

Although IFC and DWG are neutral exchange formats commonly used for coordina-
tion, they are insufficient to communicate the detailed parametric and machining infor-
mation necessary for fabrication [51,74]. As a result, information that is technically accu-
rate in a design stage becomes incomplete or unreliable in manufacturing contexts and
requires model remodelling to ensure compatibility with CNC machines [82].

3.3.4. IFC and Timber-Specific Manufacturing Data Formats

A further interoperability issue relates to the different purposes of general BIM ex-
change formats and timber-specific manufacturing data formats. Industry Foundation
Classes (IFC) is widely used as an openBIM format for multidisciplinary coordination,
object-based information exchange, and model sharing between design and engineering
platforms [31,51]. In prefabricated timber projects, IFC can support the transfer of building
elements, geometric relationships, spatial information, and selected object properties be-
tween software environments.

However, IFC-based exchange is generally more suitable for coordination and infor-
mation transfer than for direct CNC production. Manufacturing requires a higher level of
fabrication-specific information, including machining operations, connection processing,
production tolerances, part identifiers, sequencing logic, and machine-specific parameters
[13,21,31]. These requirements are not consistently embedded in coordination-stage BIM
models, which can lead to information loss, remodelling, or additional checking before
fabrication [51].

Timber-specific manufacturing formats, including BTL, BTLx, BVX, and NC-type
outputs, are more directly associated with CAD/CAM and CNC production workflows.
These formats can transfer fabrication-level operations such as cutting, drilling, milling,
notching, profiling, and component identification to machine-control environments
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[13,31,50]. These formats are therefore important for converting manufacturing models
into machine-readable data required for CNC-based production.

Nevertheless, these manufacturing formats do not automatically resolve the design-
to-manufacturing integration problem. Their reliability depends on the quality, complete-
ness, and governance of the upstream model from which they are exported. If design in-
tent, tolerances, material specifications, connection logic, or element definitions are incom-
plete, the exported manufacturing data may still require manual correction, remodelling,
or validation before CNC execution [21,50].

Therefore, the integration challenge should not be understood as a simple choice be-
tween IFC and BTL/BTLx. IFC remains important for openBIM coordination and multi-
disciplinary exchange, while BTL/BTLx and related outputs are more relevant to fabrica-
tion and CNC execution. The key requirement is a governed workflow in which infor-
mation progressively matures from design coordination to manufacturer-ready produc-
tion data through early manufacturer involvement, agreed information requirements,
model validation, and structured handover processes [13,31,51].

3.3.5. Role Ambiguity and Lack of Defined Frameworks

A continuous challenge in design-to-manufacturing integration originates from the
lack of well-defined frameworks defining stakeholder roles, responsibilities, and data
ownership. Many projects lack a formal agreement defining accountability for tolerances,
datums, or interface geometry throughout the transition from design to manufacture [39].
Architects define dimensional intent, engineers assess structural limitations, and manu-
facturers modify tolerances according to production capabilities, often in isolation from
each other [37]. This misalignment results in differences in shop modelling, iterative de-
fining processes, and late-stage design modifications, hence increasing both technical and
coordination risks [14,34].

3.3.6. Insufficient Standardisation and Data Governance

Despite model-based standards like IFC supporting design-stage coordination, they
are insufficient for providing the manufacturing-specific interpretation necessary for pre-
fabrication. Existing exchange formats generally communicate geometry and fundamen-
tal properties but lack fabrication-critical information. This lack of common standards also
creates problems in governance. There is no clear guideline available on the ownership of
data, transfer of liabilities, or certification between design consultants and manufacturers.

As a result, the process of verifying model accuracy and approving shop-level mod-
ifications often occurs informally, relying on unstructured communication and personal
relationships rather than regulated workflows [30,31,34]. As a result, the absence of estab-
lished information maturity standards, defined handover requirements, and validated ex-
change of information methods increases dependence on manual coordination.

4. Discussion

The findings indicate that the design-to-manufacturing gap in prefabricated timber
construction is not simply a software issue, but a broader systems-level problem involving
workflow fragmentation, uneven information maturity, and weak governance across the
transition from design to production [83]. Rather than supporting continuous model-
based integration, current practice remains characterised by staged handovers and disci-
pline-specific reinterpretation, which limit the effective use of digital tools across the full
delivery process.

Improving integration does not necessarily require replacing current specialised soft-
ware platforms. It necessitates process-oriented coordination methods that coordinate ar-
chitectural, structural, and manufacturing knowledge at an earlier stage to maintain this
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alignment throughout the design-to-delivery lifecycle [50]. Parametric and computational
modelling platforms can function as a foundational intermediary, facilitating the repre-
sentation and stabilisation of design intent, manufacturing limitations, and assembly logic
before discipline-specific detailing begins.

The effectiveness of this technique depends on well-defined decision gates, clear in-
formation ownership, and common definitions of manufacture-ready data. In the absence
of defined governance, established data requirements, and defined responsibilities, digital
tools alone are insufficient to prevent downstream rework. The following sections provide
structured recommendations to assess the advantages and implementation challenges of
a unified digital framework for prefabricated timber buildings.

4.1. Recommendations for Improving Design-to-Manufacturing Integration

Addressing the design-to-manufacturing gap in Australia’s prefabricated timber sec-
tor requires more than software adoption alone. The following recommendations focus
on strengthening collaboration, information continuity, manufacturer-ready deliverables,
and governance across specialised digital platforms [6,84].

4.1.1. Integrating Manufacturers into Early Design Decision-Making

Manufacturer engagement at later project stages remains a major contributor to re-
work, information loss, and production delays [31,32,34,85]. Engaging manufacturers at
the early design phases enables manufacturability constraints, tolerance techniques, and
machine capabilities to influence geometry while maintaining adaptability [1,21,49,86].

To encourage early manufacturer engagement, the project needs to incorporate es-
tablished decision gates associated with information maturity. At each phase, essential
geometric and manufacturability criteria should be assessed and confirmed before pro-
gressing. After approval, these features become fixed to prevent uncontrolled down-
stream changes, thereby minimising late-stage rework and defining responsibility across
disciplines [44]. This method defines clear standards among architects, engineers, and
manufacturers by defining which information is modifiable and which parameters have
been formally established.

4.1.2. Establishing a Shared Parametric Geometry Framework

A shared parametric geometry framework facilitates the integration of architectural,
structural, and manufacturing expertise while allowing stakeholders to maintain their
preferred specialised tools [14,49]. This framework serves as a reliable and verifiable ref-
erence model that incorporates important project concepts, including grids, interface re-
quirements, modular regulations, segmentation techniques, and essential manufacturing
limitations. In this role, the parametric backbone functions as the digital point of align-
ment across architectural, structural, and manufacturing workflows. Figure 4 shows the
proposed shared parametric geometry framework linking architectural, structural, and
manufacturing models through a central computational backbone.

Parametric and computational modelling environments, such as Rhinoceros with
Grasshopper or Revit with Dynamo, are particularly well-suited for this purpose as they
facilitate rule-based modelling instead of static geometry [14,38,87,88]. Design intent can
be formally integrated through parametric relationships that define tolerances, modular
coordination, and assembly logic. These regulations remain flexible in the initial phases,
allowing controlled iteration while maintaining consistency among downstream models
[89]. Each discipline can thereafter produce comprehensive documentation, analysis, or
manufacturing outputs within its specialist platform while maintaining alignment with
the common geometric framework [83,86]. Connecting parametric logic to decision gates
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enhances the management of information maturity, differentiating between adaptable de-
sign variables and stable, production-ready parameters.

INPUTS OUTPUTS
(- Coordinated architeclurél\
ARCHITECTURAL Refined - model
CONSTRAINTS Architectural Model + Module layouts and
interfaces
------------- - /
,"/ “\\ (. Structural analysis and )
STRUCTURAL 1" COMPUTATIONAL kY Structural design results
L | =D | . Detailed structural
CONSTRAINTS 4 MODEL / Analytical Model :
%, (Parametric Geometry) \_ drawings )

/ e - \ (. Fabrication drawings and )
----- ) cutting lists
MANUFACTURING Manufacturing l—3| - Panel segmentation and
CONSTRAINTS Model nesting layouts

« CNC data exports

S

Figure 4. Shared geometry framework linking architectural, structural and manufacturing models

through a central computational backbone.

4.1.3. Standardising the Manufacturer-Ready Dataset

A significant weakness in the present practice is the lack of a distinctly established
foundation for “manufacturer-ready” data. In the absence of established minimum infor-
mation requirements, deliverables often remain incomplete or inconsistent, requiring
manufacturers to reinterpret design implications. A standardised, manufacturer-ready
dataset must include confirmed geometric definitions, material specifications, tolerances,
interface conditions, and sequencing information necessary before the initiation of pro-
duction [16]. Implementing these needs into contractual agreements formalises accounta-
bility and illustrates the transition from design responsibilities to manufacturing execu-
tion. This standardisation enhances trust in digital outputs and facilitates more reliable
downstream automation.

In addition to geometric and production information, the manufacturer-ready da-
taset should incorporate relevant timber design standards, building code requirements,
and project-specific technical criteria. These requirements may include timber product
specifications, material grades, member sizes, connection requirements, fabrication toler-
ances, fire and acoustic requirements where relevant, durability considerations, servicea-
bility limits, and inspection or certification requirements.

Within an integrated workflow, these standard-based requirements should be trans-
lated into explicit model parameters, decision-gate checks, and information handover re-
quirements rather than remaining only in separate drawings, specifications, or manual
review processes. This ensures that the transition from BIM coordination models to
CAD/CAM and CNC-ready manufacturing data is governed not only by software com-
patibility, but also by compliance, constructability, and production reliability.

4.1.4. Role Definition, Training, and Collaborative Protocols

Effective digital integration exceeds modelling techniques and requires organisa-
tional integrity. Roles and responsibilities regarding tolerances, interface geometry, revi-
sion control, and data validation must be clearly defined from the beginning of the project.
Implementing organised governance tools, such as a RACI framework, helps minimise
redundancy, improve decision-making, and promote transparent data exchanges [34].

Additionally, continuous investment in training and multidisciplinary development
of skills is essential. Parametric and data-driven processes require knowledge of both spe-

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 21 of 31

cialised software tools and the associated platform logic and manufacturing limitations
[46,89]. Pilot projects serve as controlled settings for evaluating integration strategies, doc-
umenting lessons learned, and developing repeatable templates. Overall, these initiatives
can enhance a comprehensive knowledge base within the industry, enabling consistent,
model-based collaboration throughout the prefabricated timber supply chain [3].

4.2. Comparison with Existing BIM, Digital Twin, and Collaborative Delivery Approaches

BIM workflows, digital twin approaches, and Integrated Project Delivery (IPD) each
contribute to digital and organisational integration in construction, but they address dif-
ferent dimensions of the problem. BIM mainly supports design coordination, documenta-
tion, clash detection, and information sharing [23-25]. Digital twins focus on lifecycle data
linkage, simulation, monitoring, and feedback between physical and digital assets [90—
92].

IPD promotes earlier collaboration, shared decision-making, and improved align-
ment between project stakeholders [93,94]. However, these approaches do not, by them-
selves, fully define the manufacturer-ready data structures, CAD/CAM translation logic,
CNC requirements, and fabrication-level governance needed for prefabricated timber de-
sign-to-manufacturing integration [13,50].

As shown in Table 6, existing BIM, digital twin, and IPD approaches provide im-
portant support for coordination, information continuity, and collaboration. However,
their focus is broader than the specific design-to-manufacturing transition addressed in
this study.

Table 6. Comparison of the proposed framework with existing digital integration approaches.

Limitations for Design-to-Man-

A h Main F St th . . . Rel to This Stud
pproac ain Focus rengths ufacturing Timber Integration elevance to This Study
Conventional Design coordination, Supports model- Often insufficient for fabrica- Provides an important up-
BIM work documentation, based coordination, tion-level data exchange; manu- stream environment, but

clash detection, mul- information exchange facturer-ready information and  does not resolve the
tidisciplinary model and approval-stage CNC-specific requirements are downstream design-to-
sharing integration not consistently embedded manufacturing gap

flows
[22-25]

Lifecycle data link- Supports data conti- Often focuses on operational = Relevant as an enabling
Digital twin age, monitoring, and nuity, performance monitoring or lifecycle feedback concept, but not sufficient
approaches  feedback between monitoring, simula- rather than early-stage manu-  alone for the manufac-
[90-92] digital and physical tion, and lifecycle facturing model structuring and turer-ready timber pro-
systems feedback fabrication handover duction workflows

A delivery and governance ap- Supports the collabora-
proach rather than a model  tive conditions required
structure; does not itself define  for integration, but re-
CAD/CAM translation, CNC  quires supporting digital
data requirements, or fabrica- workflow and data-gov-
tion-level information standards  ernance mechanisms

Early stakeholder Improves communi-
collaboration, shared cation, early involve-
decision-making, ment, shared risk, and

Integrated Pro-
ject Delivery
(IPD)

[93,94] and coordinated cross-disciplinary

project delivery alignment

Design-to-manufac- Directly focuses on
turing integration  continuity between  Still conceptual and requires ~ Addresses the specific
Proposed con- through shared par- architectural, struc- future validation through proof- software, data, and work-
ceptual frame- ametric logic and tural, CAD/CAM, and of-concept workflows, case  flow fragmentation prob-

work manufacturer-ready CNC-oriented manu- studies, or industry implemen- lem identified in this re-
information, and  facturing environ- tation view
structured handover ments
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The proposed framework is therefore positioned as a complementary integration ap-
proach rather than a replacement for these existing methods. Its purpose is to clarify how
shared parametric logic, manufacturer-ready information requirements, and structured
handover processes can support better continuity between BIM coordination, CAD/CAM
modelling, and CNC-oriented timber manufacturing.

4.3. Potential Benefits and Limitations of an Integrated Digital Framework
4.3.1. Benefits of an Integrated Digital Framework

The following benefits are based on the reviewed literature and workflow synthesis,
rather than on empirically validated results of the present study. In this context, an inte-
grated parametric and computational framework could serve as a useful basis for enhanc-
ing the connection between design, coordination, and manufacturing processes in prefab-
ricated timber construction.

A unified parametric and computational framework may provide a useful basis for
improving continuity between design and manufacturing stages in prefabricated timber
construction [43,82]. Instead of replacing existing specialised tools, platforms like Rhinoc-
eros with Grasshopper and Revit with Dynamo can serve as intermediary coordination
layers linking architectural, structural, and manufacturing processes [27,38,73]. These
platforms enable structured data sharing with BIM and CAD/CAM systems through open
APIs and flexible plugin ecosystems, allowing stakeholders to operate from a common
geometric and parametric baseline while maintaining discipline-specific modelling envi-
ronments [14,19,73,84].

Figure 5 highlights the integrated digital framework adopted in this study, showing
how structural geometry generation, BIM coordination, and manufacturing information
are derived from a shared parametric backbone.

Pa[;ametnc De:Eaileld De?ignRDrav:ngs
esign ngineering Reports
Analysis
GeneGrz?"?el{:chtu = Modelli '"9 4 A“m’“at'"“ Production Management files
Collaboration Manufacturing Documents
s

(Grasshopper/Dynamo) Gﬁg:;?;e CNC files
Assembly Reports

Real-time update

Structural Manufacturlng

u

Figure 5. Integrated digital framework showing generation of structural geometry, BIM coordina-

tion, and manufacturing information from a shared backbone.

A key potential benefit of this framework is its capacity to stabilise fundamental pro-
ject concepts earlier in the project lifecycle. By defining geometry, interfaces, modular
rules, and tolerances as parametric relationships instead of static elements, teams can in-
vestigate various configurations while maintaining manufacturability limitations. This
rule-based modelling approach may support more controlled iteration and reduce the
likelihood of downstream reinterpretation [3,95]. Optimisation methods may be used to
evaluate material efficiency, structural performance, cost considerations, and production
feasibility, potentially supporting more customised outcomes while maintaining fabrica-
tion requirements [89,96].

The computational environment may also support preliminary structural reasoning
during early design decision-making. While initially introduced as a neutral geometry
backbone, Rhino/Grasshopper possesses capabilities far beyond geometric modelling
[38,73,97,98]. Through an extensive ecosystem of plugins, it can perform structural analy-
sis, environmental simulations, and performance-based optimisation at the early design
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INITIATION

INITIATION

stage, allowing designers and engineers to perform generative design optimisations
[8,27,83,87]. The Figure 6 presents the role of the computational platform in enabling early
optimisation, decision-making, analysis, and the automated generation of manufacturing-
ready outputs.

Architectural
Design

& Analysis [ BIM Coordination ]

’ Structural Design

A

Interoperability

Manufacturing & “V’v At P Environmental &
Fabrication T Performance Analysis

‘ Assembly & ’

Estimating & Production
Disassembly

Management

Figure 6. Computational platform for early optimisation, decision making, analysis and automated

production outputs.

Beyond design and analysis, the framework supports the consolidation of tasks that
are traditionally fragmented across multiple tools and document-based workflows. These
computational tools may also support the generation of manufacturing-relevant outputs
such as component schedules, identifiers, cutting lists, and structured shop-level infor-
mation. Where manufacturer-specific constraints are defined, the same logic can support
nesting and cutting pattern optimisation, and basic production planning [38,99].

Figure 7 highlights how an integrated digital framework could support a clearer dis-
tribution of information and responsibilities across the prefabricated timber design-to-de-
livery workflow, with potential benefits for coordination, resource use, and process effi-

ciency.
Client/ Builder
Architect
Structural Engineer
Manufacturer
Current
CONCEPT & PLANNING DESIGN MANUFACTURE COMPLETION Industry
Practice
i  Integrated
CONCEPT & PLANNING DESIGN MANUFACTURE | COMPLETION )l Digital
i  Framework

— ;

Client/ Builder
Architect
Structural Engineer
Manufacturer
Figure 7. Current practice and integrated digital framework across the prefabricated timber design-

to-delivery workflow.
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An integrated digital framework may offer several potential benefits across the de-
sign-to-delivery lifecycle by supporting a shared geometric reference that could reduce
design rework, limit unnecessary data translation, and minimise downstream production
errors. Improved continuity between design, detailing, and manufacturing environments
may support more manufacturing-aware decision-making, helping align architectural in-
tent and structural performance with fabrication and assembly constraints.

Additionally, it enhances the coordination between stakeholders, increasing predict-
ability in logistics, site operations, and installation processes. At the same time, improved
material utilisation and reduced waste support more resource-efficient and sustainable
construction outcomes. These potential benefits suggest that prefabricated timber systems
could move toward more integrated digital workflows, with possible improvements in
coordination, accuracy, and resource efficiency if implemented effectively.

4.3.2. Limitations and Implementation Constraints

Despite the significant potential of the proposed approach, several constraints con-
tinue to impede its full implementation within the prefabricated timber industry. One of
the most fundamental challenges lies in the existing procurement and contractual struc-
tures. Traditional project delivery models rarely accommodate early-stage collaboration
or the technical integration necessary for shared digital environments. Manufacturers are
commonly engaged only after the design has reached approval or tender stages, which
limits early involvement opportunities and minimises the impact of manufacturability
considerations. As a result, late-stage adjustments often occur under compressed
timeframes, leading to inefficiencies and coordination issues across disciplines.

A second constraint relates to limited digital proficiency and technical capacity in the
industry [1,14,38]. The adoption of parametric modelling, computational design, and data
governance requires specialised knowledge that remains underdeveloped in much of the
Australian construction industry [15,82,97]. Without systematic investment in education,
training, and cross-disciplinary skill development, implementation will remain limited to
technologically advanced organisations and academic-industry collaborations [46]. The
absence of a skilled workforce also increases the risk of inconsistent data management and
fragmented model ownership, both of which undermine the reliability of digital work-
flows [14,39].

Technological fragmentation remains another significant constraint, as manufactur-
ers continue to depend on diverse proprietary CAD/CAM tools, even when operating
within a shared geometric backbone. This diverse ecosystem complicates interoperability
and prevents the seamless transfer of data from design to CNC production. Consequently,
complete automation of the design-to-manufacturing workflow remains an aspirational
objective rather than an achievable standard.

The construction industry has historically been resistant to the adoption of new dig-
ital processes due to perceived risks, upfront investment costs, and uncertainty regarding
long-term benefits [16]. Many organisations are reluctant to alter established workflows
due to concerns about productivity disruption and loss of control over proprietary data
[14]. These cultural and organisational factors reinforce fragmented practices and slow the
transition toward collaborative, data-driven project delivery models [38].

The success of digital integration depends on coordinated alignment across the sup-
ply chain. Inconsistent stakeholder participation disrupts data continuity and reintro-
duces manual interventions. Overcoming these challenges requires systemic change be-
yond technological solutions, supported by structured governance, collaborative frame-
works, and policy mechanisms that promote shared accountability and sustained digital
maturity within the prefabricated timber sector.
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As this study is a systematic review and conceptual framework, the proposed inte-
gration framework has not been implemented as a software prototype or validated
through a live industry case study. Future research should test the framework using rep-
resentative prefabricated timber projects and assess practical indicators such as remodel-
ling effort, information loss, manufacturer-ready data completeness, software interopera-
bility, and design-to-manufacturing continuity.

In addition to these implementation constraints, several methodological limitations
should be noted. The academic database search was limited to ScienceDirect and Web of
Science, and only English-language publications from 2015 to 2025 were considered. Alt-
hough these databases provide broad coverage of construction, engineering, and digital
technology research, relevant studies indexed in other databases may not have been cap-
tured.

The industry and technical documentation were also selected purposively to supple-
ment the academic literature and may not capture every software platform, machinery
vendor, or manufacturing workflow used across the prefabricated timber sector. These
documents varied in scope, technical depth, transparency, and purpose, as some were
prepared for software support, product guidance, or machinery implementation rather
than academic reporting. Therefore, they were not treated as equivalent to peer-reviewed
empirical studies but were used to provide practice-based evidence on software environ-
ments, CNC data preparation, machine-readable formats, and production-level con-
straints.

5. Conclusions

This study reviewed the challenges of integrating design and manufacturing in pre-
fabricated timber construction, focusing on the Australian context and the interface
among BIM, CAD/CAM, and CNC-based systems. The analysis reveals that frequent re-
modelling, fragmented software ecosystems, inconsistent information maturity, and late-
stage manufacturer involvement are key obstacles to achieving reliable digital continuity
from design to fabrication. These challenges indicate that the integration gap extends be-
yond technical file exchange, encompassing broader concerns related to workflow coor-
dination, information governance, and clearly defined manufacturer-focused data re-
quirements.

Based on these findings, the paper proposed a conceptual framework for digital in-
tegration focusing on earlier collaboration, shared parametric logic, and more structured
handover processes between design and manufacturing stakeholders. This framework
aims to serve as a structured foundation for future practical use, rather than offering a
fully validated solution. Its main contribution is in identifying key areas of fragmentation
and suggesting how a more coordinated digital workflow could be developed across pre-
fabricated timber delivery procedures.

The review emphasises that the Australian prefabricated timber sector needs better
interoperability practices, more initial collaboration, and clearer alignment between de-
sign and fabrication. Future research should test and refine the proposed framework us-
ing applied case studies, prototype workflows, or industry-based implementations. Such
validation should assess whether the framework can reduce remodelling, improve man-
ufacturer-ready data completeness, strengthen software interoperability, and support
more reliable design-to-manufacturing continuity in prefabricated timber projects.
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BIM Building Information Modelling
CAD Computer-Aided Design

CAM Computer-Aided Manufacturing
CNC Computer Numerical Control
DfMA Design for Manufacture and Assembly
DfD Design for Disassembly

GDP Gross Domestic Product

CLT Cross Laminated Timber

GLT Glued Laminated Timber

LVL Laminated Veneer Lumber

LOD Level of Detail

IEC Industry Foundation Classes

References

1. Kedir, F.; Hall, D.M. Resource efficiency in industrialized housing construction —A systematic review of current performance
and future opportunities. J. Clean. Prod. 2021, 286, 125443. https://doi.org/10.1016/j.jclepro.2020.125443.

2. de Soto, B.G.; Agusti-Juan, I.; Hunhevicz, J.; Joss, S.; Graser, K;; Habert, G.; Adey, B.T. Productivity of digital fabrication in
construction: Cost and time analysis of a robotically built wall. Autom. Constr. 2018, 92, 297-311.
https://doi.org/10.1016/j.autcon.2018.04.004.

3. Wang, Y.; Ye, H,; Xiong, J.; Nie, Y,; Jiang, L.; Zhang, A. Digitization impact on future housing building industry mode. J. Build.
Eng. 2024, 96, 110202. https://doi.org/10.1016/j.jobe.2024.110202.

4. Sanchez-Garrido, A.].; Navarro, L.].; Garcia, J.; Yepes, V. A systematic literature review on modern methods of construction in
building: An  integrated approach using machine learning. |  Build.  Eng. 2023, 73, 106725.
https://doi.org/10.1016/j.jobe.2023.106725.

5. Reinders, J.; Orozco, S.; Eingartner, V.; Feldhaus, A.; Yang, Y.; Borrego, I. Digital Integration and Optimization Workflows in

Timber Construction with Prefabricated Components: A Business Intelligence-Driven Application for Optimizing Carbon Foot-
prints and Project Performance. In Decarbonizing Value Chains (Gesm 2024); Lecture Notes in Mechanical Engineering; Kohl, H.,
Seliger, G., Dietrich, F., Vien, H.T., Eds.; Springer: Cham, Switzerland, 2025; pp. 708-715. https://doi.org/10.1007/978-3-031-
93891-7_78.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 27 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Metvaei, S.; Aghajamali, K.; Chen, Q.; Lei, Z. Developing a BIM-enabled robotic manufacturing framework to facilitate mass
customization of prefabricated buildings. Comput. Ind. 2025, 164, 104201. https://doi.org/10.1016/j.compind.2024.104201.
Orlowski, K. Automated manufacturing for timber-based panelised wall systems. Autom. Constr. 2020, 109, 102988.
https://doi.org/10.1016/j.autcon.2019.102988.

Wang, S.; Lin, D.; Sun, L. Human-cyber-physical system for post-digital design and construction of lightweight timber struc-
tures. Autom. Constr. 2023, 154, 105033. https://doi.org/10.1016/j.autcon.2023.105033.

Lebosse, M.; Halin, G.; Besancon, F.; Fuchs, A. Incorporating BIM Practices into Reuse Process of Timber Propositions of a digital
workflow and tool for reclaiming structural pieces of wood. In Co-Creating the Future: Inclusion in and Through Design, ECAADE
2022; eCAADe Proceedings; Pak, B., Wurzer, G., Stouffs, R., Eds.; KU Leuven Technol Campus: Ghent, Belgium, 2022; Volume
1, pp. 205-214.

Ostapska, K.; Riither, P.; Loli, A.; Gradeci, K. Design for Disassembly: A systematic scoping review and analysis of built struc-
tures Designed for Disassembly. Sustain. Prod. Consum. 2024, 48, 377-395. https://doi.org/10.1016/j.spc.2024.05.014.

Byers, B.S.; Raghu, D.; Olumo, A.; De Wolf, C.; Haas, C. From research to practice: A review on technologies for addressing the
information gap for building material reuse in circular construction. Sustain. Prod. Consum. 2024, 45, 177-191.
https://doi.org/10.1016/j.spc.2023.12.017.

Haakonsen, S.M.; Tomczak, A.; Izumi, B.; Luczkowski, M. Automation of circular design: A timber building case study. Int. ].
Archit. Comput. 2024, 22, 475-491. https://doi.org/10.1177/14780771241234447.

Tehrani, B.M.; Alwisy, A. Streamlining design-to-manufacturing for assembly-based robotics in wood panel framing tasks of
industrialized construction: Introducing a BIM-to-BoT (B2B) framework. Adv. Eng. Inform. 2025, 65, 103393.
https://doi.org/10.1016/j.aei.2025.103393.

Caetano, I; Leitdo, A. Connecting design and fabrication through algorithms: Current and future prospects for AEC. Autom.
Constr. 2024, 164, 105445. https://doi.org/10.1016/j.autcon.2024.105445.

Kunic, A.; Naboni, R.; Kramberger, A.; Schlette, C. Design and assembly automation of the Robotic Reversible Timber Beam.
Autom. Constr. 2021, 123, 103531. https://doi.org/10.1016/j.autcon.2020.103531.

Cisneros-Gonzalez, ].J.; Rasool, A.; Ahmad, R. Digital technologies and robotics in mass-timber manufacturing: A systematic
literature review on construction 4.0/5.0. Constr. Robot. 2024, 8, 29. https://doi.org/10.1007/s41693-024-00143-9.

Paskoff, C.; Boton, C.; Blanchet, P. BIM-Based Checking Method for the Mass Timber Industry. Buildings 2023, 13, 1474.
https://doi.org/10.3390/buildings13061474.

Villanueva, E.M.; Martinez, P.; Ahmad, R. Target-path planning and manufacturability check for robotic CLT machining oper-
ations from BIM information. Autom. Constr. 2024, 158, 105191. https://doi.org/10.1016/j.autcon.2023.105191.

Staub-French, S.; Poirier, E.A.; Calderon, F.; Chikhi, I.; Zadeh, P.; Chudasma, D.; Huang, S. Building Information Modeling (BIM)
and Design for Manufacturing and Assembly (DfMA) for Mass Timber Construction; BIM TOPiCS Research Lab: Vancouver, BC,
Canada, 2018.

Cao, J.; Vakaj, E.; Soman, R.K.; Hall, D.M. Ontology-based manufacturability analysis automation for industrialized construc-
tion. Autom. Constr. 2022, 139, 104277. https://doi.org/10.1016/j.autcon.2022.104277.

An, S.; Martinez, P.; Al-Hussein, M.; Ahmad, R. BIM-based decision support system for automated manufacturability check of
wood frame assemblies. Autom. Constr. 2020, 111, 103065. https://doi.org/10.1016/j.autcon.2019.103065.

Patlakas, P.; Livingstone, A.; Hairstans, R. A BIM Platform for Offsite Timber Construction. In Proceedings of the Education
and Research in Computer Aided Architectural Design in Europe, Vienna, Austria, 16—-18 September 2015.

Alfieri, E.; Seghezzi, E.; Sauchelli, M.; Di Giuda, G.; Masera, G. A BIM-based approach for DEMA in building construction:
Framework and first results on an Italian case study. Archit. Eng. Des. Manag. 2020, 16, 247-269.
https://doi.org/10.1080/17452007.2020.1726725.

Abanda, F.H.; Tah, ] HM.; Cheung, FK.T. BIM in off-site manufacturing for buildings. ]. Build. Eng. 2017, 14, 89-102.
https://doi.org/10.1016/j.jobe.2017.10.002.

Darko, A.; Chan, A.P.C; Yang, Y.; Tetteh, M.O. Building information modeling (BIM)-based modular integrated construction
risk management—Critical survey and future needs. Comput. Ind. 2020, 123, 103327. https://doi.org/10.1016/j.com-
pind.2020.103327.

Page, M.].; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A.;
Brennan, S.E; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
https://doi.org/10.1136/bmj.n71.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 28 of 31

27.

28.

29.

30.
31.
32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Eversmann, P.; Gramazio, F.; Kohler, M. Robotic prefabrication of timber structures: Towards automated large-scale spatial
assembly. Constr. Robot. 2017, 1, 49-60. https://doi.org/10.1007/s41693-017-0006-2.

Lauer, A.P.R.; Benner, E.; Stark, T.; Klassen, S.; Abolhasani, S.; Schroth, L.; Gienger, A.; Wagner, H.J.; Schwieger, V.; Menges,
A.; etal. Automated on-site assembly of timber buildings on the example of a biomimetic shell. Autom. Constr. 2023, 156, 105118.
https://doi.org/10.1016/j.autcon.2023.105118.

Konstantinou, T.; Heesbeen, C. Industrialized renovation of the building envelope: Realizing the potential to decarbonize the
European building stock. In Rethinking Building Skins: Transformative Technologies and Research Trajectories; Elsevier: Amsterdam,
The Netherlands, 2021; pp. 257-283. https://doi.org/10.1016/B978-0-12-822477-9.00008-5.

NeXTimber® by Timberlink. NeXTimber® DfMA Guide; Timberlink Australia Pty Ltd.: Scoresby, Australia, 2025.

XLam. XLam Shop Detailing Guide; XLam: Wodonga, Australia, 2020.

Australian Sustainable Hardwoods Pty Ltd. MASSLAM Brochure; Australian Sustainable Hardwoods Pty Ltd.: Heyfield, Aus-
tralia, 2025.

Orlowski, K. Assessment of Manufacturing Processes for Automated Timber-Based Panelised Prefabrication. Buildings 2019, 9,
125. https://doi.org/10.3390/buildings9050125.

NeXTimber® by Timberlink. NeXTimber® Documentation Guide; Timberlink Australia Pty Ltd.: Scoresby, Australia, 2024.
Australian Sustainable Hardwoods Pty Ltd. Advanced Timber Composite Design Guide; Australian Sustainable Hardwoods Pty
Ltd.: Heyfield, Australia, 2024.

Pfleger, M.P.; Radl, E.; Sieh, A. Digital manufacturing and deconstructability of timber structures—Comparative analysis of
material efficiency and further sustainability factors through data-driven design and production. Report 2025, 121, 1944-1951.
https://doi.org/10.2749/toky0.2025.1944.

Tetik, M.; Peltokorpi, A.; Seppanen, O.; Holmstrom, J. Direct digital construction: Technology-based operations management
practice for continuous improvement of construction industry performance. Autom. Constr. 2019, 107, 102910.
https://doi.org/10.1016/j.autcon.2019.102910.

Dixit, S.; Stefaniska, A. Bio-logic, a review on the biomimetic application in architectural and structural design. Ain Shams Eng.
J. 2023, 14, 101822. https://doi.org/10.1016/j.asej.2022.101822.

Wagner, H.].; Alvarez, M.; Groenewolt, A.; Menges, A. Towards digital automation flexibility in large-scale timber construction:
Integrative robotic prefabrication and co-design of the BUGA Wood Pavilion. Constr. Robot. 2020, 4, 187-204.
https://doi.org/10.1007/s41693-020-00038-5.

XLam. XLam Design Services Brochure; XLam: Wodonga, Australia. Available online: https://xlam.co/wp-content/up-
loads/2024/10/XLam_Design-Services-Brochure_FA-Digital.pdf (accessed on 23 April 2026).

Bus, P.; Sridhar, N.; Zhao, Y.; Yang, C.-W.; Chen, C.; Canga, D. Kit-of-Parts Fabrication and Construction Strategy of Timber
Roof Structure Digital design-to-production workflow for self-builders. In Co-Creating the Future: Inclusion in and Through Design,
ECAADE 2022; eCAADe Proceedings; Pak, B., Wurzer, G., Stouffs, R., Eds.; KU Leuven Technol Campus: Ghent, Belgium, 2022;
Volume 1, pp. 449-458.

Alwisy, A.; Bu Hamdan, S.; Barkokebas, B.; Bouferguene, A.; Al-Hussein, M. A BIM-based automation of design and drafting
for manufacturing of wood panels for modular residential buildings. Int. ]. Constr. Manag. 2019, 19, 187-205.
https://doi.org/10.1080/15623599.2017.1411458.

Rad, A.R.; Burton, H.; Rogeau, N.; Vestartas, P.; Weinand, Y. A framework to automate the design of digitally-fabricated timber
plate structures. Comput. Struct. 2021, 244, 106456. https://doi.org/10.1016/j.compstruc.2020.106456.

Zwingmann, X.; Gaudreault, J.; Chastenay, M.; Beauchemin, M.; Lachance, E.; Quimper, C.-G. Reengineering the Digital Man-
ufacturing Workflow —Application to Wood Buildings Prefabrication. IFAC-PapersOnLine 2025, 59, 392-397.
https://doi.org/10.1016/j.ifacol.2025.09.068.

Kaiser, B.; Reichle, A.; Verl, A. Model-based automatic generation of digital twin models for the simulation of reconfigurable
manufacturing systems for timber construction. Procedia CIRP 2022, 107, 387-392. https://doi.org/10.1016/j.procir.2022.04.063.
Yin, Y.; Zheng, P.; Li, C.; Wang, L. A state-of-the-art survey on Augmented Reality-assisted Digital Twin for futuristic human-
centric industry transformation. Robot. Comput.-Integr. Manuf. 2023, 81, 102515. https://doi.org/10.1016/j.rcim.2022.102515.
Kaiser, B.; Strobel, T.; Verl, A. Human-Robot Collaborative Workflows for Reconfigurable Fabrication Systems in Timber Pre-
fabrication using Augmented Reality. In Proceedings of the 2021 27th International Conference on Mechatronics and Machine Vision
in Practice (M2vip), Shanghai, China, 26—28 November 2021; International Conference on Mechatronics and Machine Vision in
Practice. IEEE: New York, NY, USA, 2021. https://doi.org/10.1109/M2VIP49856.2021.9665011.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 29 of 31

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

Monizza, G.P.; Blasio, I.D.; Matt, D.T. Exploring applications of Computational Design techniques and design for manufactur-
ability for costs reduction of prefabricated timber-based fagades: The ‘LegnAttivo’ design prototype. Dev. Built Environ. 2024,
19, 100489. https://doi.org/10.1016/j.dibe.2024.100489.

Keskisalo, M.; Luukkonen, J.; Virtanen, J. BIM —Object harmonization for timber construction. Wood Mater. Sci. Eng. 2022, 17,
274-282. https://doi.org/10.1080/17480272.2022.2051071.

Reichle, A.; Ellwein, C.; Verl, A. Adaptive CAM planning to support co-design in the building industry. Procedia CIRP 2022,
109, 78-83. https://doi.org/10.1016/j.procir.2022.05.217.

Chong, O.W.; Zhang, ]. Logic representation and reasoning for automated BIM analysis to support automation in offsite con-
struction. Autom. Constr. 2021, 129, 103756. https://doi.org/10.1016/j.autcon.2021.103756.

Hundegger. The Solution for Truss and Component Manufacturing. Available online: https://www.hundegger.com/filead-
min/user_upload/Systeme/TrussLinc%C2%A9/TrussLinc%20B1%C3%A4tter-PDF%20Eng/page.pdf (accessed on 16 January
2026).

Hundegger. Hundegger ROBOT-Max 1300—The New Standard. 2024. Available online: https://www.hundegger.com/filead-
min/user_upload/Prospekte/ROBOT-Max/ROBOT_Max_EN_21_10_2024/page.pdf (accessed on 16 January 2026).

Essetre. Techno Progress: CNC Patented Working Center to Work in a Flexible and Productive Way: Beams-Prefabricated
Wall-CLT Panels—Curved Beams. 2017. Available online: https://www.essetre.com/wp-content/uploads/2017/11/pro-
gress_en.pdf (accessed on 16 January 2026).

Essetre. Cnc Woodworking Machinery. Available online: https://f.nordiskemedier.dk/2nyjbkmovr4ealua.pdf (accessed on 16
January 2026).

Ledinek. Innovative Powerful Durable. Available online: https://www .ledinek.com/upload/brosure/ledinek-katalog.pdf (ac-
cessed on 16 January 2026).

Ledinek. Complete CLT Production Solutions. Available online: https://www.ledinek.com/clt-line-in-germany.pdf (accessed on
16 January 2026).

Kallesoe Machinery. CLT System Solutions. Available online: https://stilesmachinery.com/wp-content/uploads/2024/01/CLT-
System-Solutions_US_web.pdf (accessed on 16 January 2026).

Robert Kittel. Flexible co-production—Kallesoe Machinery. 2019. Available online: https://kallesoemachinery.com/wp-con-
tent/uploads/2020/06/palmako_hk19_2019_gb.pdf (accessed on 16 January 2026).

Randek. Autowall System. Available online: https://www.randek.com/images/pdf/autowall_en_sd-spread.pdf (accessed on 16
January 2026).

Weinmann. Technologies for Timber Construction. Available online: https://www.homag.com/fileadmin/product/housecon-
struction/brochures/complete-timber-workrange/weinmann-complete-timer-work-range-en.pdf (accessed on 16 January 2026).
MiTek. Industries. Sapphire Supply Software Advantages. 2018. Available online: https://mitek.ca/wp-content/uploads/upload-
edFiles/_RedesignSite/Content/documents/software/Sapphire_Supply/Brochure/SAPPHIRE-Supply-Flyer.pdf (accessed on 16
January 2026).

MiTek. MiTek 20/20 Suite. Available online: https://www.mitek.com.au/software/mitek-20-20/ (accessed on 16 January 2026).
MiTek Building the Machines that Build Your Business. Available online: https://www.mitek.com.au/products/machinery/ (ac-
cessed on 16 January 2026).

Pryda. Pryda Builder’s Guide. 2020. Available online: https://www.pryda.co.nz/wp-content/uploads/Pryda-Builders-Guide-
NZ.pdf (accessed on 16 January 2026).

Pryda. Pryda Build Software Suite. 2019. Available online: https://pryda.com.au/wp-content/uploads/Pryda-Build-Software-
Update-December-2019.pdf (accessed on 16 January 2026).

Pryda. Pryda Equipment—Safer, Faster and Smarter Equipment Solutions. Available online: https://pryda.com.au/pryda-equip-
ment/ (accessed on 16 January 2026).

Multinail. Cornerstone Software —Multinail. Available online: https://multinail.com.au/software/ (accessed on 16 January 2026).
Multinail. High Performance Machinery —Multinail. Available online: https://multinail.com.au/machinery/ (accessed on 16 Jan-
uary 2026).

Multinail. Wall Assembly. 2022. Available online: https://www.multinail.com.au/wp-content/uploads/2021/05/Wall-Assembly-
AUS-2022E2-Multinail-WEB.pdf (accessed on 16 January 2026).

Vekta Advanced Automation. Delivering Automation. Available online: https://vekta.com.au/wp-content/up-
loads/2025/03/Vekta_March_2025_Brochure.pdf (accessed on 16 January 2026).

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 30 of 31

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Patel, Y.; McMeel, D.].].; Chapman, ].B. Urban prototypes: Plywood architecture. In Living and Learning: Research for a Better Built
Environment; Crawford, R.H., Stephan, A., Eds.; Melbourne School of Design, Faculty of Architecture Building and Planning;:
Melbourne, Australia, 2015; pp. 1028-1037.

Bhooshan, S. Parametric design thinking: A case-study of practice-embedded architectural research. Des. Stud. 2017, 52, 115~
143. https://doi.org/10.1016/j.destud.2017.05.003.

Lester, E.I.A. Chapter 52 —Building Information Modelling (BIM). In Project Management, Planning and Control, Seventh Edition;
Lester, E.ILA., Ed.; Butterworth-Heinemann: Oxford, UK, 2017; pp. 509-527. https://doi.org/10.1016/B978-0-08-102020-3.00052-8.
Abushwereb, M. Framework for automated manufacturing-centric BIM for light wood frame buildings. Master’s Thesis, Uni-
versity of Alberta, Edmonton, AB, Canada, 2019. https://doi.org/10.7939/r3-eypb-tf96.

Cadwork. Cadwork Version 30. 2023. Available online: https://cadwork.de/wp-content/uploads/2023/07/News3D_30.0_en.pdf
(accessed on 23 April 2026).

Cadwork. Solutions for Timber Construction, Joinery & Interior Design. 2024. Available online: https://en.04.cadwork.com/wp-
content/uploads/2024/11/Brochure-2021_EN_light-B-1.pdf (accessed on 23 April 2026).

Hsbcad. 3D CAD/CAM —An Indispensable Asset for the Offsite Construction Industry. Available online: https://www.hsb-
cad.com/Download/AU2020/brochure%20hsb%20English%20PUB_revised.pdf (accessed on 23 April 2026).

Vertex BD. Vertex BD 2024 (30.0) —User Manual. Available online: https://docs.vertex.fi/bd2024en/html/index.html (accessed
on 23 April 2026).

HOMAG. The CNC Programming System from HOMAG. 2025. Available online: https://www.homag.com/fileadmin/soft-
ware/brochures/cnc/Software-CNC-en.pdf (accessed on 23 April 2026).

Lachance, E.; Lehoux, N.; Blanchet, P. A Simulation Model to Analyze Different Automation Scenarios in a Mixed-Assembly
Manufacturing Line: Timber-Frame Prefabrication Industry. J. Constr. Eng. Manag. 2023, 149, 04023091.
https://doi.org/10.1061/JCEMD4.COENG-13298.

Monizza, G.P.; Matt, D.T.; Benedetti, C. Parametric and Generative Design Techniques for Digitalization in Building Industry:
The Case Study of Glued-Laminated-Timber Industry. In Proceedings of the 2016 Second International Conference on Mechanical
Engineering and Automation Science (ICMEAS 2016), Singapore, 13—15 October 2016; IoP Conference Series-Materials Science and
Engineering; IOP Publishing: Bristol, UK, 2016; Volume 157, p. 012033. https://doi.org/10.1088/1757-899X/157/1/012033.
Mesnil, R.; Gobin, T.; Demont, L.; Margerit, P.; Ducoulombier, N.; Douthe, C.; Caron, J.F. Flexible digital manufacturing of
timber construction: The design and fabrication of a free-form nexorade. Constr. Robot. 2023, 7, 193-212.
https://doi.org/10.1007/s41693-023-00105-7.

Sangiorgio, V.; Floris, I.; Duran, D. Unified integration approach for bridging BIM model to 3D construction printing and scale
prototyping. Constr. Innov. 2026, 26, 1097-1117. https://doi.org/10.1108/CI-06-2024-0179.

Chateauvieux-Hellwig, C.; Abualdenien, J.; Borrmann, A. Analysis of early-design timber models for sound insulation. Adv.
Eng. Inf. 2022, 53, 101675. https://doi.org/10.1016/j.aei.2022.101675.

Kaiser, B.; Verl, A.Co-Design of Structural Timber Components Through Automated Model Generation for Manufacturing
Simulation of Reconfigurable Manufacturing Systems. In Proceedings of the 2023 29th International Conference on Mechatronics and
Machine Vision in Practice, M2VIP 2023, Queenstown, New Zealand, 21-24 November 2023; International Conference on Mechatron-
ics and Machine Vision in Practice; IEEE: New York, NY, USA, 2023; PP- 1-6.
https://doi.org/10.1109/M2VIP58386.2023.10413396.

Kotlarewski, N.; Taylor, L.; Booth, P. Embracing natural timber features of plantation hardwood: Material-aware digital work-
flows in product design and development. In Proceedings of the International Conference of the Architectural Science Associ-
ation, Melbourne, Australia, 28 November—1 December 2018.

Chong, O.W_; Zhang, J.; Voyles, R.M.; Min, B.-C. BIM-based simulation of construction robotics in the assembly process of wood
frames. Autom. Constr. 2022, 137, 104194. https://doi.org/10.1016/j.autcon.2022.104194.

Koning, L. Digital Fabrication of a Timber Bridge: Design, Optimisation, Fabrication and Testing at Global and Connection
Level. Master’s Thesis, TU Delft—Civil Engineering & Geosciences, Delft, The Netherlands, 2018.

Su, S.; Zhong, R.Y.; Jiang, Y.; Song, J.; Fu, Y.; Cao, H. Digital twin and its potential applications in construction industry: State-
of-art review and a conceptual framework. Adv. Eng. Inf. 2023, 57, 102030. https://doi.org/10.1016/j.aei.2023.102030.

Zhang, C.; Zhou, G.; Ma, D.; Wang, Z.; Zou, Y. Digital twin-driven multi-dimensional assembly error modeling and control for
complex assembly process in Industry 4.0. Adv. Eng. Inform. 2024, 60, 102390. https://doi.org/10.1016/j.aei.2024.102390.

Jiang, Y.; Li, M.; Guo, D.; Wu, W.; Zhong, R.Y.; Huang, G.Q. Digital twin-enabled smart modular integrated construction system
for on-site assembly. Comput. Ind. 2022, 136, 103594. https://doi.org/10.1016/j.compind.2021.103594.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

Sustainability 2026, 18, 6790 31 of 31

93.

94.

95.

96.

97.

98.

99.

Wuni, 1.Y.; Abankwa, D.A.; Koc, K.; Adukpo, S.E.; Antwi-Afari, M.F. Critical barriers to the adoption of integrated digital de-
livery in the construction industry. J. Build. Eng. 2024, 83, 108474. https://doi.org/10.1016/j.jobe.2024.108474.

Rankohi, S.; Bourgault, M.; Iordanova, I.; Carbone, C. Towards Integrated Implementation of IPD and DFMA for Construction
Projects: A Review. In Proceedings of the 30th Annual Conference of the International Group for Lean Construction (IGLC),
Edmonton, AB, Canada, 25-31 July 2022; pp. 118-129. https://doi.org/10.24928/2022/0114.

Chen, L, Jiang, L.; Xiong, H. Automated Generation of Geometric FE Models for Timber Structures Using 3D Point Cloud Data.
Buildings 2025, 15, 2213. https://doi.org/10.3390/buildings15132213.

Reisach, D.; Schutz, S.; Willmann, J.; Schneider, S. Digital Fabrication for Circular Timber Construction: A Case Study. J. Circ.
Econ. 2025, 1, 7873. https://doi.org/10.55845/VWGD7873.

Mangliar, L.; Hudert, M. Enabling circularity in building construction: Experiments with robotically assembled interlocking
structures. In Structures and Architecture: A Viable Urban Perspective?; Structures and Architecture-Series; Hvejsel, M.F., Cruz,
P.J.S., Eds.; CRC Press: Boca Raton, FL, USA, 2022; Volume 2, pp. 585-592. https://doi.org/10.1201/9781003023555-70.

da Silva, N.P.; Eloy, S.; Resende, R. Robotic construction analysis: Simulation with virtual reality. Heliyon 2022, 8, e11039.
https://doi.org/10.1016/j.heliyon.2022.11039.

Darwish, M.; Alsakka, F.; Assaf, S.; Al-Hussein, M. Automated BIM-based CNC file generator for wood panel framing machines
in construction manufacturing. In Proceedings of the Modular and OUsite Construction (MOC) Summit, Edmonton, AB, Can-
ada, 27-29 July 2022; pp. 98-105. https://doi.org/10.29173/mocs270.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18136790


https://doi.org/10.3390/su18136790

