
Supplementary Material
3D-Printed Structures for Affordable Housing and Disaster Relief: A Systematic Review of Structural Performance, Material Optimisation, and Integration with Traditional Construction Methods
S1. PRISMA 2020 Checklist

The table below reports where each PRISMA 2020 checklist item is addressed in the main manuscript, adapted for a single-reviewer, AI-assisted review as stated in Section 2.1. Items relating to a registered protocol, meta-analytic statistics, and formal risk-of-bias tools are marked "Not applicable / not performed", consistent with the limitations stated in Section 2.6 of the main text, rather than answered with unsupported detail.
	PRISMA 2020 item
	Description
	Location / status in this review

	Title
	Identify the report as a systematic/narrative review.
	Title page

	Abstract
	Structured summary.
	Abstract

	Rationale
	Describe the rationale in the context of existing knowledge.
	Section 1

	Objectives
	Provide an explicit statement of objectives.
	Section 1, end

	Eligibility criteria
	Specify inclusion/exclusion criteria.
	Section 2.3

	Information sources
	Databases and other sources searched.
	Section 2.2

	Search strategy
	Full search strategy for at least one database.
	Section 2.2; full query list in S2 below

	Selection process
	Methods for screening and selection.
	Section 2.4

	Data collection process
	Methods for extracting data.
	Section 2.4-2.5; extraction table in S3 below

	Data items
	List and define outcomes/variables extracted.
	S3 below (theme, source type, key quantitative/qualitative finding)

	Study risk of bias assessment
	Methods for assessing risk of bias.
	Section 2.5-2.6 (aggregate quality profile only; no per-study tool applied - stated limitation)

	Effect measures
	Effect measure(s) used.
	Not applicable - no pooled effect measure computed (Section 7.1)

	Synthesis methods
	Methods for synthesising results.
	Section 7.1 (narrative-quantitative extraction; meta-analysis explicitly not performed, with rationale)

	Reporting bias assessment
	Methods for assessing risk of bias due to missing results.
	Not formally assessed - stated limitation (Section 2.6)

	Certainty assessment
	Methods for assessing certainty (e.g., GRADE) in body of evidence.
	Not performed - stated limitation; qualitative critical appraisal used instead (Sections 4-6)

	Study selection
	Numbers screened, assessed, included, excluded, with reasons.
	Figure 1 (PRISMA flow); S4 below

	Study characteristics
	Cite each included study and present characteristics.
	Reference list; S3 below

	Risk of bias in studies
	Present risk-of-bias assessment for each study.
	Not performed at per-study level - aggregate profile only (Table 1, Section 2.5)

	Results of syntheses
	Present results of narrative/quantitative synthesis.
	Sections 4-7, Tables 3-5

	Reporting biases
	Present assessment of reporting bias.
	Not formally assessed - stated limitation

	Certainty of evidence
	Present assessment of certainty.
	Addressed qualitatively via critical-appraisal subsections, not a formal certainty grading

	Discussion
	Interpretation, limitations, implications.
	Sections 8-9

	Registration
	Registration information (e.g., PROSPERO).
	Not registered - single-reviewer, AI-assisted narrative-quantitative review, stated in Section 2.1

	Support
	Sources of financial/non-financial support.
	No external funding; see Data Availability statement, S8 below

	Competing interests
	Declare competing interests.
	None declared

	Availability of data
	Availability of data, code, materials.
	S3, S5 below and the main reference list; underlying web-search log available on request




S2. Search Queries as Executed
The table below lists the literal search queries executed against the search tool underlying this review, in the order run, together with the predominant source platforms represented in the returned results and the primary theme each query targeted. This is reported verbatim (rather than reconstructed as idealised Boolean strings) in the interest of exact reproducibility.
	#
	Query text (verbatim)
	Predominant source platforms
	Primary theme targeted

	1
	3D concrete printing construction structural performance review
	ScienceDirect, Frontiers, MDPI, PMC, Semantic Scholar
	Structural performance

	2
	3D printed affordable housing review DOI
	MDPI, ScienceDirect, industry/trade sources
	Affordable housing

	3
	3D printing disaster relief emergency shelter construction research
	IEEE Xplore, MDPI, ASCE, trade sources
	Disaster relief

	4
	Material optimization 3D printed concrete geopolymer fiber reinforcement DOI
	Springer, PMC, Frontiers, Nature
	Material optimisation

	5
	integration 3D printing traditional construction methods hybrid building codes standards
	HUD, trade sources, patent database
	Integration/codes

	6
	seismic performance mechanical anisotropy 3D printed concrete structure testing
	ResearchGate, ScienceDirect, SSRG, Semantic Scholar
	Seismic/structural performance

	7
	Life cycle assessment sustainability 3D printed concrete recycled waste materials
	ScienceDirect, Springer, PMC, ResearchGate
	Sustainability/LCA

	8
	robotic automation large-scale construction 3D printing topology optimization review
	Springer, CUMINCAD, ScienceDirect
	Robotics/topology optimisation

	9
	rheology printability extrudability buildability 3D printed concrete review
	Academia.edu, ScienceDirect, MDPI, ASCE, ResearchGate
	Rheology/printability

	10
	interlayer bonding durability 3D printed concrete cost economic analysis construction
	ScienceDirect, Springer, PMC, Purdue repository
	Interlayer bonding/durability/cost

	11
	"3D concrete printing" review journal 2024 structural material sustainability affordable housing combined review
	Springer (npj Materials Sustainability), ScienceDirect, Springer (Archives of Computational Methods in Engineering)
	Novelty positioning / prior-review identification

	12
	"On the Effects of Additive Manufacturing on Affordable Housing Development" authors Sustainability 2025
	MDPI, ResearchGate, Mendeley, Scilit
	Author-detail verification



S3. Full Data-Extraction Table for Included Sources

Table S3 lists all 80 numbered references appearing in the main manuscript's reference list, together with the source-type tag (J = peer-reviewed journal article; R = peer-reviewed journal review; C = peer-reviewed conference proceedings; B = peer-reviewed book chapter; G = government/grey-literature report; P = preprint/repository item), the primary theme(s) coded during extraction, and the single key finding extracted for use in the main text.
	Ref #
	Type
	Primary theme(s) coded
	Key finding extracted

	1
	R
	Materials/Sustainability
	Reviews raw-material and concrete-type effects on 3DCP performance; classifies functional, sustainable and special concrete types.

	2
	R
	Materials/Structural(topology)/Sustainability
	Comprehensive review of sustainable materials and toolpath/structural topology optimisation in 3DCP.

	3
	R
	Materials (foundational)
	Early comprehensive review of materials, methods and applications of concrete 3D printing (2016).

	4
	R
	Materials (foundational)
	State-of-the-art review of cementitious 3D printing technology for construction (2017).

	5
	R
	Structural/Rheology
	Systematic review of rheology, mix design, mechanical, microstructural and durability characteristics.

	6
	R
	Structural
	Review of concrete 3D printed structural members and reinforcement strategies.

	7
	R
	Structural
	Evaluation of the state of structural 3DCP research and practice.

	8
	R
	Materials/Sustainability
	Review of materials/process characterisation, economics and environmental sustainability of 3DCP.

	9
	R
	Structural/Sustainability
	Review of mechanical properties and environmental impact of 3D printed concrete.

	10
	R
	Materials/Equipment
	Review of 3DCP equipment, materials, mix design and hardened/fresh properties.

	11
	R
	Materials/Structural/Sustainability (bibliometric)
	Bibliometric/thematic analysis (2015-2025) identifying four 3DCP research clusters.

	12
	R
	Housing
	PRISMA-based review of scalability challenges for affordable 3D-printed housing in Kuwait.

	13
	J
	Housing (Africa case study)
	Technical/sustainability case study of 3D-printed affordable housing in Africa, with LCA comparison.

	14
	R
	Housing
	Review of additive manufacturing's effects on affordable housing development (Bayat, Kharel & Li).

	15
	J
	Housing (Brazil case study)
	Case study of low-cost, locally sourced 3D-printed materials for affordable social housing in Brazil.

	16
	C
	Disaster relief
	Conference paper on 3D-printed shelters for rapid deployment and resilience in disaster zones.

	17
	J
	Disaster relief
	Case-study analysis of 3D printing for disaster management in smart cities (incl. COVID-19 PPE production).

	18
	C
	Disaster relief/Housing
	Analysis of 3D-printed housing as post-disaster temporary shelter for displaced people.

	19
	R
	Materials (geopolymer)
	Research-progress review on 3D printed geopolymer concrete.

	20
	J
	Materials/Structural
	Steel-fibre-reinforced Ca(OH)2 geopolymer concrete: flexural +69%/+16%, tensile to 3.75 MPa, bond +20%.

	21
	J
	Materials/Sustainability
	Agricultural-waste-fibre-reinforced 3DCP for sustainable production.

	22
	B
	Materials (geopolymer)
	Review of geopolymer 3D printing advancements, challenges and future directions.

	23
	R
	Materials/Structural
	Comprehensive review of geopolymer 3D printing rheological/structural performance and microstructure.

	24
	R
	Materials (earth-based)
	Critical review of locally sourced, clay/earth-based 3D printed cement composites.

	25
	R
	Structural (reinforcement)
	Review of structural reinforcement methods, challenges and innovations for 3D-printed concrete.

	26
	J
	Materials/Structural
	Fibre-reinforced geopolymer interlayer bonding and anisotropy characterisation.

	27
	J
	Materials (hybrid)
	Concrete-geopolymer hybrids reinforced with aramid roving: frost/UV/thermal/compressive performance.

	28
	J
	Materials (hybrid)
	3D printing of concrete-geopolymer hybrids; reduced leachable hazardous compounds versus plain concrete.

	29
	G
	Integration/Codes
	HUD-commissioned study of barriers to 3DCP adoption and system-integration issues for residential buildings.

	30
	P
	Structural (seismic)
	Comprehensive review of seismic performance, material behaviour, geometry and optimisation of 3DPC.

	31
	J
	Structural (seismic)
	Experimental and numerical study of seismic performance of 3D printed RC walls; wall failure-mode classification.

	32
	P
	Structural (overview)
	General overview of 3D printed concrete components and structures, anisotropy causes.

	33
	J
	Structural (seismic)
	Review of the convergence of additive manufacturing and earthquake engineering.

	34
	J
	Structural (seismic)
	Numerical evaluation of seismic performance of 3D-printed concrete walls.

	35
	J
	Structural/Materials/Sustainability
	TOPSIS-optimised low-carbon 3DCP mix (30% steel slag, 40% iron tailings, 0.3% fibre) for reusable formwork; anisotropy testing.

	36
	R
	Sustainability/LCA
	Systematic review of LCA and environmental sustainability of 3DCP cementitious materials; notes possible higher localised emissions for waste-based mixes.

	37
	R
	Sustainability
	Review of waste-materials utilisation in 3D printable concrete; reports 41-64% process energy reduction.

	38
	J
	Sustainability/Economics
	Economic and LCA assessment of recycled materials in 3DCP; recycled fine aggregate geopolymer performance.

	39
	P
	Sustainability
	Review of sustainability focus on waste utilisation and LCA in 3DCP.

	40
	R
	Sustainability/Materials
	Review of recycled components in 3DCP mixes; CO2 reduction up to ~48% (recycled aggregate) and ~62% (recycled concrete powder).

	41
	J
	Sustainability
	Review of challenges/opportunities for sustainable 3D printed structures using recycled materials.

	42
	R
	Robotics/Automation
	Review of robotic-assisted operation planning (localisation, task/motion planning) for large-scale construction printing.

	43
	C
	Robotics/Topology optimisation
	Topology optimisation for 3D-printable large-scale metallic (WAAM) structures.

	44
	B
	Robotics/Topology optimisation
	Coupling of topology optimisation with non-planar 3D concrete printing for lightweight walls.

	45
	P
	Topology optimisation
	Review of topological optimisation in 3D concrete printing structures.

	46
	R
	Robotics/Design
	Construction-aware early design optimisation considering robotic printing capabilities.

	47
	R
	Robotics/Equipment
	Review of large-scale robotic-arm and gantry 3D printers for construction.

	48
	J
	Topology optimisation
	Topology optimisation for 3DCP under manufacturing constraints.

	49
	P
	Rheology
	Review of rheology and pumpability of extrusion-based 3DCP mixes.

	50
	J
	Rheology/Materials
	Rheology and buildability of 3D printed concrete with recycled coarse aggregates; buildable height 72->156->180 mm.

	51
	R
	Rheology
	Review of rheological properties, raw materials and printing-parameter evolution mechanisms.

	52
	J
	Rheology
	Rheological/fresh-state characterisation and printability across different binder systems.

	53
	P
	Rheology
	Comprehensive review of rheological dynamics and process parameters in 3DCP.

	54
	R
	Structural (interlayer bonding)
	Review of six strategies to enhance interlayer bonding in 3D printed concrete.

	55
	B
	Economics
	Benefit-cost analysis of 3D printed concrete buildings.

	56
	J
	Structural (interlayer bonding)
	Interlayer bond strength of 3D printed UHPC members via direct shear/tensile testing.

	57
	J
	Structural/Durability
	Effect of width-to-height ratio on interlayer cohesion, transport properties and pore structure.

	58
	C
	Durability
	Durability of 3D-printed ECC with recycled sand under chloride exposure.

	59
	J
	Structural (data-driven)
	Stacking machine-learning model predicting interlayer bond strength (R-squared 0.91 -> 0.96).

	60
	J
	Structural/Materials (foundational)
	Foundational study of anisotropic mechanical performance of fibre-reinforced 3DCP.

	61
	J
	Materials (foundational)
	Micro-cable reinforced geopolymer composite for extrusion-based 3D printing.

	62
	J
	Materials (foundational)
	Ambient-temperature-cured geopolymer optimisation for 3D printing construction.

	63
	R
	Materials (foundational, highly cited)
	Foundational review, "3-D printing of concrete: beyond horizons."

	64
	R
	Process (foundational, highly cited)
	Foundational review of extrusion-based additive manufacturing physics and process steps.

	65
	J
	Overview (foundational, highly cited)
	Foundational "vision" paper on technical, economic and environmental potentials of 3D concrete printing.

	66
	J
	Rheology (foundational)
	Foundational rheology classification/prediction study for fibre-reinforced cementitious materials.

	67
	C
	Rheology (foundational)
	Fresh and rheological performance of 3D printed fibre-cement materials.

	68
	J
	Rheology (foundational)
	Numerical/experimental study of aggregate blocking in mortar extrusion.

	69
	J
	Materials (foundational)
	Polypropylene-fibre geopolymer for digital construction 3D printing.

	70
	J
	Structural (foundational, highly cited)
	Foundational large-scale UHPC 3D printing processing-route study.

	71
	J
	Structural (interlayer bonding, foundational)
	Novel method to enhance interlayer bonding, experimentally and computationally validated.

	72
	J
	Structural (interlayer bonding, foundational)
	Time-gap effect on bond strength of 3D-printed concrete.

	73
	R
	Overview (foundational, highly cited)
	Foundational review of 3D printing trends in building and construction.

	74
	J
	Structural (foundational, highly cited)
	Foundational hardened-properties study of high-performance printing concrete.

	75
	R
	Economics/Integration
	Cost-management review for prefabricated construction (2000-2022), relevant to hybrid/modular integration.

	76
	J
	Structural (seismic)
	Eccentric axial compression design approach for 3D printed concrete walls.

	77
	J
	Materials (multifunctional)
	Phase-change-material incorporation into 3D printed geopolymer cement for building comfort/energy efficiency.

	78
	R
	Materials/Sustainability
	Review of printing strategies, sustainable cementitious materials and characterisation methods.

	79
	R
	Materials (smart concrete)
	Review of advanced/smart concrete progress, benefits and challenges (contextual, not 3DCP-specific).

	80
	J
	Rheology/Sustainability
	Rheology/buildability of sustainable cement composites with micro-crystalline cellulose for 3D printing.




S4. Full-Text Exclusion Summary
As stated in the transparency note above, a record-level bibliographic log of the 18 full-text sources excluded at the eligibility stage (Figure 1 of the main text) was not separately preserved during the original single-pass search. The category-level counts reported in Figure 1 are accurate to the review process followed; the specific titles are not reconstructed here to avoid presenting invented citations as a factual log. Table S4 instead documents the operational definition applied for each exclusion category, with an illustrative (non-exhaustive) example of the kind of source that fell into it, so that an independent replication can apply the same categories consistently.
	Exclusion category (count)
	Operational definition applied
	Illustrative example type

	Not peer-reviewed, no verifiable technical content (n = 8)
	Marketing/trade pieces or company blog posts describing 3D-printed building projects without reporting a verifiable test method, mix design, or quantitative result.
	E.g., a vendor blog post describing a completed printed house project with no reported mechanical test data.

	Duplicate/overlapping findings (n = 6)
	A second platform listing (e.g., a preprint repository copy) of a source whose more complete or clearly peer-reviewed version was already retained.
	E.g., a ResearchGate-hosted copy of a paper for which the publisher's peer-reviewed version was retained instead.

	Insufficient quantitative detail (n = 4)
	Sources whose retrievable text (abstract plus available excerpt) did not contain an extractable, attributable quantitative or technical finding beyond generic claims already covered by retained sources.
	E.g., a general-audience news article restating claims already sourced to a retained technical review.




S5. Expanded Quantitative Data-Extraction Table
Table S5 expands Table 5 of the main manuscript with additional individual quantitative findings extracted during the review, retained in their original reported units, consistent with the narrative-quantitative (non-meta-analytic) approach described in Section 7.1 of the main text.
	Extracted metric
	Reported value
	Source reference(s)

	Flexural strength, steel-fibre GPC (1.2 vol%)
	+69% at 7 d; +16% at 28 d vs 0% fibre
	[20]

	Tensile strength, steel-fibre GPC (1.2 vol%)
	>2x, to 3.75 MPa at 28 d
	[20]

	Elastic modulus, steel-fibre GPC (1.2 vol%)
	+7% vs 0% fibre
	[20]

	Interlayer bond strength, steel-fibre GPC (1.2 vol%)
	+20% vs 0% fibre
	[20]

	Compressive strength, PVA-fibre 3DPC (0.5 wt%, optimum)
	Peak 98.2 MPa (cube)
	[30]

	Flexural strength, PVA-fibre 3DPC (0.5 wt%, optimum)
	6.8 MPa
	[30]

	Axial compression capacity, printed wall vs CMU wall
	~1.5x at equal void ratio
	[30]

	Shear-strength dynamic increase factor (rapid loading)
	Up to 1.57x vs quasi-static
	[29,30]

	Interlayer bond strength, CNT/nano-modified 3DPC
	+52% vs plain mix; +121% vs optimised clay-based mix
	[57]

	Residual compressive strength after 300 C (CNT-modified mix)
	71% retained
	[57]

	Residual compressive strength after 700 C (CNT-modified mix)
	44% retained
	[57]

	Low-carbon optimised 3DCP mix (TOPSIS method)
	30% steel slag + 40% iron tailings sand + 0.3% fibre
	[35]

	Buildable print height, silica-fume admixture
	72 mm (base) -> 156 mm (with silica fume)
	[50]

	Buildable print height, nano-clay admixture
	72 mm (base) -> 180 mm (with nano-clay)
	[50]

	ML stacking model, interlayer-bond-strength prediction accuracy
	R-squared improved from 0.91 (base models) to 0.96 (stacked model)
	[59]

	Process energy reduction, printing vs conventional casting
	41-64%
	[37]

	Embodied-carbon reduction, fine recycled aggregate mixes
	Up to ~48%
	[40]

	Embodied-carbon reduction, recycled concrete powder mixes (with cement reduction)
	Up to ~62%
	[40]


As in the main text, these values are retained in their originally reported units and study context and are explicitly not pooled into a single effect size, for the reasons given in Section 7.1 of the main manuscript.
S6. Scoring Rationale for the Novelty Comparison Table (Table 2, Main Text)

Table S6 documents the rationale for each cell score (full circle = primary focus; half circle = secondary/brief coverage; empty circle = not addressed) assigned in Table 2 of the main manuscript, based on the scope described in each source's own abstract/introduction.
Wang et al., 2024 [1]: Materials = full (primary focus on raw material/concrete type/performance); Structural = half (performance discussed as an outcome of material choice, not a primary structural-engineering focus); Sustainability = half (raw-material framing touches sustainability but LCA is not the focus); Housing/Disaster/Codes = none (not addressed in the abstract/scope).
Hasani & Dorafshan, 2024 [7]: Structural = full (explicit focus on structural 3DCP research/practice); Codes = half (practice-oriented framing implies but does not centre regulatory discussion); all other themes = none.
Bayat, Kharel & Li, 2025 [14]: Housing = full (explicit focus on affordable housing development); Materials/Sustainability = half (discussed as enablers of affordability, not primary technical focus); Codes = half (regulatory/cost barriers to housing discussed briefly); Structural/Disaster = none.
Zhuang et al., 2024 [2]: Materials = full; Sustainability = full (explicit dual focus per abstract); Structural = half (topology/structural optimisation covered as one of three focus areas, not mechanical/seismic performance); Housing/Disaster/Codes = none.
Discover Civil Engineering review, 2026 [11]: Structural, Materials, Sustainability = full (bibliometric analysis explicitly identifies these as the four main thematic clusters, alongside process/automation); Codes = half (reinforcement/standardisation challenges noted as a persistent challenge); Housing/Disaster = none.
Kuwait housing review, 2026 [12]: Housing = full (explicit country-specific scalability focus); Materials/Sustainability = half (discussed as scalability solutions, e.g., geopolymer concrete); Codes = half (regulatory frameworks explicitly listed as a scalability challenge); Structural/Disaster = none.
Seismic comprehensive review, 2026 [30]: Structural = full (explicit seismic-performance focus); Materials = half (material behaviour discussed only as it affects seismic response); Sustainability/Housing/Disaster/Codes = none.
Archives of Computational Methods in Engineering review, 2025 [9]: Structural = full (mechanical properties focus); Sustainability = full (environmental impact is a co-equal focus per title); Materials/Housing = half (materials and case examples, incl. buildings, discussed as supporting content); Disaster/Codes = none.
This review: All six themes scored full: structural performance (Section 4), material optimisation (Section 5), sustainability (Section 5.3, 7), affordable housing (Sections 1, 6, 9), disaster relief (Sections 1, 6, 9), and codes/integration (Section 6) are each a stated, substantively developed focus of the manuscript, not incidental mentions.
S7. List of Abbreviations

	Abbreviation
	Definition

	3DCP
	Three-dimensional concrete printing

	3DPC
	Three-dimensional printed concrete

	AM
	Additive manufacturing

	AMSTAR-2
	A MeaSurement Tool to Assess systematic Reviews (version 2)

	ASTM
	American Society for Testing and Materials (now ASTM International)

	BIM
	Building Information Modelling

	CMU
	Concrete masonry unit

	CNT
	Carbon nanotube

	DIF
	Dynamic increase factor

	GGBFS
	Ground granulated blast-furnace slag

	GPC
	Geopolymer concrete

	ICC
	International Code Council

	ISO
	International Organization for Standardization

	LCA
	Life cycle assessment

	ML
	Machine learning

	PRISMA
	Preferred Reporting Items for Systematic Reviews and Meta-Analyses

	PVA
	Polyvinyl alcohol

	RCA
	Recycled concrete aggregate

	TOPSIS
	Technique for Order of Preference Similarity to Ideal Solution

	UHPC
	Ultra-high-performance concrete



