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1 Introduction

Arti�cial reefs (ARs) have been increasingly utilized worldwide to rehabilitate degraded 

marine habitats, enhance biodiversity, and support the livelihoods of coastal commu-

nities [1–3]. As anthropogenic pressures and climate-induced stressors, such as coral 

bleaching, over�shing, and habitat degradation, escalate, a broad range of materials 

and design approaches have been employed globally, from purpose-built reef units to 

repurposed industrial components, re�ecting the diversity of environmental conditions, 

economic capacities, and technological capabilities across regions [4–6]. ARs commonly 

represent a convergence of ecological engineering and structural design, functioning as 

three-dimensional substrates that replicate the complexity of natural coral reefs systems 

[7, 8]. When strategically deployed, they contribute to the restoration and protection of 
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marine ecosystems by enhancing �sh biomass and biodiversity while providing essential 

habitat, shelter, and breeding grounds for various aquatic species [9–12]. Recent global 

case studies further demonstrate the evolving scope of ARs applications. For example, 

reef systems and eco-engineered structures have been deployed in regions that are tai-

lored to local ecological needs and community involvement. Dubai Reef Project, UAE, 

with 20,000 purpose-built reef modules, which replenish �sh stocks and boost coastal 

biodiversity, as well as enhance carbon sequestration [13]. MARRS reefs rehabilitation 

project, hundreds of hexagonal steel structures, at the Great Barrier Reef, Australia, indi-

cated that coral cover rose from 15 to 25%, �sh diversity per transect increased from 24 

to 32 species, < 2% mortality of coral fragment attachment [14, 15] Arti�cial reefs project 

in Pulau Weh, Aceh, Indonesia, which 260 concrete modules, showed abundant coral 

recruits and �sh life; comparative surveys vs. natural reefs showed competitive perfor-

mance in coral cover and biodiversity [16]. Algeria’s �rst arti�cial reef project along the 

Oran coast, which utilized 68 module units to increase local marine biodiversity by a 

factor of 9.25 [17].

�ailand, where coral reef ecosystems are experiencing severe decline. Reports indi-

cate that�g up to 30% of shallow-water corals in the region have been a�ected by 

bleaching, with 5–15% experiencing severe damage [18]. It has also initiated various 

marine conservation programs through arti�cial reefs projects [19]. Since the 1980s, 

institutions such as the Southeast Asian Fisheries Development Center (SEAFDEC) 

have implemented ARs across the Andaman Sea and the Gulf of �ailand [20–21], uti-

lizing concrete blocks, decommissioned vehicles, and o�shore platform components to 

provide habitat and support local economies [22–25]. In recent years, updated e�orts 

have emphasized ecological design and public engagement. For instance, pilot programs 

involving eco-friendly materials and community-based deployment have been intro-

duced in provinces such as SEACOSYSTEM from several sectors for the conservation 

of �ailand’s sea and partners, which is deploy more than 1,000 cubic concretes of arti-

�cial reefs modules in Songkhla and Narathiwat province to conserve sea resources and 

restore sustainable coastal �shery [26]. As well as the placement of approximately 3,000 

concrete cubic frames by a marine restoration project led by the Department of Marine 

and Coastal Resources of �ailand [27]. �e concrete cubic frames have been a com-

monly used arti�cial reefs structure in �ailand, and were deployed at irregular intervals 

from 2013 to the present, either a single tier or a stack of two tiers at depths ranging 

from 8.5 to 20 m [28]. Moreover, incorporating advanced 3D printing technologies into 

arti�cial reefs design has enabled the development of modular, environmentally sus-

tainable structures that incorporate high-resolution biomimetic forms and site-speci�c 

adaptability [29]. As demonstrated by the Coral Reef Restoration Project by the Earth 

Agenda Foundation and private partners, which deployed 109 structures at Koh Racha 

Yai, Phuket, these structures mimic natural coral forms to support coral growth [30]. 

Although traditional coral restoration techniques such as transplantation have demon-

strated moderate success in promoting coral regrowth [31], many ARs initiatives remain 

dependent on large, monolithic structures that are logistically demanding and resource-

intensive (Fig.  1). �ese conventional installations often require specialized expertise, 

heavy equipment, and transport infrastructure, which limits their applicability in remote 

or under-resourced, small conservation groups, regions, and undermines opportunities 

for broader implementation and community-led participation [32].
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To address these limitations, emerging design strategies are exploring the use of mod-

ular arti�cial reef systems. By incorporating modularity, ARs units can be fabricated in 

smaller, transportable components that are easy to deploy and con�gure based on site-

speci�c requirements. Modular designs also allow for phased expansion and greater 

adaptability to varied ecological contexts [33]. �is approach not only reduces logisti-

cal burdens but also facilitates community involvement in planning, deployment, and 

monitoring processes. Furthermore, modular connectivity enhances spatial �exibility, 

enabling ARs to be arranged in formations that optimize ecological function and site 

integration [34]. By combining digital fabrication with environmental design princi-

ples, recent advancements have led to the emergence of 3D-printed modular arti�cial 

reefs (3DMARs), which are engineered as scalable, interlocking units that support coral 

recruitment, enhance marine biodiversity, and facilitate e�cient deployment and main-

tenance [35–36], introduced promising alternatives through modular construction, eco-

friendly materials, and the ability to mimic natural coral forms with high customization 

[29, 37] �e modular approach o�ers distinct advantages in transportability, construc-

tion �exibility, and operational e�ciency, particularly in settings with limited infrastruc-

ture. Case studies such as the Yfalos Reef in Greece by Topotheque, Reef Design Lab’s 

projects in Australia, and RRREEFS in the Philippines exemplify how modular reef sys-

tems can deliver both ecological bene�ts and practical scalability through material inno-

vation and adaptive engineering [38–40]. Notably, these systems di�er from traditional 

arti�cial reefs in that they can be easily transported, deployed, and installed without 

the need for heavy machinery, industrial vessels, or extensive logistical support. �eir 

modularity also allows for expansion and customization, highlighting their potential for 

broader application across diverse marine environments.

Based on the academic literature review synthesized in the introduction, the design 

criteria for 3DMARs integrate core principles of arti�cial reefs e�ectiveness with spe-

ci�c adaptations suited to the �ai marine context and local deployment capabilities. 

Key functional attributes include the incorporation of tunnels, cavities, and voids that 

provide refuge and nesting spaces tailored to the body sizes of native reef �sh and ben-

thic organisms supporting both their survival and reproductive success [41–45]. Surface 

texture is another essential consideration; roughened exteriors promote the settlement 

of coral larvae and other sessile organisms, enhancing reefs establishment and biologi-

cal colonization [46–48]. Furthermore, the use of durable yet straightforward forms is 

prioritized to maximize ecological function while maintaining ease of production and 

deployment. �ese con�gurations align with coral nursery practices, where fragment-

based and tuber-shaped modules have shown increased e�ectiveness in facilitating coral 

Fig. 1 The conventional arti�cial reefs installations in Thailand (Left;  h t t p s :  / / w w w  . c p g r o  u p g l  o b a l .  c o m / e  n / n e w s  
r o o m  / n e w s  / 1 3 2 /  c p - g r o  u p - l  a u n c h  e s - s e  a c o s y s  t e m -  f o r - t  h e - s u  s t a i n a  b l e -  t h a i -  s e a - i  n t e g r a  t i n g  - s u p p  o r t - f  r o m - a l  l - s e  c 
t o r s  - f o r -  t h e - c o  n s e r  v a t i o  n - o f -  t h a i l a  n d - s  - s e a -  a n d - p  a r t n e r  s - w i  t h - t h  e - d e p  a r t m e n  t - o f  - �  s h e r i e s - t o - p l a n t - 1 0 0 0 - a r t i �  c i 
a l - r e e f s, Center; https://esguniverse.com/content/251700/, Right; https://www.dailynews.co.th/news/4158947/ )
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rehabilitation [31, 49–50]. Emphasizing modularity allows individual units to be fabri-

cated, transported, and assembled independently, encouraging �exible arrangement, 

reduced cost, and user accessibility, especially for communities with limited technical 

resources [51–53]. Incorporating 3D printing with sustainable, cement-based materials 

further enhances the ability of arti�cial reefs. modules to mimic natural coral morpholo-

gies, allowing them to adapt to local seabed conditions and environmental parameters. 

As a result, these structures hold signi�cant potential for improving ecosystem restora-

tion outcomes while contributing to broader marine conservation goals [54–55]. A sum-

mary of these global design strategies is illustrated in Table 1.

Although interest in adaptable arti�cial reef systems is growing in �ailand, there 

remains limited research focused explicitly on modular 3D-printed reefs that com-

bine interconnectivity in both vertical and horizontal con�gurations while maintaining 

a compact size suitable for handling by a single individual. Existing initiatives, such as 

Chulalongkorn University’s Innovareef and the Earth Agenda Foundation project devel-

oped in collaboration with SCG Co., ltd, emphasize nature-inspired, separable units [56, 

57]. However, these initiatives do not address modular systems optimized for logistically 

e�cient, community-driven deployment by user-centric design principles. Addressing 

this gap, the present study applies a Design �inking framework to develop standard-

ized, small-scale modular reef units designed for a�ordable mass production and local 

deployment without reliance on specialized equipment [53, 58]. �is approach directly 

responds to �ailand’s transportation and resource limitations, contrasting with global 

3DMARs projects that rely on high-tech fabrication processes and intricate assembly 

systems.

To achieve this objective, the research centers around the following question: How can 

a modular, small-scale 3D-printed arti�cial reef systems be designed with speci�c design 

criteria for community-driven deployment in �ailand? �e study hypothesizes that: A 

modular, small-scale 3D-printed arti�cial reef systems, designed using a user-centric 

approach, will e�ectively balance operational e�ciency with ecological e�ectiveness, 

considering the local constraints of �ailand. To test this hypothesis, a pilot deployment 

is planned from October 2023 to October 2024 o� the coast of Koh Khai in Chumphon 

Table 1 Table showing the general design criteria for 3DMARs, as synthesized from the global 
literature review
Design Criterion Description Purpose/function Supporting 

references

Modularity Small, interlocking units for phased 
expansion and �exible arrangements

Transportability, ease of deploy-
ment, and adaptability

[29, 33–40, 
51–53]

Internal voids, 
tunnels, cavities

Structures with varying cavity sizes, tun-
nels, and open spaces

Refuge, nesting for reef �sh and 
benthic organisms

[41–45]

Surface texture Roughened or grooved surfaces Promotes coral larval settlement 
and biological colonization

[46–48]

Form simplicity 
and durability

Simple, robust forms that balance 
ecological function with production 
e�ciency

Facilitates mass production, com-
munity deployment

[31, 49, 50]

Material 
sustainability

Use of eco-friendly cement composites, 
ceramics, or resins

Environmental compatibility, 
durability

[29, 37, 54, 
55]

Customizable 
morphology

Ability to mimic natural coral shapes 
through 3D printing

Enhances habitat complexity, site-
speci�c adaptation

[29, 35–37, 
54, 55]

Community 
accessibility

Designed for easy handling, transport, 
and installation by local communities

Reduces cost and reliance on 
heavy machinery

[29, 33–40, 
51–53]
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Province, followed by six months of ecological monitoring to evaluate both ecological 

adaptability and community engagement outcomes.

Koh Khai (10.55° N, 99.10° E), a nearshore island in Chumphon Province, along the 

Central Gulf of �ailand, was selected for the installation site due to its suitable envi-

ronmental and logistical conditions. �e site, located on the island’s southwest side, 

approximately 3  km from Ban Hin Kob pair (local coastal community), features a 

25-square-meter sandy and rubble-strewn seabed at an intermediate depth of 6–12 m. 

Environmental assessments indicated stable salinity (33–35 PSU), temperatures of 

28–30  °C, low turbidity, and moderate current velocity conditions favorable for coral 

recruitment and reefs development [59–60]. Seasonal upwelling further supports bio-

diversity through the cycling of nutrients. �e site hosts reef-associated species such 

as Acropora and Porites and aligns with ongoing marine rehabilitation by �ailand’s 

Department of Marine and Coastal Resources (DMCR). Deployment was carried out 

in collaboration with local divers using small boats and manual methods, demonstrat-

ing the design’s adaptability to low-resource, community-led implementation. �e map 

showing the installation site at Koh Khai is indicated in Fig. 2.

�e study acknowledges certain limitations due to budgetary constraints, which hin-

der the number of 3DMARs units that can be produced and the extent of post-deploy-

ment ecological monitoring. Its primary focus is on the design development, deployment 

methodology, and initial real-world implementation of modular arti�cial reefs. In-depth 

investigations into coral larvae colonization, biodiversity enhancement, and long-term 

ecological dynamics fall outside its immediate scope. Advancing these �elds will neces-

sitate ongoing interdisciplinary collaboration, particularly with marine biologists, to fur-

ther build on this foundational framework.

Fig. 2 Map showing the location of the 3D-printed modular arti�cial reefs (3DMARs) installation site at Koh Khai, 
Chumphon Province, Thailand. Illustration by Torpong Limlunjakorn

 



Page 6 of 29Limlunjakorn Discover Sustainability           (2025) 6:783 

2 Methodology

2.1 Applying the design thinking framework

�is research, formulated through the lens of design expertise, utilizes the Design �ink-

ing framework, structured into six iterative phases: empathize, de�ne, ideate, prototype, 

test, and implement [61]. �is human-centered methodology is applied to guide the 

development of 3DMARs, addressing complex, real-world challenges through interdis-

ciplinary problem-solving. By integrating scienti�c, ecological, and technological inputs, 

the framework supports sustainable reef development. Its adaptability facilitates the 

transformation of conceptual ideas into scalable, site-speci�c solutions. Furthermore, 

the application of design thinking enhances innovation, stakeholder engagement, and 

environmental responsiveness, resulting in prototypes that are both ecologically viable 

and technically robust [62–63]. �e research process is summarized in Table 2, which 

outlines the key steps involved.

(a) Empathize stage: Gain deep insights into the context; this stage focuses on gathering 

information through literature reviews, surveys, and interviews to understand the 

actual problems, emphasize the needs of the user, and comprehend the physical 

context. �e details of this stage are as follows:

  • Literature Review: Analyzes documents and research to obtain preliminary 

data on arti�cial reefs design standards and theory, including the advantages/

disadvantages and other limitations.

  • Field Study Surveying: Collects data from speci�c locations to comprehensively 

understand the context, overall situation, and other limitations.

  • Experts Interview: Interviews with experts focus on understanding the needs, 

user-centric perspective, practical implementation, related problems, and other 

relevant factors.

(b) De�ne stage: �is stage focuses on analyzing data collected during the Empathize 

stage, identifying constraints and key factors through qualitative content analysis. 

Table 2 Table of research procedure, through the design thinking approach
Phase Objective Key activities Output

Empathize Understand ecological 
and user needs.

Literature review, �eld surveys (Koh Larn, 
Koh Racha, Koh Khai), expert interviews

Contextual 
insights and user 
requirements

De�ne Identify key challenges 
and design criteria

Data analysis, synthesis of �ndings Problem statement 
and thematic 
design criteria

Ideation Generate and develop 
design concepts.

Establish Design Criteria, CAD model-
ing, modular form exploration, feasibility 
analysis, and the design process.

Preliminary, Sche-
matic, and Final 
design of 3DMARs

Prototyping Build and re�ne physi-
cal prototypes

3DMARs prototyped, material testing Full-scale proto-
types for evaluation

Testing Assess design perfor-
mance and usability

Controlled environment testing, modu-
larity, and handling assessment

Validated perfor-
mance and re�ne-
ment data

Implementation Real-world deploy-
ment and stakeholder 
engagement

Deployment at Koh Khai involves 
community collaboration, 3D docu-
mentation of the deployment process, 
and interviews with stakeholders to 
gather feedback on the post-deployment 
outcomes.

Installed the 
reef system and 
post-deployment 
feedback
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�is analysis emphasizes user-centric and environmental considerations to establish a 

clear problem statement and actionable design criteria for 3DMARs.

(c) Ideation stage: �is phase involves close collaboration with SCG Co., Ltd. to develop 

prototypes. �e prototypes are manufactured at SCG’s facilities, utilizing various 

experimental materials and 3D printing techniques to evaluate the strengths, 

limitations, and practical feasibility of each design. �is approach o�ers an opportunity 

to evaluate the prototypes in a real-world setting, which is structured into three distinct 

phases—preliminary design, schematic design, and �nal design, re�ecting standard 

stages within the professional design development framework. �e resulting re�ned 

prototypes are designed to e�ectively balance user-centric principles, environmental 

compatibility, and stakeholder requirements.

(d) Prototyping stage: �is phase involves close collaboration with SCG Co., Ltd. to 

develop prototypes. �e prototypes are manufactured at SCG’s facilities, utilizing 

various experimental materials and 3D printing techniques to evaluate each design’s 

strengths, limitations, and practical feasibility. �is approach provides an opportunity 

to assess the prototypes in a real-world context, which are designed to balance 

user-centric principles, environmental compatibility, and stakeholder requirements 

e�ectively.

(e) Testing stage: During the testing phase, the prototypes are evaluated in a controlled 

pool environment to simulate real-world underwater conditions and assess their 

e�ectiveness. Critical parameters, including usability, weight, buoyancy control, 

transportation logistics, underwater handling, and modular con�guration, are 

systematically analyzed. �is phase serves to validate the design criteria, ensuring 

the readiness and suitability of 3DMARs for practical implementation in real-world 

settings.

(f ) Implementation stage: �e implementation phase entails deploying 3DMARs in a 

real-world setting, encompassing logistics, transportation, and installation at Koh 

Khai, Chumphon. �is process involves close coordination with the local coastal 

community to address equipment constraints and ensure the practical usability of 

the equipment. Data collection methodologies include 3D reconstruction techniques 

and stakeholder feedback to assess the project’s e�ectiveness comprehensively. 

�e approach prioritizes human-centered design, collaboration, and sustainability, 

fostering long-term bene�ts and active community engagement.

2.2 Empathize phase

2.2.1 Field study surveying

To understand the current condition of arti�cial reefs installations in �ailand, a �eld 

study was conducted across three geographically and ecologically distinct sites between 

April and July 2024. �e selected locations situated in the Central Gulf of �ailand (Koh 

Larn), the Lower Gulf of �ailand (Koh Khai), and the Andaman Sea (Koh Racha) were 

chosen to re�ect a diverse range of environmental conditions, coral species, and levels 

of human intervention. Site selection criteria included geographic distribution, eco-

logical variation, depth pro�les, and the presence or absence of arti�cial reef initiatives. 

Although the surveyed sites di�er in depth, approximately 4–6 m at Koh Larn, 6–12 m at 

Koh Khai, and 10–14 m at Koh Racha, these variations fall within the typical depth range 

suitable for coral growth and arti�cial reefs placement. �erefore, the depth di�erences 
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are not expected to result in signi�cant deviations in the study outcomes. �is approach 

facilitated a comparative evaluation of material strategies, structural typologies, and 

community participation across tourism-driven and restoration-focused reef contexts. 

It also examined context-speci�c design responses and assessed the ecological and social 

impacts of arti�cial reef implementation, as detailed below.

Koh Larn (Larn Island), located in Chonburi Province in the upper Gulf of �ailand, 

features a seabed characterized by small hard corals, such as lettuce corals, on a �at sub-

strate with an average depth of 4–6 m. �e site includes arti�cial reefs designed for coral 

restoration and tourism activities, including sea walking and snorkeling. �ese arti-

�cial reefs, constructed from resin materials, are designed to support the propagation 

and attachment of live coral species, such as staghorn coral, thereby enhancing marine 

habitats and blending harmoniously with the underwater environment, also promoting 

tourism. �e structures are approximately 1.00–1.20 m in height, optimized for human 

observation at eye level. Additionally, the area features railings and clearly de�ned �oor-

ing zones to enhance visitor safety and accessibility.

Koh Racha (Racha, Island), located in Phuket Province, in the Andaman Sea, features 

a diverse underwater environment with medium-to-large species of hard corals distrib-

uted across the �at and sloping seabed, with an average depth of 10–14  m, accompa-

nied by excellent water visibility. Several arti�cial reef projects have been implemented 

at this site to enhance marine ecology and promote tourism, particularly scuba diving. 

�e arti�cial reefs vary in size and form, including free-form designs, cubic geometries, 

and domes with voids strategically incorporated to mitigate underwater wave impacts. 

Some structures mimic natural forms, allowing for seamless integration with the marine 

environment. Initiated in 2017, these projects have yielded promising results, includ-

ing enhanced coral larval attachment to reef surfaces and the establishment of marine 

habitats.

Koh Khai (Khai Island), located in Chumphon Province, in the central gulf of �ailand, 

features a marine environment dominated by soft corals and medium-sized hard coral 

species, notably barrel sponges and lettuce corals. �e site has moderate water visibility 

and an average depth of 6 to 12 m. During the monsoon season, typically from Septem-

ber to January, coastal areas in �ailand often experience strong and turbulent water 

currents. Unlike the previous sites, Koh Khai does not host any established arti�cial reef 

projects. However, it is designated as a priority area for marine ecosystem restoration 

due to its shallow coral reefs, high marine biodiversity, and suitability for coral nurs-

ery activities. Local knowledge plays a pivotal role in restoration e�orts, with commu-

nity members utilizing generic PVC structures connected by tubes to create small-scale 

frameworks. �ese frameworks are used to attach live coral branches, such as staghorn 

coral fragments, facilitating coral rehabilitation. However, based on the site survey con-

ducted at Koh Khai, the designated pilot location for this project, several logistical con-

straints were identi�ed, particularly regarding the availability of equipment. �e coastal 

community of Ban Hin Kob, which serves as the operational base, primarily relies on 

small, locally modi�ed �shing boats for marine activities (Fig. 3). �ese vessels are not 

equipped with specialized tools, such as cranes, that could facilitate the deployment 

of arti�cial reef modules. Furthermore, the shallow reef zones surrounding Koh Khai 

present additional challenges, as they restrict access for larger vessels, making standard 

deployment methods impractical in this context.
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�e observations and insights gathered from the survey sites are essential for under-

standing the underwater environment and its limitations. �is information serves as a 

foundation for designing and implementing arti�cial reef projects in �ailand. �e sur-

vey data will be systematically organized into thematic categories for further analysis. 

Additionally, the �ndings highlight the advantages and potential applications of using 

site-speci�c approaches to reef development. A detailed representation of the entire 

underwater survey process can be seen in Fig. 4.

2.3 Expert interviewing

2.3.1 Selecting criteria

To gather diverse, practice-based insights into the design and deployment of 3DMARs, 

semi-structured interviews were conducted from March to May 2024. �e participants 

were selected from three stakeholder groups: 3D printing experts, coastal conserva-

tion specialists, and local community members with coastal interests. Participants were 

Fig. 4 Rasin Arti�cial reefs for coral restoration and tourism in Koh Larn (top left, top center), Several arti�cial 
reefs for coral restoration and for tourism in Koh Racha (top right, below left), coral rehabilitation program in Koh 
Khai, using staghorn coral fragments attached to PVC framework (below center, below right), Image courtesy of 
Torpong Limlunjakorn

 

Fig. 3 The context of Ban Hin Kob, local coastal community (left to right), Image courtesy of Torpong Limlunjakorn
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chosen based on their relevant professional quali�cations, institutional a�liations, and 

demonstrated expertise. �e 3D printing experts were sourced from a nationally recog-

nized additive manufacturing laboratory, each possessing over �ve years of experience in 

biomimetic marine applications. Coastal conservation specialists were a�liated with the 

Department of Marine and Coastal Resources (DMCR) or leading marine science orga-

nizations. Community members had a long-term involvement (a minimum of ten years) 

in small-scale �sheries, coral conservation, or local resource management. All partici-

pants voluntarily consented to the interviews, which were conducted by strict ethical 

protocols regarding con�dentiality and data protection.

2.3.2 Interview procedure

To inform the development of the 3DMARs, a series of semi-structured interviews was 

conducted with three key stakeholder groups: 3D printing experts, coastal conservation 

professionals, and members of the local coastal community. A total of 15 participants 

were interviewed; each session lasted approximately 15 to 20 min and was conducted at 

context-appropriate locations, including additive manufacturing laboratories, coral res-

toration sites, and community gathering spaces. Interviews were recorded in both audio 

and paper formats, supplemented by detailed notetaking, followed by an interview guide 

structured around reef design, technical feasibility, ecological function, and practical 

usability (see the interview guide in1). Transcripts were analyzed using thematic content 

analysis, enabling the triangulation of perspectives from technical, ecological, and user-

centered domains. �is process ensured that stakeholder insights were meaningfully 

integrated into each design phase, reinforcing the project’s interdisciplinary foundation.

Discussions with 3D printing experts (n = 5) centered on additive manufacturing 

technologies, constraints of underwater deployment, and the potential of sustainable, 

eco-friendly materials to enhance coral larvae rate and reduce carbon emission in the 

manufacturing process. �eir technical input was particularly valuable in re�ning mod-

ular con�gurations for printing feasibility, stacking mechanisms, and surface textures 

conducive to coral settlement, as well as this layered 3D printing limitation, which was 

re�ected in the design. Interviews with coastal conservation professionals (n = 5), many 

of whom were engaged during concurrent reefs survey operations, emphasized ecologi-

cal considerations such as coral larval dispersal, reef �sh behavior, and the compatibil-

ity of arti�cial substrates with local benthic ecosystems. Finally, interviews with local 

coastal community members (n = 5), including local �shers and volunteer divers, o�ered 

critical insights into environmental conditions, traditional knowledge of underwater 

logistics limitations, and the practical constraints associated with installation without 

specialized vessels or equipment, as well as the most suitable locations for deploying 

arti�cial reefs around Koh Khai. �e whole interview process is shown in Fig.  5. �e 

data obtained from all interviews will be synthesized and utilized in the subsequent data 

analysis phase.

1 https://doc s.google.co m/document/ d/1KIhHd rUScoLpUZ5 anrZphuy18D LvvHYS/edit ?usp=dri ve_link&ou 
id=10981423 22949411873 58&rtpof =true&sd=true.

https://docs.google.com/document/d/1KIhHdrUScoLpUZ5anrZphuy18DLvvHYS/edit?usp=drive_link&ouid=109814232294941187358&rtpof=true&sd=true
https://docs.google.com/document/d/1KIhHdrUScoLpUZ5anrZphuy18DLvvHYS/edit?usp=drive_link&ouid=109814232294941187358&rtpof=true&sd=true
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2.4 De�ne phase

2.4.1 Data analysis

�is study employs content analysis, a systematic qualitative research method, to 

derive valid and replicable inferences from data within its context. �e primary objec-

tive is to generate knowledge, gain new insights, and provide a practical guide for action 

[64–65]. Content analysis is particularly bene�cial when working with complex and 

multi-sourced data due to its �exibility, integration capacity, and applicability across 

various contexts [66]. To develop the design criteria for 3DMARs, data were collected 

from three key sources: (1) a comprehensive literature review, (2) site surveys, and (3) 

in-depth interviews with stakeholders. Each method provided distinct yet complemen-

tary insights essential to establishing context-sensitive and user-centric reefs design 

principles.

First, the literature review synthesized foundational theories and empirical �ndings 

related to arti�cial reefs design, encompassing ecological functions, structural typolo-

gies, and socio-economic impacts. A coding process was applied to extract recurrent 

factors, which were grouped into thematic categories, forming the analytical foundation. 

Second, site surveys were conducted at three representative coastal sites in �ailand, 

strategically selected based on geographic and ecological diversity, including the Cen-

tral Gulf of �ailand, the Lower Gulf of �ailand, and the Andaman Sea. Observations 

included seabed characteristics, reef typologies, marine biodiversity, water depth, and 

human interaction. �is data contributed to understanding site-speci�c requirements 

and environmental constraints in reef design. �ird, �fteen semi-structured interviews 

were conducted with three stakeholder groups: (3.1) �ve experts in arti�cial reefs fab-

rication using 3D printing technology, (3.2) �ve coastal conservation professionals, and 

(3.3) �ve representatives from local communities involved in coral restoration. �ese 

interviews yielded valuable insights regarding practical challenges, technical feasibility, 

material considerations, and locally adapted practices.

�e data from all three sources were systematically coded and integrated using the-

matic analysis. Factors were grouped by recurring design themes such as material 

compatibility, spatial structure, ecological performance, and stakeholder usability and 

cross-referenced across methods to identify overlapping and divergent patterns. Due to 

the manageable dataset size, coding was conducted manually and supplemented with 

spreadsheet tools to maintain precision and transparency. �e �nal themes and subcat-

egories were synthesized into a cohesive framework for 3DMAR design, which focuses 

on user-centric and problem-solving approaches, emphasizing feasibility, ecological 

integration, and community relevance. �e consolidated results from the literature, �eld 

surveys, and interviews are presented in Table 3.

Fig. 5 Interview with 3D-printed arti�cial coral production experts (left), Interview with coastal conservation ex-
perts (left center), the Example of coral larvae attached on arti�cial reefs surface (right center), Interview with local 
community expert (right), Image courtesy of Torpong Limlunjakorn
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Furthermore, detailed descriptions of each thematic category and its corresponding 

codes, which in�uence the design criteria of 3DMARs tailored explicitly for implemen-

tation at Koh Khai, Chumphon Province, are elaborated as follows.

  • Modularity Design (MO): �e modular design enables expansion by connecting 

multiple stackable modules, allowing for easy assembly and disassembly. �e 

modules are designed to support physical and structural connections that enable 

both vertical and horizontal expansion as clusters. Simple components, such as PVC 

pipes, which are widely accessible within the �ai context, are used as interlocking 

mechanisms between modules.

  • Physical Aspect (PA): Each module is designed for vertical stacking, accommodating 

up to four layers with an optimal height ranging from 1.00 to 1.20  m to enhance 

underwater visibility. To ensure stability and functionality, the design is based on 

simple, rectangular geometric forms.

  • Stability (ST): �e modular arrangement is designed to include voids between 

assembled modules, ensuring minimal resistance to underwater wave currents. �is 

con�guration incorporates crevices, gaps, and openings to mitigate the impact of 

hydrodynamic forces while providing a stable foundation for the structure during 

assembly.

  • Material/Texture (MT): �e 3DMARs are constructed using eco-friendly materials 

provided by SCG., Co. Ltd. (Siam Cement Group), selected for their compatibility 

with underwater environments. �e rough texture facilitates coral larval attachment, 

contributing to ecological restoration. Furthermore, the materials have been 

rigorously tested to ensure their environmental compatibility and long-term 

performance.

Table 3 Table summary of 3DMARs design criteria, classi�ed by themes and codes
Code Design criteria 

category

Qualitative insights Source

MO Modularity & 
Installation

The design must allow easy assembly and disassembly of modular units 
both vertically and horizontally. Modules should be customizable and 
constrained to sizes suitable for transport.

(1), 
(3.2). 
(3.3)

PA Physical Aspect The recommended height of 3DMARs is 0.80–1.20 m to optimize under-
water visibility and structural clarity. Well-organized clusters and solid 
foundations enhance stability.

(2), 
(3.1)

ST Structural 
Stability

Structures must withstand dynamic underwater wave forces. Incorporat-
ing open voids enhances water �ow and mitigates the impact of waves.

(1), (2), 
(3.1)

MT Material & 
Texture

The use of sustainable materials with rough textures is recommended to 
support coral attachment and ecological functionality.

(1), (2), 
(3.1)

PL 3D Printing Pro-
cess / Limitation

Continuous layering of mortar is preferred. Designs must avoid complex 
shapes due to technical constraints in 3D printing systems.

(1), 
(3.1)

EC Environmental 
Compatibility

Designs should harmonize with local marine environments in terms of 
color and texture, mimicking the natural characteristics of reefs.

(1), (2), 
(3.2)

HC Habitat Creation Small holes, crevices, and gaps should be incorporated to encourage 
marine life settlement and enhance coral larvae attachment.

(1), (2), 
(3.1), 
(3.2)

SC Seascape & Site 
Conditions

The seabed should be �at and composed of stable ground, free of steep 
slopes or coral reefs that could hinder installation.

(1), (2), 
(3.2)

CR Coral Restoration 
Integration

Site-speci�c components, such as coral frames or PVC structures, should 
be integrated based on local practices and restoration needs.

(1), (2), 
(3.2)

US Usability & 
Transportation

Modules should be lightweight (≤ 20 kg), compact (approx. 35 × 25 cm), 
and �t standard transport crates. Local transport methods should be 
considered for logistics.

(1), (2), 
(3.2), 
(3.3)
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  • 3D Printing Limitations (PL): �e design draws inspiration from the structural 

forms of marine barrel sponges and lettuce corals, adapting them into simpli�ed 

shapes optimized for the 3D printing process. �is approach minimizes intricate 

details while prioritizing layered geometries that align with standard 3D printing 

capabilities.

  • Environmental Compatibility (EC): �e design of the 3DMARs is inspired by 

the natural forms of local coral species, including marine barrel sponges and 

lettuce corals, following from the literature review [67] and survey. �e modules 

feature a brown clay color and a rough surface texture, enabling them to integrate 

harmoniously with the marine environment of Chumphon Province while mimicking 

the appearance of natural coral. �eir design supports random arrangement, 

enhancing their ability to blend seamlessly into the underwater habitat.

  • Habitat Creation (HC): Inspired by biomimetic design, the 3DMARs incorporate 

small holes and tunnels, supporting ecological integration and providing shelter for 

marine creatures. �e structure includes gaps and internal voids that promote coral 

larval attachment and aid in habitat creation.

  • Coral Restoration (CR): �e 3DMARs incorporate specialized components essential 

for coral restoration, such as bulb tubers. �ese features are designed to facilitate 

coral rehabilitation by enabling the attachment of coral branches, thereby enhancing 

the restoration process.

  • Usability (US): Each module is designed with dimensions compatible with a standard 

wooden pallet and is divided into sections measuring approximately 35 × 25  cm. 

(H < 25  cm.), to facilitate manual handling, the weight of each unit is kept under 

20 kg, allowing the use of buoyancy aids and signi�cantly reducing installation costs 

by eliminating the need for cranes. Additionally, small holes are incorporated into 

the design to secure anchor ropes and reels, ensuring safe and e�cient conveyance 

during installation.

2.5 Ideation phase

2.5.1 Design process of the 3DMARs

As part of the ideation stage within the Design �inking process, the design of the 

3DMARs follows a systematic approach, leveraging computer-aided design (CAD) soft-

ware to re�ne design elements, as shown in Table 4. �is design phase, which involves 

experimental design exploration, encompasses multiple iterative steps that system-

atically integrate various codes derived from established design criteria. Each stage of 

Table 4 The table illustrates the code implemented during the design process
Design 

phase

Design 

criteria 

codes

Focus attributes Description

Pre-
liminary 
design

MO, PA, 
ST, MT

Mass, dimensions, depth, 
height, material, form, 
modularity

De�nes initial geometric and structural characteristics. Em-
phasizes stability, ease of expansion, rough textures, and the 
use of sustainable materials to minimize component waste.

Sche-
matic 
design

US, EC, 
PL

User interaction, surface 
detail, environmental 
integration, printability, 
installation mechanisms

Re�nes physical form using a user-centric approach. It 
incorporates interlocking holes, interior voids, anchor rope 
attachments, and a biomimetic design that re�ects local coral 
species.

Final 
design

HC, CR Habitat formation, coral 
restoration integration

Finalizes functionality. Introduces sponge-inspired bulb tubers 
that enhance water �ow, provide marine shelter, and facilitate 
coral branch attachment, thereby promoting biodiversity.
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the process is applied methodically, ensuring a principled approach that progressively 

re�nes the physical attributes of the 3DMARs.

2.5.1.1 Preliminary design Based on the established design criteria, the codes MO, PA, 

ST, and MT are applied at this stage to de�ne key attributes, including mass, size, depth, 

height, shape, material, and other initial characteristics of the workpiece. �e design pri-

oritizes sustainability, ensuring no component waste is generated. It is developed from 

simple geometric forms for stability and allows for seamless expansion into intercon-

nected clusters.

2.5.1.2 Schematic design Guided by a user-centric and problem-solving approach, this 

phase integrates the codes US, EC, and PL to establish the physical attributes and detailed 

enhancements of the 3DMARs. �e design incorporates features that emulate the natural 

forms of local coral species while minimizing complexity to accommodate the limitations 

of 3D printing. Special attention is given to installation methods and interlocking mecha-

nisms, including small holes within each module designed to ensure structural stability. 

�ese holes also serve to secure anchor ropes and reels, facilitating the safe conveyance 

and underwater installation of equipment. As well as the interior void for rubble deploy-

ment, which is a technique to facilitate the survival of coral recruits [68].

2.5.1.3 Final design In this phase, the codes HC and CR are employed to re�ne and 

enhance the functionality of the 3DMARs in alignment with sustainable environmental 

principles. A notable feature is the design of the bulb tuber, inspired by the canal system 

of Porifera sponges, which incorporates interconnected cavities to facilitate water �ow 

and expand habitat spaces for marine life. Additionally, the bulb tuber functions as a 

connection point for coral branch attachment, supporting further coral restoration initia-

tives.

AutoCAD, SketchUp, and Rhino software were employed to translate designs into 3D, 

three-axis printable formats for prototype production. �e process began with a com-

prehensive evaluation of the attributes and physical context of the 3DMARs, followed by 

an assessment of production feasibility and the limitations of the 3D printing technol-

ogy. �e surface geometry of the structure was then analyzed to calculate the printer’s 

running path. �is path was generated using a G-code generator script, which converted 

it into G-code to operate the three-axis printing device during the 3D printing process. 

Further details of the preliminary design process are illustrated in Fig. 6, and the �nal 

design is illustrated in Fig. 7.

�roughout the design process, codes derived from the design criteria were applied 

to ensure that the 3DMARs are practical for users, modular in design, and environmen-

tally sustainable. �e detailed components of the other 3DMARs, which are classi�ed as 

indicated in Fig. 8, were also considered. Moreover, the design accounted for the voids 

between modules during horizontal expansion to mitigate the impact of underwater 

waves, enhance water �ow, and increase the surface area of the structures, thereby pro-

moting coral larval attachment. �is approach also aims to improve the marine habitat. 

Vertical stacking, utilizing a triangular connection format, was implemented to ensure 

structural stability and achieve an optimal height for the intended purpose, as indicated 

in Fig. 9.
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Fig. 8 The image illustrates the detailed components of 3DMARs. Bulb Tuber (left) for coral restoration [CR] and 
improve marine habitat [HC], Rough layered surface (left center) for enhances coral larval attachment [MT], Gaps 
(right center) for enhances coral larval attachment [HC], Tuber hole (right) for conveying process [US], connection 
joint [MO], and improve marine habitat [HC]

 

Fig. 7 The �nal design of 3DMARs was simulated in Rhino software

 

Fig. 6 The preliminary and schematic design of 3DMARs simulated in AutoCAD/Sketchup software
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Installation methods for the 3DMARs were developed using a user-centric, problem-

solving approach tailored to address the limitations and contextual factors speci�c to 

local coastal communities in �ailand, which often lack access to large-scale equipment 

typically required for arti�cial reefs deployment. �e conveying and placement proce-

dures were designed to serve as practical guidelines, allowing community individuals to 

execute installations independently. �e proposed methods prioritize minimizing work-

force requirements while adhering to underwater safety standards, with expert guid-

ance ensuring e�ective implementation. Speci�c roles were designated to streamline 

operations, such as the Delivery Position, which is responsible for deploying modules 

from the vessel. Conveying Position: Manages the transportation of modules via anchor 

ropes from the surface to the seabed. Receiving Position: Arrange the modules into the 

intended con�guration on the sea�oor. Coordination Role: Oversees overall operations 

to maintain work�ow and safety compliance.

�e deployment process of the 3DMARs modules underwater is facilitated using stan-

dard anchor ropes. One end of the rope is securely fastened to a local vessel, while the 

other end serves as a guide for positioning and stabilizing the structures. �is transpor-

tation method aligns with the traditional �shing techniques practiced by local �shermen 

in the region, ensuring familiarity and e�ciency in implementation. To achieve precise 

placement, stability, and buoyancy control, detailed calculations are conducted to deter-

mine the optimal number and weight of the modules. �ese calculations are essential in 

mitigating potential displacement and ensuring the structural integrity of the deployed 

units. Each module is equipped with a reinforced hole speci�cally designed to accom-

modate anchor ropes and reels, ensuring structural integrity and durability during 

deployment. Further details on the installation methods and procedural steps are illus-

trated in Fig. 10.

2.6 Prototyped phase

2.6.1 Prototyped production of the 3DMARs

All prototype modules are produced using a CNC Gantry 2 × 2 3D printing device, sup-

ported by SCG Co., Ltd’s resources for academic research purposes. Extensive testing 

was conducted to evaluate various materials for their compatibility with underwater 

environments, considering factors such as visual integration, weight-to-volume ratio, 

Fig. 9 The left image indicates the Elevation, and the right image indicates the Top view. Overall illustrates the 
stacking and expansion of 3DMARs with voids for several purposes, such as enhancing water �ow and reducing 
underwater wave impact, triangle format for stability [ST], promoting coral larval attachment and marine habitat 
[HC]
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and buoyancy. �e results identi�ed SCG-LW250 LOW CARBON, an eco-friendly 

material developed by SCG Co., Ltd., as the most suitable option. �is material demon-

strated excellent underwater compatibility, blending harmoniously with the marine envi-

ronment while o�ering optimal weight and buoyancy properties. Detailed speci�cations 

of the material and 3D printing process are provided in Table 5; Fig. 11. Experts oversaw 

the 3D printing process to ensure precision and quality. �e modules were designed with 

sustainability as a key focus, incorporating waste-minimizing strategies and e�cient 

packing solutions. Each workpiece was engineered to �t onto standard wooden pallets, 

thereby optimizing transportation logistics and simplifying handling. �e characteristics 

Table 5 Detailed description of the material and 3D printing speci�cations
3D printing process Material properties

Printing Layered Time: 3.3 min Wet Density: 2,000–2,200 kg/m³

Number of Layers: 13 layers Dry Density (28 Days): 1,800–1,900 kg/m³

Total Printing Time: 1.5 h Compressive Strength (7 Days): >25 MPa

Pump Type: PANMIXER Compressive Strength (28 Days): >30 MPa

Water Mix Rate: 0.19 L/min Carbon Footprint: 248 kg/ton

Depth of Printed Line: 3 cm Carbon Sequestration:–

Printed Head Size: 2.5 cm Total CO₂ Emission: 248 kg/ton

Speed: 3500

Motor Speed 2 K:–

Feed Rate: 108 RPM

Volume: 58 RPM

Sinking Distance: 300 RPM

Fig. 10 The diagram illustrates the installation method of 3DMARs
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of the prototype modules and further details on the production process are depicted in 

Fig. 12.

2.7 Testing phase

In alignment with the design thinking framework, the testing phase for the 3DMARs 

prototypes was carried out prior to their deployment at the designated installation site. 

�is phase was essential for re�ning installation methods and ensuring operational suc-

cess. �e testing concentrated on logistical and transportation considerations, assessed 

basic usability, and evaluated the buoyancy of each module under controlled conditions 

to minimize potential risks during actual deployment.

Fig. 12 3DMARs prototyped and manufactured at SCG factory (left, left center), Isometric view of 3DMARs (right 
center), Top view of 3DMARs (right), Image courtesy of Torpong Limlunjakorn

 

Fig. 11 3D printing process, under supervision from SCG Co., Ltd. 3D-printed experts, Image courtesy of Torpong 
Limlunjakorn
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Pilot testing was performed in a 3-meter-deep pool (Fig.  13), using the installation 

methods previously developed. Modular units were assembled in a triangular con�gura-

tion, providing a robust foundation connected with PVC tube mechanisms to simulate 

the planned arrangement. �e testing con�rmed that the module’s physical attributes, 

such as weight, size, and interlocking capabilities, were compatible with the intended 

installation procedures. User-centered evaluations conducted during the testing phase 

played a pivotal role in re�ning the design to optimize buoyancy, ease of handling, and 

overall functionality. �e results con�rmed that the installation methods and modu-

lar con�gurations were both practical and e�ective, enabling seamless assembly and 

deployment without errors. �is comprehensive testing process not only validated the 

feasibility and usability of the 3DMARs but also ensured their readiness for successful 

implementation at the designated site.

3 Result/implementation phase

3.1 Pilot installation of the 3DMARs

�e pilot deployment of the 3DMARs was successfully conducted in September 2024 at 

a shallow reefs site approximately six meters deep o� the coast of Koh Khai, Chumphon 

Province. �is milestone provided critical validation of the 3DMARs system’s technical 

feasibility, ecological sensitivity, and community-oriented design. A total of 42 modules, 

e�ciently packed into seven standard wooden pallets, were transported via two locally 

operated boats, highlighting the system’s low logistical demands and its compatibility 

with the readily available infrastructure in coastal communities.

Unlike conventional arti�cial reefs installations, which often require large vessels, 

cranes, and professional crews, the 3DMARs were deployed entirely by local volunteers 

and community members using only freediving and basic SCUBA techniques. No spe-

cialized equipment was necessary, further emphasizing the design’s accessibility. �e 

deployment site was selected through consultations with marine experts and local stake-

holders. Following the installation method, each module was lowered manually into 

position using a buoyancy-controlled rope system, enabling precise placement without 

the need for mechanical tools. Pre-integrated holes and PVC interlocking components 

ensured secure horizontal and vertical alignment on the seabed.

�e entire installation process was completed in under two hours, substantially faster 

than conventional arti�cial reefs, demonstrating both operational e�ciency and the 

intuitive nature of the modular system. �e modules’ textured surfaces, environmentally 

responsive coloration, and structural complexity were intentionally designed to promote 

coral larval settlement, habitat diversity, and aesthetic integration with the local benthic 

Fig. 13 logistic / transportation process (left), sustainable logistics (left center), testing operation of 3DMARs in 
pool (right center), triangular arranged format underwater (right), Image courtesy of Torpong Limlunjakorn
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environment (Fig.  14). Notably, the modular dimensions were optimized for e�cient 

stacking and transportation on small vessels, thereby further reducing logistical costs 

and environmental impact. Community members reported that the ability to partici-

pate directly in the installation process was accessible and manageable, reinforcing the 

system’s potential to support local stewardship and encourage sustained involvement in 

marine conservation. �is pilot deployment demonstrates that 3DMARs are not only 

technically viable but also o�er a replicable, low-cost, and inclusive model for aquatic 

habitat restoration (Fig. 15). By lowering barriers to participation and enabling commu-

nity-led implementation, the system exempli�es how design innovation can democratize 

ecological restoration in resource-constrained coastal regions. However, certain design 

functions have not yet been fully utilized, such as the bulb tuber and the holes intended 

for attaching staghorn coral fragments for coral rehabilitation, which have so far served 

only deployment purposes. Nevertheless, the internal voids intentionally incorporated 

within each module have been �lled with rubble to create additional cavities, which are 

essential for providing habitats for marine organisms.

Following installation, underwater physical data were collected using a three-dimen-

sional photogrammetry technique, which captures both the geometric and visual prop-

erties of submerged structures to generate accurate 3D models [69–70]. �is process 

produced a high-resolution digital twin of the 3DMAR deployment site, o�ering detailed 

Fig. 15 Physical characteristics of the 3DMARs while installing (left to right), Image courtesy of Torpong 
Limlunjakorn

 

Fig. 14 Installation operation at Koh Khai by procedure of operation, from coast to water surface (top left to right), 
from water surface to underwater seabed (bottom left to right), Image courtesy of Torpong Limlunjakorn
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documentation of physical attributes, material composition, surface textures, and spatial 

con�guration (Fig. 16). �e model not only captures the exact positioning and modular 

assembly of the reef structures but also provides an immersive representation of the sur-

rounding underwater environment, facilitating interpretation for stakeholders who can-

not access the site directly (see 3D model in2).

Moreover, the 3D model serves as a valuable tool for marine researchers, enabling 

the observation of temporal changes at the pilot scale, such as site-speci�c arrange-

ments, coral attachment, and biological colonization. It supports ongoing monitoring 

by enhancing spatial understanding of the interactions between arti�cial structures and 

natural reef systems, ultimately contributing to more accurate ecological assessments 

and informing adaptive design strategies for future deployments.

Approximately six months after installation, a preliminary underwater survey (May 

2025) was conducted to assess the early ecological response of the 3DMARs. Some 

modules were displaced by monsoonal wave activity, indicating the need to improve 

anchoring or interlocking mechanisms. Despite this, photographic evidence, shows 

initial biological colonization, including widespread algal turf and bio�lm pioneer spe-

cies that promote further settlement (Fig. 17). Early-stage sessile invertebrates such as 

colonial tunicates, hydroids, and polychaete tubes were also observed, contributing to 

microhabitat complexity and indicating the onset of ecological succession [71]. Addi-

tionally, the internal voids of the 3DMARs, intentionally designed to accommodate 

2 https://wes hape-gs.wed olabs.net/v iewer?ta rget=https ://pub-398a 6cc485f9435 8a98c699 7e7de7c5b. r2.dev/file s/
d1030234- 8132-11e f-96e6-0242ac130002.ply.

Fig. 17 Photographic evidence shows initial biological colonization. Image courtesy of Torpong Limlunjakorn

 

Fig. 16 Top view of UW photogrammetry method (left), Perspective view of UW photogrammetry method (cen-
ter, right)

 

https://weshape-gs.wedolabs.net/viewer?target=https://pub-398a6cc485f94358a98c6997e7de7c5b.r2.dev/files/d1030234-8132-11ef-96e6-0242ac130002.ply
https://weshape-gs.wedolabs.net/viewer?target=https://pub-398a6cc485f94358a98c6997e7de7c5b.r2.dev/files/d1030234-8132-11ef-96e6-0242ac130002.ply
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rocks or rubble, create multiple cavities that provide shelter for various marine organ-

isms. Observations during initial assessments revealed the presence of crustaceans and 

mollusks within these internal spaces, supporting the modules’ potential as multifunc-

tional habitats (Fig.  18). Juvenile damsel�sh, known for their territorial behavior and 

adaptability, were among the �rst �sh to inhabit the structures [72], commonly observed 

around the 3DMARs. �ese preliminary �ndings, conducted by the researcher in the 

dual role of designer and conservation-trained diver rather than as a professional marine 

biologist, suggest promising outcomes in terms of structural integrity, habitat provision, 

and material compatibility within the aquatic environment.

4 Discussion

4.1 Possible explanation

�is study tested the hypothesis that a modular, small-scale 3D-printed arti�cial reef 

systems designed through a user-centric approach can balance ecological e�ectiveness 

with operational e�ciency under �ailand’s local constraints. Unlike conventional large-

scale digital fabrication reefs that require specialized equipment and large crews [73–

74], the structures range in height from approximately 80 to 120 cm and in weight from 

around 250 to 400 kg. Conversely, the 3DMARs system was developed as an accessible, 

community-deployable environmental product. �e design criteria focused on manage-

able unit weight (under 20 kg), ease of handling, transport, installation in shallow waters 

(> 12 m), inter-module connectivity, and compatibility with local resources. Ecological 

considerations included forms suitable for the surrounding marine environment, coral 

rehabilitation features, �ow-through voids, rough-surfaced materials, and internal cavi-

ties for marine habitats [75], tailored to �ai marine conditions.

Pilot operations showed that local community groups, Ban Hin Kob community in 

Chumphon Province, could successfully deploy the 3DMARs using only two small �sh-

ing boats. Monitoring indicated positive results in coral larval settlement and marine 

biodiversity enhancement. However, as with prior studies, ecological outcomes are 

in�uenced by factors such as site location, depth, seasonality, and local biodiversity 

[76]. While these controlled trials provide a model for community-driven deploy-

ment, broader application would require further site-speci�c adaptation and investiga-

tion. �ese �ndings suggest possible explanations and serve as a foundation for future 

research aimed at re�ning both operational and ecological aspects of modular arti�cial 

reef systems.

Fig. 18 Photographic evidence shows the initial marine habitat. Image courtesy of Torpong Limlunjakorn

 



Page 23 of 29Limlunjakorn Discover Sustainability           (2025) 6:783 

4.2 Cost of logistics and deployment

From previous studies, traditional arti�cial reef systems in Southeast Asia, including 

�ailand, commonly involve the deployment of large concrete modules using heavy ves-

sels, leading to substantial logistical expenses [71–72]. For example, �ailand’s Depart-

ment of Marine and Coastal Resources deployed 13,658 reef modules in 2019 at a total 

cost of approximately USD 2.6 million (USD 192 per unit) [77], while India’s Tamil Nadu 

deployed 200–300 modules between 2023 and 2024 at USD 138 per unit, and Malaysia’s 

anti-trawling reef program (2021–2023) spent USD 260,000 for 57 units, averaging USD 

4,561 per structure [78]. �ese �gures highlight cost barriers for small community-led 

initiatives. In contrast, the 3DMARs prototype features a low-impact deployment, being 

compact, modular, and manually deployable using small-scale coastal �shing boats. 

According to the survey, these boats typically charge around USD 150 per trip and can 

accommodate up to 100 units per load. �is approach signi�cantly reduces logistical 

burdens and enables broader community participation, particularly in shallow coastal 

zones, which heavy vessels cannot access, where �ailand’s reefs are commonly located. 

Moreover, the 3DMARs design was based on standard pallet dimensions to optimize 

transport and handling. Using strong 3D-printed concrete allows the units to be stacked 

securely, making deployment more practical compared to the conventional Ars, which is 

unable to stack while logistic. It reduces the need for large trucks, allowing transporta-

tion using only small six-wheel trucks, thereby lowering land shipping costs.

Additionally, the modules can be loaded and deployed pallet by pallet, enhancing 

logistical e�ciency. �is approach di�ers from other large-scale arti�cial reef projects 

in �ailand and globally [30, 31, 73–74], where larger and heavier 3D-printed structures 

often pose logistical challenges. From a design perspective, the concept of modularity 

developed in this study o�ers a reference framework for reducing transportation and 

installation costs associated with large-scale ecological structures [33]. It highlights how 

modular design can contribute not only to structural �exibility but also to improving the 

practicality and scalability of �ai context logistics and deployment e�orts.

4.3 User-centered implementation and community participation

Many large-scale arti�cial reef projects globally, such as Reef Design Lab’s MARS in Aus-

tralia and Dubai’s 20,000-unit Reef Initiative, require diver-assisted deployment and cen-

tralized logistics [74, 79] and rely on high-cost materials, centralized manufacturing, or 

high-tech joint assemblies [38–40]. �e previous conventional ARs projects in the �ai 

context, which often limit opportunities for direct community involvement [80], where 

�nancial and resource constraints, as well as shallow reef conditions, such as those around 

Koh Khai, necessitate alternative approaches. As a result, this study was deliberately devel-

oped following a user-centered, community-operable design philosophy according to Don 

Norman, the Design �inking approach [81]. �e 3DMARs attribute is tailored explicitly 

for self-deployment by small groups, including NGOs, coastal communities, and academic 

institutions, without reliance on heavy machinery, limited technical and �nancial capac-

ity. Physical design considerations, such as modularity, stackability, and ease of handling, 

were integrated from the outset to reduce required manpower and enable deployment 

using only basic tools like �shing ropes. �e use of smaller, modular, and more a�ordable 

units can improve accessibility at both community and individual levels, fostering broader 

participation in marine restoration e�orts. From a design perspective and hypothesis, if 
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arti�cial reefs are regarded as a form of product, both physical characteristics and user 

interaction under local constraints should be considered alongside several factors in a 

speci�c location. Similarly, the 3DMARs demonstrate site-speci�c adaptability, modular 

expandability, and improved ecological functionality, which perform e�ectively in shallow 

coastal waters adjacent to local communities at Koh Khai. �is perspective implies that 

3DMARs design solutions may vary across di�erent regions.

4.4 Design strategy and environmental adaptation

Global traditional ARs projects often focus on single-function goals such as �sh aggre-

gation or coastal protection [82]. Similarly, in �ailand, which commonly uses conven-

tional cubic concrete frames, implemented to focus on deeper waters (depth > 10  m) 

[83], and huge 3D printing Arti�cial Reefs as physical aspects which focus only mimick-

ing local coral forms [84], which are typically designed with a focus on structural mass 

and coral settlement surfaces [81, 85]. However, there is often a lack of internal voids and 

ecological complexity.

In contrast, the 3DMAR initiative aims for multifunctionality, supporting coral attach-

ment, �sh habitats, and adding void space to support marine behavior [86]. �e design 

also aimed to maximize surface area to enhance coral larval settlement and to operate in 

shallow-water environments. Also, 3DMARs attribute is designed to have interior space 

for deploying rocks inside for marine habitat and coral recruit improvement. According 

to the literature [87, 88], deploying rocks or other rigid substrates over the rubble can 

facilitate the survival of recruits. Small modular structures can be used at multiple scales, 

with or without attached coral fragments, to create structural complexity and settlement 

surfaces. It aligns with projects like RRREEFS in the Philippines, which also prioritize 

habitat complexity and modularity [40], however, these projects require a connection 

joint or detailed mechanism for assembly underwater. While 3DMARs are embedding 

co-design with local stakeholders, considering �ai context limitations, which leads to a 

reduced process of assembly. �e utilization of the Design �inking framework, incor-

porating iterative prototyping, ergonomic testing (onshore and underwater). Adaptation 

to �ailand’s monsoon-driven currents and sediment movement requires designs that 

withstand hydrodynamic stresses. Similar to Japan’s permeable submerged breakwaters 

and Eco-reef modules, incorporating internal voids and open spaces helps reduce wave 

pressure while ensuring structural stability [68].

Additionally, the modules were visually and morphologically adapted to mimic native 

coral forms, enhancing ecological integration, instead of using the geometric cubic 

aspect. However, arti�cial reef production using digital fabrication, including 3D print-

ing technology in �ailand, still faces several limitations. Most production relies on 

CNC gantry 2 × 2 machines with a line thickness of approximately 2–3 cm, restricting 

the creation of more intricate and complex forms. �e development of alternative mate-

rials such as ceramics, resins, or other advanced composites, already applied in inter-

national projects, could o�er new possibilities for diversifying arti�cial reefs design 

in �ailand, particularly in creating porous or three-dimensional lattice structures to 

enhance marine habitat potential.
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4.5 E�ectiveness for coral restoration and marine recreation

 Underwater monitoring conducted during the six months following deployment 

revealed early signs of ecological e�ectiveness. However, several studies suggest that 

ecological succession on arti�cial reefs is in�uenced by multiple complex factors, making 

consistent patterns di�cult to establish [89]. Among variables such as time since deploy-

ment, distance from natural reefs, and sea�oor depth, only depth has shown potential 

as a signi�cant factor [90]. Further adaptations could enhance arti�cial reef designs in 

�ailand by incorporating insights from close ecological observations of native marine 

species within surveyed areas. For instance, crabs and mollusks typically inhabit small 

cavities and crevices, seeking shelter from predators and strong currents [91]. Sea slugs 

(nudibranchs) prefer sheltered, complex surfaces where they can graze on sponges and 

sessile invertebrates [92]. At the same time, seahorses (Hippocampus spp.) require verti-

cal or branched structures for holdfast anchoring due to their poor swimming ability 

and cryptic behavior [93]. Integrating species-speci�c habitat preferences into internal 

void design and reef typologies can enhance 3DMARs’ habitat complexity beyond coral 

settlement, supporting multifunctional arti�cial reefs that accommodate diverse marine 

life and contribute to broader ecosystem restoration.

Additionally, the design integrates porous structures and rough surface textures, 

which simultaneously enhance habitat availability for small marine species and support 

higher coral larvae settlement rates [94], thereby promoting more e�ective ecological 

integration. Additional elements, including substrate texture and coral species-speci�c 

settlement preferences, also play critical roles in shaping colonization dynamics [95]. 

Furthermore, previous studies indicate that coral larvae tend to settle more success-

fully on natural coral substrates compared to arti�cial surfaces [96, 97]. �e incorpora-

tion of calcium carbonate or similar bioactive materials into arti�cial reef structures has 

been shown to enhance larval settlement rates and promote early-stage coral growth by 

improving surface chemistry and mimicking natural reef conditions [98]. In this study, 

pre-mixed concrete formulations from SCG were applied; however, further localized 

investigations are necessary to assess variations in settlement success across di�erent 

depths, sites, and coral species speci�c to each area.

In comparison, conventional coral restoration methods in �ailand, using repurposed 

materials such as PVC pipes, steel frames, �shing nets, or concrete blocks [22–25, 82], 

may o�er lower material costs due to the reuse of existing structures [83, 84]. How-

ever, these approaches often require specialized skills for underwater assembly and may 

necessitate training to transfer speci�c technical knowledge and equipment such as sand 

screws, stocking platform, and coral tree [99–101]. In contrast, the 3DMARs system 

emphasizes digitally fabricated modular units designed to minimize manual assembly 

processes. Deployment and the coral restoration process involve only transportation and 

placement underwater, without complex in-situ construction. Furthermore, the design 

is intended to support scalable, large-quantity production while maintaining ease of use 

and consistency across di�erent deployment contexts.

5 Conclusion

�is study demonstrates �ailand’s �rst design-led development and community-driven 

deployment of modular 3D-printed arti�cial reefs (3DMARs) at Koh Khai, Chumphon 

Province. By applying Design �inking, the project established adaptable, user-friendly, 
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and ecologically e�ective reef structures suitable for local capacities. �e 3DMARs proto-

type o�ers both functional habitat bene�ts and a transferable framework for broader appli-

cation across �ailand’s varied coastal contexts. �e outcomes emphasize modularity as a 

critical principle, enabling reef structures to be scaled down from conventional sizes and 

tailored for speci�c sites. Beyond replicating coral morphology for ecological compatibil-

ity, future development should consider enhancing coral larval settlement rates through 

surface material innovation and internal spatial design that supports diverse marine life 

habitats. Further re�nements may include improving connection mechanisms, transport 

logistics, and inter-module attachment systems, ensuring the reef units remain functional, 

adaptable, and community-operable across �ailand’s varied marine environments.
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