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Abstract: Coral nurseries and associated techniques are the most common and widespread reef
restoration methods worldwide. Due to the rapid decline of coral reefs, coral nurseries need to be
eco-friendlier and adapted for effective upscaling to support large restoration projects. We suggest
new design and fabrication processes associated with coral gardening and transplantation with
3D printing technology to offer a beneficial solution for growing coral fragments in on-land and
underwater nurseries. We describe multiple combinations of building nurseries through the inte-
gration of biomimetic substrates and novel solutions for attaching coral fragments. Our methods
are supported with supplemental testing of two hybrid substrate designs and coral mounting struc-
tures, building upon previous studies in the Gulf of Eilat/ Aqaba (GoE/A), Red Sea. We identified
and quantified marine invertebrates colonizing the surfaces of our substrates with environmental
DNA (eDNA) by targeting the mitochondrial COI gene. We evaluated our coral fragments with
and without our mounting structures to obtain an indication of total protein as a proxy for tissue
health. We demonstrate the ability to design hybrid nurseries with custom mounting structures using
biomimetic substrates, such as large ceramic artificial reefs, or with an interlocking mesh for holding
numerous fragments to maximize out-planting efforts. We propose several methods for both land
and underwater nurseries catered to various restoration initiatives for cost-effective up-scaling to
meet the demands of global reef restoration.

Keywords: coral gardening; additive manufacturing; coral fragmentation; biomimetic design; hybrid
substrates; coral transplanting; coral reef restoration

1. Introduction

The troubling global decline of coral cover by 50% in the last 60 years, has made it
increasingly hard to maintain biodiversity and ecosystem functions [1]. New techniques
and approaches for coral reef restoration in the last decade [2,3] have made progress
towards developing innovative solutions [4-8]. However, calculated steps are still needed
to sustainably reach the ecological scales necessary for large-scale restoration.

Coral gardening and nurseries are currently the most widespread techniques for
implementing coral reef restoration [2]. There are several methods for regrowing corals,
depending on the available resources and materials [3]. Some coral nurseries are made
by suspending coral fragments with fishing lines or on floating platforms in the water
column [9]. Other nurseries are created from coral fragments attached to calcium-carbonate-
based ‘plugs’ [10] or clips [4], which are secured to a substrate or directly transplanted
onto a reef. Today, most techniques to attach coral fragments involve epoxy gluing (30%),
cable ties (18%), cement (10%), cyanoacrylate glue (4%), wire (3%), and ropes (3%) [3], all
of which are disposable, prone to deteriorate, and could impact coral health [2]. Issues
associated with coral nurseries are often concerned with population management (e.g.,
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genotypes and diversity), scalability, the feasibility of methods (e.g., time underwater), and
the survivability of corals [3,11], which is why it is important to understand the ways in
which restoration projects can maximize propagation efforts and increase coral transplants
to natural reefs.

Artificial reefs (ARs) or artificial substrates/structures are commonly used in al-
most 20% of coral gardening initiatives [3,8] as stabilizing platforms or nurseries to grow
corals [12]. With the increasing rise in ecosystem degradation in the last 50 years, ARs
are progressively being used to reform the structural complexity of reefs [6,7], as coastal
protection structures (e.g., seawalls) [13], substratum for the recruitment and settlement of
benthic and pelagic organisms [14-17], and as an educational tool for tourists [18,19].

Studies that combined fragmented corals with ARs observed an average survival rate
of 66% [3]. The reason behind this could be related to several aspects, but one of the most
apparent could be the AR providing a structurally complex substrate for the accumulation
of beneficial benthic communities to supply essential nutrients and microbes to enhance
coral health and growth [6,20]. Furthermore, several studies found that the cohabitation of
benthic invertebrates with coral fragments is a useful functional tool to promote growth
and improve the survival of corals [21,22]. Additionally, ARs can capture planulae that
may be released from synchronized spawning events or from polyp bailout to help further
the restoration process [23,24].

Based on this concept, the next logical step towards rethinking methods for restoration
initiatives should work to combine gardening corals or transplants with ARs in a way
that considers both entities as one method. This could also help to solve the scalability
and survivability issues typically associated with stand-alone coral gardening and nursery
practices. Three-dimensional printing (hereafter, 3DP) is a viable technology that already
has been employed in coral reef restoration and ecological studies [5-8,25-29].

Digital fabrication and parametric design used for creating ARs, besides materiality,
offer a range of new capabilities and customization tools. Three-dimensional printing can
produce unique artifacts without the use of a mold to generate the complexities, textures,
and features of natural coral reefs [6]. Three-dimensional printing is one of the best-known
modalities to form structures with intricate and highly diverse complexities to help get
as close to a design that mimics or replicates nature, known as biomimcry or biomimetic
design. In terms of scale, there are various 3DP technologies that can offer increased shelter
space to host a variety of reef species. Parametric design differs from conventional design
in that it has a specific design space, which is controlled by algorithms. Within this space,
one can export a specific outcome based on selected parameters from a variety of inputs.
The result does not have to be the volumetric representation of the AR, but could be the
final code that directs the 3D printer on how to move and build the requested object [7].

In this research, we describe new methodologies for rapid and accessible approaches for
outplanting corals. = This was performed by rethinking methods for coral reef
restoration—artificial substrates (i.e., settlement tiles) and attaching coral fragments—as
one multi-functional, customized tool to provide improvements for the survivability and
sustainability of restoration initiatives. Here, we show a novel process for designing and
fabricating two different biomimetic settlement tiles from ceramic terracotta that include
3D-printed mounting structures to affix coral fragments with an easy-release system. Our
research showcases the successful deployment and performance of our innovative settlement
tiles, featuring coral fragments adhered with mounting structures, at two coral reefs in the
Gulf of Eilat/Aqaba (GoE/A), Red Sea. These new techniques help with the transition away
from the use of potentially harmful materials and provide an accessible solution to globally
scale-up coral restoration efforts in a custom and tailored way. With the urgent need for
innovation and scalability to restore and rebuild coral ecosystems, our approach addresses a
critical need for creating efficient and effective tools to support large-scale restoration projects.
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2. Materials and Methods
2.1. Research through Design

The methodological paradigm leading to this study utilizes the Research through
Design (RtD) approach, which uses design as a means of inquiry and investigation [30].
Rather than viewing design solely as a means of creating products, services, or experiences,
RtD uses the design process as a way of generating new knowledge and insights. As can
be seen in this technical study utilizing the RtD methodology, iterative cycles of design
and testing were used to explore and conceptualize advanced coral nurseries, and the
many prototypes created serve as artifacts that can be analyzed and interpreted to generate
new knowledge.

2.2. Material Selection and Preparation

To produce the pressed ceramic tiles (Figure 1), two half-open plaster molds were
made using gypsum powder (Supraduro Saint-Gobain); the gypsum powder was added to
water and gently homogenized to avoid air bubbles. After finalizing the mold, the atomized
clay mixture with 25% grog (Goerg & Schneider Body 0354) and without any modifications
was hand-pressed into the mold and lay there for more than an hour, until the clay was
firm enough to be pulled out.

Figure 1. Biomimetic settlement tile adapted with mounting structure. (A) The square ceramic tile
after bisque firing, and the initial design of the mounting structure custom-made to fit specific holes
in the tiles. (B) Custom mounting structure with coral skeleton; the flexible mounting structures
are printed with bottom and top overhangs which help to secure it to the tile. (C) The square tile
submerged with the planted fragments (not all attached with the mounting structure). (D) Con-
ceptualization of a horizontal floating coral nursery composed of square ceramic tiles and custom
mounting structures.

To produce 3DP ceramic tiles, atomized clay mixtures (Goerg & Schneider Body 0311)
were used, containing a high level of iron oxide (6.5%) and 20% humidity (Figure 2).
To increase plasticity, 25 mL of water per kilogram of clay was added to the clay body.
Additionally, sodium silicate was added in a ratio of 1.25 mL per kg of clay to improve
bindery, as suggested by [31]. A pugmill machine (Petter Pugger VPM-60) was used to mix
the mixture for an hour before printing.

The main design feature of the mounting structures is the ability to create multiple
bristles that hold the inserted coral fragment gently but firmly in place. To allow that
functionality, the different mounting structures presented in this study were made using
an ‘off-the-shelf’ 3DP thermoplastic polyurethane (TPU) with approximately 90 shores, as
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this material is flexible and durable, and frequently used in marine [saline] environments,
with minimal weathering and the capability to maintain the tensile properties [32].

Figure 2. Complex 3DP settlement tile configurations with mounting structure. (A) The round 3DP
ceramic tile after bisque firing, with second-version universal mounting structures, exhibiting a more
advanced design. Mounting structures are anchored to the holes in the tiles. (B) Underwater testing
of the design of the mounting structure to attach coral fragments (in the Northern Red Sea, 2023).
(C) Testing different infill patterns of the round tiles with fragments (without inserts) underwater
(in the Maldives, 2022). (D) Conceptualization of a vertical floating coral nursery made up of round
ceramic tiles and universal mounting structures.

2.3. Preliminary Hybrid Design of Biomimetic Settlement Tiles and Mounting Structures

The preliminary square settlement tile was modeled in the Computer-Aided-Design
(CAD) software, Fusion 360 (V.2.0.7029). The tile design featured different topographic
textures, such as ridges and cavities similar to the topology of a coral reef (Figure 1A). An
archetype gypsum mold was produced using a PLA 2.85 mm filament and a large fused
deposition modeling (FDM) printer (3DP workbench). The gypsum mold itself was used to
form the tiles by pressing the clay on the open mold. Later, both sides of the tile were fitted
together, and after dehydration, were bisque-fired at 900 °C.

After the tiles were used successfully in different underwater experiments, it became
necessary to affix several different species of branching corals to the top of the tiles. This
led to the creation of three types of customized 3DP solutions by fitting a specific mounting
structure to three of the largest already-existing holes of the tiles (Figure 1B). The three
mounting structures (types A, B, and C) were designed to hold the coral fragments with
multiple soft 3D-printed bristles, while the outer shape was fitted to the segmented opening
in the ceramic tile. These units were manufactured using a desktop 3DP machine (Prusa i3
MKS3S+, Prusa Research, Prague, Czech Republic) with a 0.4 mm nozzle and a build volume
of 25 cm wide, 21 cm deep, and a height of 21 cm. The mounting structure’s bristles were
divided into two sub-groups. The first group of bristles started at the bottom of the model
and contained fifteen strands with a width of 0.4 mm, equally allocated around the center
mass of the shape contour. The second group was offset 0.3 mm higher and the equally
allocated fifteen strands were shifted twelve degrees around the center. The two sub-groups
were patterned vertically sixteen times in steps of 0.9 mm. The printer deposited material
between the outer and inner walls of the mounting structure. Eventually, the inner tube
wall was removed with a die-cut to leave a hole for inserting the fragments and releasing
the bristles. A 0.3 mm layer height and 60 mm /s printer X-Y movement were coordinated
with the bristle design.
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2.4. Meshed Coral Nursery

The simplicity of printing and using the customized mounting structures led to the
conceptualization of the interlocking mounting mesh, which could be used as a new way
to establish coral nurseries. A simplified universal mounting structure design (v1) was
developed to create a coral nursery mesh. Here, instead of patterning the bristle group
upward, the bristles were arrayed over a helix curve in a pitch of 0.3 mm and 16 revolutions
total. The thickness of the universal structure was 5 mm, resulting in 300, 0.8 width strands
that turned to become 600 separated bristles after dying and cutting the centered tube
wall. The universal mounting structure was packaged in 3DP housing with built-in hinges
(Figure 3), enabling it to be patterned in two directions, creating a mesh of mounting
structures. The 3DP housing was designed in CAD software (Solidworks 2021-2022) and
manufactured on a powder-bed, MJF technology printer (HP 580) with nylon12 as the
primary material. The hinge axes were made from a metal spring alloy with a diameter
of 1 mm.

Figure 3. Proof of concept of coral nursery mesh design consisting of universal mounting structures.
(A) First-generation design of the universal mounting structure, 3DP modular nylon housing, and a
3DP jig to die-cut the inner wall to release the bristles. (B) Overview of the flexible nursery prototype,
which in a 100 m? floating nursery that could contain up to 90,000 fragments. (C) Close-up of a coral
skeleton secured to the meshed mounting structure. (D) Testing the prototype underwater with live
coral fragments. The design of the mesh mounting structures can wrap around existing artificial
structures such as concrete columns or piers, turning them into a nursery.

2.5. Optimized Hybrid 3DP Tile Design and Mounting Structures

Optimized 3DP round tiles, conjointly with universal mounting structures, were
designed in CAD software (Solidworks 2021-2022) as simple 30 cm diameter flat circular
plates containing an array of fifteen holes for the mounting structures (Figure 2A). The
model was exported as a stereolithography model (.stl) and imported into Cura slicer
(V 4.11.0). By setting the printer dimensions and choosing the Marlyn Gcode flavor the
Cura slicer was fitted to a Wasp 3MT printer (Wasp S.r.l, Massa Lombarda, Italy). Next,
the slicer was configured to have zero layers in the top and bottom layers, one perimeter
outline, a 1.5 mm layer height, and a Gyroid-type infill of 25%. This ensured finer results
coupled with printing with a 4 mm nozzle. The Wasp 3MT printer was used to print the
ceramic elements with a building volume of 1000 mm x 1000 mm (h). In this system,
clay was extruded through a 4 mm nozzle using a commercially available pneumatic linear
extruder (WASP 5L Clay Tank (Wasp S.r.l, Massa Lombarda, Italy)).
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The evolved design of the universal mounting structures (v2) fitted to the round
ceramic substrate was designed to be printed on a selective laser sintering (SLS) powder
bed printer (Fuse 1 + 30 W, Formlabs Inc. Somerville, MA, USA) using a designated TPU
material (90A v1, Formlabs Inc. Somerville, MA, USA) to build the model. The building
volume of the printer was 165 mm (w), 165 mm (d), and 300 mm (h) and the printer
layer thickness setting was 0.11lmm, which implicated fine printing results at different
orientations of the model. The effective height of the mounting structure was 20 mm height
containing 68 2 mm thick and 8 mm length coarse bristles. The universal v2 mounting
structure was designed for easy installment on the tiles by pushing it into the 30 mm holes.
The outer surface contained fixing anchors to keep it from dislodging, and elevated stripes
that helped to stabilize itself by creating constant pressure against the ceramic.

2.6. Field Experiments Using Settlement Substrates and Mounting Structures with Corals

The field experiments in our study build upon previous research [17] by comparing
our first terracotta tile design, with and without mounting structures, to eventually provide
one restoration device [17]. The square biomimetic settlement tiles (Figure 1A) were
deployed underwater in March 2019 at two sites in the northern and southern sections
of the GoE/A. It was used as part of a study on the recruitment of reef biodiversity in
restoration and evaluation using environmental DNA (eDNA) metabarcoding of organismal
biomass samples [17]. Tiles were monitored every two months using photogrammetry
to understand the successional growth and settlement of benthic reef organisms for a
little over a year. This study confirmed the importance of the microhabitat structure and
surface orientation for provisioning habitats for benthic reef organisms and recruiting key
scleractinian corals [17].

eDNA was collected from organisms scraped and homogenized from ceramic tiles.
DNA was extracted and cleaned using a modified version of the DNeasy PowerMax Soil Kit
protocol and the DNeasy PowerClean Cleanup Kit, following the manufacturer’s protocol
(Qiagen, Hilden, Germany) [17]. The Mitochondrial Cytochrome c. Oxidase subunit I (COI)
DNA region was amplified at the 313bp region using primers created to target metazoans
(mlCOIintF and jgHCO2198), and index primers were attached with a second PCR for
INluminaMiSeq sequencing. The PCR product was cleaned between PCR cycles using Agen-
court AMPure XP paramagnetic beads (Beckman Coulter™, Brea, CA, USA) [17]. Raw reads
were processed using DADAZ2 package version 3.11 [33] and R software v4.1.0 [34]. Reads
were converted to amplicon sequence variants (ASVs) after being quality-filtered, trimmed,
merged, and chimeras were removed. OTUs were achieved with clustering ASVs from
DADAZ2 with VSEARCH [35] with a 97% identity threshold and transferred to the LULU
algorithm [36]. The remaining OTUs were assigned to taxonomic groups using BASTA [37],
the Last Common Ancestor (LCA) based on NCBI taxonomies [37], and the Bayesian
Least-Common Ancestor (BCLA) Taxonomic Classification software [38] against Midori-
Uniquev20180221 [39,40]. Statistical analysis was conducted in R software v4.1.0 [34] with
the vegan package [41]. OTU tables were derived from “core_diversity_analyses.py” in
QIIME v1.9 [42]. Data visualizations were created with ggplot2 [17,43].

In a follow-up experiment, the biomimetic square tiles were redeployed in February
2021 at two sites in the northern and southern sections of the GoE/A for both 6 and
12 months (Figure 1C). The goal of this study was to understand the differences between
the reef ecobiome of healthy and degraded reefs and the impacts on coral physiology. This
study led to the conceptualization of creating mounting structures for attaching corals to
artificial substrates. The first preliminary, custom mounting structures were designed after
the creation of the biomimetic square tiles.

Several physiological tests were conducted on the coral fragments as part of the study,
including the total protein content of coral tissues, used as a proxy for tissue health. Coral
tissue was recovered using an airbrush and ice-cold filtered seawater (0.22 uM) at the In-
teruniversity Institute of Marine Sciences in Eilat (IUI). Tissues were then homogenized for
30 s (Kinematica Polytron™ PT2100 Benchtop Homogenizer, Littau-Lucerne, Switzerland)
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and a 100 puL sample of supernatant was collected for total protein concentration. Samples
were sonicated in an ice-cold water bath and vortexed. Total protein was prepared using a
bovine serum albumin as a standard (Quick Start Bradford Protein Assay Kit 1, Bio-Rad,
Rishon Le Zion, Israel) in a 96-well plate and the standard curve was created [44]. Total
protein content was read using a Synergy HT microplate reader (BioTek, Agilent, Santa
Clara, CA, USA). Protein content was normalized to the volume (mL) of tissue and to the
skeletal surface area, determined with a wax dip technique [45,46]. Differences in the total
protein between coral species from baseline to the tiles (substrate) were tested using a
pairwise Wilcoxon Signed-Rank test. Data were visualized in R software v4.2.1 [34] using
the ggplot2 package [43] to create the boxplot.

3. Results
3.1. Production Time, Estimated Cost, and Feasibility

Following these studies, we began working towards creating new settlement sub-
strates, which combined the design, fabrication, and production process synergistically
with mounting structures, to make one restoration product. The square tiles were made
by a professional ceramicist and involved the construction of the plaster press mold (16 h).
Pressing two sides of the tiles in clay and bonding them together into one tile took approxi-
mately 4.5 h. The whole process cost about USD 140 per tile and resulted in 18 complete
and burned ceramic tiles. The round 3DP tile was fabricated in under 36 min, weighted
right after printing at 1.9 kg, and cost in material about USD 1.6 in material. Both the square
tile hand-pressing and the round 3DP tile drying and firing processes were similar.

The time taken to 3D-print the customized mounting structures with the FDM printer
ranges from 27 min for type A and up to 41 min for type B (Table 1). The time taken to
print a single universal mounting structure with the FDM printer is about 18 min; when
printing a full build plate containing 42 units, the time drops to 17 min, alternately, per unit.
The complete weight of a single universal mounting structure, before cutting the center of
it,is 2.1 g, so in a 1 kg standard TPU spool, about 476 units could be made. The typical cost
of a standard TPU spool on Amazon [47] is about USD 22, so the estimated direct cost for
the universal unit without including the printer purchase is USD 0.04. For the universal v2
mounting structure, 144 units can be made during 24 h of printing, which results in 10 min
per unit on average. The estimated cost of each unit is about USD 0.62 and weighs 6.4 g.
As for the 3DP housing, 243 units could be printed on a single full batch on Formlabs Fusel
using PA12 material over a 20 h printing time, Resulting in an average of about 5 min per
unit and with an estimated cost of USD 0.71.

While further analysis is required to accurately measure the time required to mount the
coral fragments, it is already evident that the anchoring of the fragments using the various
mounting structures is a remarkably straightforward and efficient process. The fragment
attachment procedure occurs rapidly, similar to inserting a pushpin into a corkboard,
taking only a matter of seconds (see Supplementary Materials). Although the reliability
of the mounting structures requires additional quantification, numerous fragments have
been successfully installed using different mounting structure designs and have remained
securely attached for a duration exceeding six months.

Table 1. A comparison of fabrication time, weight, and material costs.

Customize Mounting Universal Universal
Structure Mounting Mounting
(Type A, Type B, Type C)  Structure (vl)  Structure (v2)

Square Tile Round 3DP
(Hand-Pressed) Tile BDP) Housing

Fabrication time (per unit in min)
Weight (per unit in g)
Material cost (per unit in USD)

270 36 4.93 27,41, 34 17-18 10
1570 1366 2.8 23,41,35 2.1 6.4
1.7 1.6 0.71 0.05, 0.09, 0.07 0.04 0.62
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3.2. Feasibility of Hybrid Tiles and Mounting Structures

eDNA sequencing of the COI gene, using metabarcoding, was successfully used to
identify and quantify the benthic organisms present on the biomimetic ceramic tiles (1 = 40;
includes controls) (Figure 4). There were a total of 7,638,955 sequences across Site A and B
of 29 different phyla present on the biomimetic tiles from organismal biomass samples. The
most abundant phyla discovered on the tiles, in order, were Chordata (1,533,554), Mollusca
(1,308,824), Bryozoa (1,134,064), Arthropoda (1,020,474), Annelida (963,009), and Cnidaria
(925,550) (Figure 4).

Xenacoelomorpha (218)
Tardigrada (400)
Sipuncula (84,141)
Rotifera (1991)+
Rhodophyta (1505)-
Proteobacteria (756)
Porifera (426,401)
Platyhelminthes (29,112)-
Placozoa (11)
Onychophora (311)-
Ochrophyta (20,856)-
Nemertea (5920)
Nematoda (110,650)-
Mollusca (1,308,824)
Gastrotricha (27,417)-
Entoprocta (1735)
Echinodermata (24,375)-
Cycliophora (7891)-
Ctenophora (54)
Chnidaria (925,550)-
Chordata (1,533,554)
Chaetognatha (108)-
Cercozoa (636)-
Bryozoa (1,134,064)
Brachiopoda (7654)-
Ascomycota (476)-
Arthropoda (1,020,474)
Annelida (963,009)
Amoebozoa (862)

<
>
=
[a W

5 10 15 20
Number of Sequences

O A

Figure 4. Total number of sequences of phyla found on parametric square tiles. Phyla were detected
from eDNA present only on tiles at two study sites in the GoE/A after quality control. Pictures repre-
sent the organisms from each phyla to show habitat partitioning on tiles (adapted with permission
from Ref. [17]; Science of The Total Environment; Elsevier; 2023).

The total protein content from the tissues of fragmented corals, Acropora eurystoma,
Stylophora pistillata, and Pocillopora damicornis (n = 45), in mounting structures, was com-
pared with baseline corals that were fragmented from the same colonies after a period of
6 months (Figure 5). The protein content was used as a proxy for tissue health to indicate
any changes throughout the duration corals were secured in mounting structures and
to tiles. Not all the corals were held with the mounting structures; however, fragments
were selected randomly to understand the potential differences between corals originally
from the reef site and the corals that were mounted to tiles for 6 months, with a mounting
structure or without. There were statistically significant differences between the total
protein content in baseline corals collected from each respective site and the fragments
that were mounted onto the tiles (substrate) for both P. damicornis (p < 0.01) and S. pistillata
(p < 0.001) (Figure 5). Total protein content was significantly higher in both P. damicornis
and S. pistillata from tiles compared with baseline corals, whereas no significant difference
was observed between baseline and tiles fragments for A. eurystoma (Figure 5).
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Figure 5. Total protein content from the tissues of three branching corals. Baseline corals represent
the fragments before they were attached to substrates (tiles). The substrate treatment is the 6 months
after they were mounted to tiles. Asterisks represent the level of p-value significance: p < 0.01 (*) and
p <0.001 (**). Dots represent replicates.

4. Discussion
Expanding the Coral Restoration Toolbox

The current development of hybrid substrates composed of 3DP ceramic tiles and
integrated mounting structures can expand the toolbox of customized and scalable reef
restoration solutions. We present two tile designs with high topographical complexity that
include a novel way to mount coral fragments securely, providing the ease, speed, and
flexibility needed in such tasks, especially underwater. In both tile designs, we suggest how
to multiply and expand their use and to create various large-scale nurseries in the form
of flat floating surfaces or towers (Figures 1 and 2). Furthermore, we offer an innovative
prototype of a coral nursery constructed using 3DP nylon housing with mounting structures
that interlock and create a grid for gardening fragments (Figure 3). Additionally, mounting
structures can be applied to the topography of large-scale biomimetic ceramic artificial
reefs (Figure 6) [6]. The results of our methodology indicate the potential for benefiting
fragment survival while maximizing the number of fragments planted per square meter.

Our results build upon previous studies involving the square biomimetic settlement
tiles, which demonstrated the colonization of organisms analogous to the benthic biota of
each coral reef site [17]. We observed that the phylum Cnidaria was the most diverse in
terms of species identified on the tiles. Scleractinian corals were more predominant on the
top of the tiles, settling in the textured grooves, whereas soft corals were generally found
on the underside or sides of the tiles, which could be due to various factors such as light,
heterotrophy vs. autotrophy, spatial competition, and life history strategies [17]. These tiles
played a key role in successfully replicating the natural reef topology and complexity by
provisioning habitats within its cryptic and sheltered areas. Hybrid tiles and mounting
structures can provide newly fragmented corals the platform of a rich and diverse reef
community to support their growth, which could help to both ensure their future resilience
and provide methods by which to upscale. In the second study, the universal vl mounting
structures were used in the same square biomimetic tiles to hold fragments from three
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common branching species from the GoE/A. The mounting structures held coral fragments
underwater successfully for 6 months (second half of the study). Although there was
some observed tissue loss surrounding the small area of the coral that was inside the
mounting structure (like at most attachment points), when the fragments were collected for
physiology tests, the corals were visually healthy with no noticeable tissue loss or necrosis
in any areas of the coral. The higher protein content discovered in the P. damicornis and
S. pistillata fragments that were secured to tiles could be related to the established layers of
the biofilm and organisms colonizing the tiles. This could have provided essential nutrients
and microbes to boost the health of mounted corals over the course of the experiment,
while A. eurystoma did not experience any changes in protein content, which could imply
that the mounting structures did not detrimentally impact the coral tissue.

Figure 6. Visualization of a benthic organism succession on a ceramic reef with planted fragments
(adapted with permission from Ref. [6]; Science of The Total Environment; Elsevier; 2022). (A) Newly
deployed biomimetic AR with fragments. (B) Projection of a six-month- to one-year-old AR with
growing fragments, with a gradual accumulation of marine invertebrates, microorganisms, and algae.
(C) Fully covered coral reef ecobiome growing on the AR with larger and diverse coral fragments.

Current coral gardening solutions require underwater operational skills to attach
fragments, combined with a finite air supply during SCUBA that can limit the amount
of planted or treated corals [9,10]. Additionally, most methods involve toxic adhesives or
epoxies that may negatively influence the reef environment and the coral itself [2]. Often,
they only offer a one-time (disposable or degradable) solution, which may decrease the
overall sustainability of the operation [3]. Furthermore, our solution could help to overcome
these current challenges, including the flexibility to arrange, move, or transplant multiple
fragments or nursery structures at once, from one site to another. Future applications of
this technology in marine ecosystem restoration, specifically for coral reefs, can lead to
the expansion of floating or benthic nurseries using biomimetic settlement tiles and either
customizable or universal mounting structures for fragments (Figure 3). Additionally, this
could make it easier to rear corals in aquaria or shallow-water nurseries before transporting
them to reefs (Figure 1 and 2). For maximizing out-planting initiatives, an adaptable mesh
configuration made of mounting structures in housings could offer many possibilities for
scaling-up operations both in and out of the field (Figure 3).

Coral propagation and transplantation remain the most common reef restoration
method at present, but operational costs can be expensive when compared with the survival
rate of fragments [48], leading to issues with effective upscaling [22]. The practice of coral
nurseries requires constant maintenance to grow fragments. Our new design suggests
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simple, cost-effective, and feasible solutions to securely mount fragments with an easy-
release system for use in different environments. Additionally, our mounting structures
were tested with scleractinian branching corals, A. eurystoma, S. pistillata, and P. damicornis,
as well as soft corals, such as Heteroxenia fuscescens. However, our mounting devices are
not yet optimized for other types of corals (e.g., encrusting), but the potential is there.

Combining data-driven, biomimetically engineered ARs with strategic spaces for
placing mounting structures could better accommodate large-scale operations by providing
habitat complexity, settlement substratum [6], and a refuge to many important reef crea-
tures, such as herbivorous fish [7]. It could also be tailored to already existing commercial
and experimental ARs, seawalls, jetties, and coastal structures, providing structural stability,
protection and an ecotourist attraction. Our solution could enable more efficient transplan-
tation of fragments without potential stress on the living tissue or damaging the coral, as
indicated by our preliminary findings. Furthermore, our approach could be incorporated as
a nursery toolkit for coral practitioners, governments, NGOs, or for commercial ecotourism
markets (e.g., eco-resorts or SCUBA adventures) and aquaria-enthusiasts [49,50].

Constructing a floating tower nursery, utilizing round tiles and universal v2 mounting
structures, with the capacity to accommodate 10,000 coral fragments necessitates approxi-
mately 715 tiles. The material cost for these tiles would be approximately USD 1144, and the
printing process would require approximately 429 h (equivalent to 17 days). The universal
v2 mounting structures required for this nursery would cost around USD 6200 in materials
and would take approximately 70 days to print.

To establish a floating mesh nursery capable of accommodating 10,000 fragments
within a 16 square meter area, the production of universal vl mounting structures would
require an estimated material cost of approximately USD 400 and a time frame of 125 days.
However, with the utilization of four dedicated printers, this production period could be
condensed to one month. The housing for the universal mounting structures would be
approximately USD 0.71 per unit and could also be manufactured within one month of
printing, resulting in a total cost of USD 7100.

5. Conclusions

For extensive projects, like the 10 k fragment nursery benchmark, 3D printing thou-
sands of small identical pieces currently falls short in comparison to mass-production
methods and readily available materials like nets, ropes, or PVC pipes. To illustrate these
distinctions, we offer a potential strategy for streamlining the production of next-generation
nurseries on an industrial scale. Ultimately, this could lead to enhanced accessibility and
affordability for coral practitioners and operations worldwide. The primary bottleneck in
the financial feasibility of a 10,000-fragment nursery based on 3DP methods is the high
cost of the mounting structures and housing. Mass-production techniques such as injection
molding could be employed for a quick and economical solution to the fabrication of
universal mounting structures. Heading in this direction will require certain geometric
modifications to facilitate the molding process, and will lead, potentially, to tight product
development (e.g., merging the mounting structure with its housing). Using an inexpensive
industrial-grade TPU granule such as Elastollan by BASF [51], or other similar brands,
(prices are ranged in several USD per kg) could result in a significantly low-budget nursery
cost of approximately USD 200.

We believe more extensive work should be conducted to fully characterize the impact
various coral gardening methods may have on coral growth and survival. In the future, our
3D-printed solutions, such as mounting structures, could be 3D-printed with biotechnology
from different living materials [52-54] that could be infused with beneficial nutrients [55]
to protect corals at fragment sites [56] and boost their resilience [57]. Mounting structures
could be 3D-printed from gels or biodegradable materials that could dissolve over time,
leaving the natural attachment of corals to either biomimetic substrates (Figure 6) or the reef
itself. As some processes to 3DP settlement substrates and ARs may still produce carbon
emissions, 3DP substrates for attaching coral fragments from materials such as cellulose
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could potentially uptake excess carbon at reef sites [58], leading to the hybridization
of advanced biological substrates and coral mounting structures that could serve multi-
functional purposes in coral reef restoration.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /jmse11091695/s1. Testing the easy release mounting struc-
ture (v2) in a natural coral reef in the Red Sea, Israel.
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