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ABSTRACT

Key Words: Bioremediation | 3D BioPrinting | Regenerative | BioDesign |

Conservation | Parametric Architecture | Organic Design

Coral reefs are the most vulnerable ecosystem to climate change, projected to have
severly degraded by 90% worldwide by 2050. There is an urgency to develop advanced
restoration techniques that can help repopulate and enhance biodiversity in these
environments. Current reef restoration methods that utilise 3D printing seem to lack a
design that promotes both marine and coral biodiversity. This design project aims to
address this through the implementation of a modular 3D printed clay structure that is
based off of a triply periodic minimal surface - in this case the gyroid. In collaboration
with RRREEFS this structure will be tested in Pujada Bay, Philippines at their existing
reef restoration site. Material fabrication included exploring an oyster shell and clay
composite, however this was not successful and it was decided to continue with just
terracotta clay. The final geometry was crafted using Houdini, Rhino 3D and Blender and
printed with an ABB Robotic Arm Printer at 50% scale.

PREFACE

With a future goal of working at the intersection of Biodesign and conservation, I wanted

to explore a research and design project that expanded my network of professionals
working in conservation and preservation of the natural environment. As a result, I have
been able to connect with a range of marine organisations all of whom are at the forefront
of storytelling, exploration, or advanced fabrication. It has been interesting to see that
most of the people who are working to protect the environment have actually never heard

of Biodesign or the potential it has to create a more sustainable world!

With the skills I had learnt from Fabricademy and the resources available at IAAC, I
believed it to be a great opportunity to develop 3D printing skills with the bio-paste
printers and robots. This project has allowed me to find my niche within Biodesign and I

am excited to continue advocating for this field within the conservation industry.
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Introduction

Coral reefs - also known as the ‘rainforests of the sea’ - are the most vulnerable ecosystem
to climate change, seeing a decline of 50% worldwide since the 1950s and projections
estimated to rise to 90% by 2050 ! . The reefs support around 25% of marine life @,
provide food, coastal protection, and revenue for millions of people F; and are a sink for
approximately 29% of all CO2 absorbed by the ocean ™.

Threats to coral reefs are man-made actions that trigger climate change such as
deforestation and burning fossil fuels, which indirectly and directly impact the marine
environment, causing effects like coral bleaching and algae blooms.
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Threats to Coral Reefs

The rapid decline of coral reefs has increased the necessity of exploring interdisciplinary
methods for reef restoration. There is an urgency to invest in technology that can help
reach ecosystem-scale V.

Some problems facing current restoration techniques include:
a difficulty replicating the 3D complexity of coral habitats

e difficulty scaling them to larger areas

¢ pollution leaching into the environment from toxic objects such as sunken ships or
concrete

* a lack of sustainable restoration methods

While reef restoration is not a novel method of conservation, some organisations are
utilising 3D printing as a tool for enhancing these efforts.



Thesis Statement

Using advanced manufacturing technology and digital fabrication techniques to design a
3D printed, modular clay structure which aims to promote marine biodiversity in coral
reef environments.

3D Printing As a Tool

3D printing with natural materials in conservation is an advancing, yet still niche field
that has the potential of being immensely impactful. While 3D printing allows for more
complex geometries to be sculpted than traditional methods of structural molding, using
natural materials eliminates the use of fossil fuels and provides a hospital environment for
organisms to thrive.

Currently, only a few organisations within the marine conservation industry are taking
advantage of this novel method of manufacturing. These include RRREEFS, Reef Design
Lab and Coastruction, all of whom use natural materials such as clay, oyster shells or
beach sand to 3D print reef structures. What these organisations lack however, is a design
which caters for enhancing marine biodiversity, not just coral growth.

RRREEF'S, Reef Design Lab, Coastruction

To design an efficient structure for application within reef restoration it is important to
understand that within the natural environment, fish are more abundant in corals with
the highest levels of complexity. Reefs therefore, need to be designed for the particular
location, environment and organisms '



Collaboration & Location

To enable efficient and in-situ testing of TerrAqua, RRREEFS offered to collaborate and
test the structure out in their biggest existing artificial reef site at Pujada Bay,
Philippines. In February 2024, the site was first constructed, which spans over 100m* with
820 3D-printed modules made from terracotta clay. This project has provided a
foundation for the marine ecosystem to thrive without further maintenance. Having been
declared a marine protected area in 1994, Pujada Bay, with its sheltered waters provides a
suitable environment for coral growth and is a biodiversity hotspot of diverse ecosystems.
The Philippines is an important location as it contains almost 10% of the world’s coral
reefs with incredible biodiversity, however, 98% are classified as threatened. It is

8

estimated that less than 2% are still in excellent health status . This data provides

evidence for the urgency in which we, as a society, need to develop rapid solutions for reef

restoration.

SN i ¥ Pujada Bay, Philippines - RRREEF Site













Triply Periodic Minimal Surfaces

Triply Periodic Minimal Surfaces (TPMS) are defined by their zero mean curvature and
locally area-minimizing properties. They are composed of intersecting 2D wavy lines, with
an absence of straight lines ' - an example is the gyroid .

Photo by Wolfram Aplha on "Gyroid" ©

The gyroid infill pattern used in 3D printing is known for its great strength to weight
ratio as it provides excellent load bearing capabilities. Gyroid shapes are also highly
efficient in terms of material usage - the interlocking channels and lattice pattern
decrease the volume of material, which minimises material waste. Combining the gyroid
structure with 3D clay printing for the purpose of coral reef restoration would provide an
excellent solution to the problem stated. The geometry consists of varying heights,
channels, platforms and a high surface area which provide a beneficial habitiat for a
thriving marine environment.

A designer who has utilised the gyroid structure in conservation is Alex Schofield, as
part of the Buoyant Ecologies Float Lab, he created these hanging prototypes - 3D
printed using calcium carbonate. Titled 'Hanging Fish House', they are computationally
designed providing spatial alcoves for a range of marine life °.

n [10]

Photo by Olupsi on "Hanging Fish House



Fischer-Koch-S (FKS) are another type of triply periodic minimal surface (TPMS). In the
research paper ! FKS scaffolds were fabricated in ceramic and compared against a
Gyroid surface structure for the potential application in bone tissue engineering.

The results showed that FKS scaffolds were:
e 32% stronger
* absorbed 49% more energy
e had 11% lower permeability

when compared to the Gyroid scaffolds manufactured at 70% porosity. TPMS have a high
surface-to-volume ratio and interconnected porous structures which optimise cell
attachment, making them ideal structures to consider for artificial coral reef.

Photo by Thangs on "Dave Makes Stuff - Fischer" 2

VVoronoi

A Voronoi pattern is a type of tessellation in which a number of points scattered on a
plane subdivides in exactly n cells enclosing a portion of the plane that is closest to each
point. Presented below are a few models from Thingiverse ¥ which combine both
voronoi and gyroid structures - these have the potential to make an efficient artificial
coral reef structure. It would be interesting to explore whether these structures could be
made into a modular piece that slots into another to create a unit.

A Single Gyroid Surface in a Voronoi Pattern | Two Offset Gyroid Surfaces - one solid, one
voronoi | Two Solid Offset Gyroid Surfaces Connected With 'Wormholes' **
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Inspiration

Taking inspiration from nature where mathematical surfaces such as gyroids and voronoi
can be found and developing a modular organic design could create an ideal habitat for
marine life and coral attachment. Combining these elements would promote complex
geometries, high surface area and varying heights and channels. Fractal geometry and
porous architecture in nature were also found to be particularly interesting, such as in
adaptations that cooled down surfaces such as mangrove roots and termite mounds.

Inspiration [14] | [18] ‘ (16] | [17] | (18] ‘ [19] | [20]



AI Generation

Using the 3D Al software, Tripo3D , some models using prompts were generated with the
aim of satisfying the following conditions:

e complex geometry for maximum marine biodiversity

e high surface area for greater potential of coral polyp attachment

e modular unit to allow for customisable construction

* not many fragile extensions

¢ relatively uncomplicated 3D printing process i.e. how much support does it require

With key words such as 'parametric', 'organic/biomimetic' and 'gyroid', the initial
models below were generated. The designs which had a lattice structure were particularly
interesting, however, this would be difficult to achieve with clay 3D printing.

One of the initial structure ideas involved designing a modular pavillion, with the concept
being that it would generate more shade and shelter that could potentially cool
surrounding waters. The final model below consists of 2 layers of surface, allowing for
more alcoves and channels to form which would be great in this application. A struggle
with this would be 3D printing the overhangs - so the orientation in printing is incredibly
important.

Tripo3D AI Generated Models 1.1

Adapting the prompts to include the key words 'termite mound', 'roots' and 'tower'
produced the models below.

Tripo3D Al Generated Models 1.2



The left model’s roots could be printed as one or in multiple parts with additional
modules slotting in (similar to how the flower-like growths have formed in this model).
The root structure would allow for dynamic water flow and plenty of crevices/ridges for
larvae to get caught in. The model on the right sparked inspiration from russian doll
toys. What if a structure was designed which could be comprised of say 2 separate layers
each one varying in complexity and width of holes? Imagine the inner most surface being
a Fischer Koch S column, the second surface which you could place over this column
could be a voronoi-like structure with larger holes. This would provide a variety of
habitats in a singular unit, whilst channeling water flow and producing a high surface
area for larvae attachment.

The model that was most applicable due to the varying heights, channels and surfaces, is
shown below . A modular piece can be visualised by slotting multiple pieces through a
bar, stacking one on top of another.
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Houdini

A tutorial on ‘Deformed Gyroids using Houdini’

provided a great base for exploration
into the desired geometry. As stated previously the triply periodic minimal surface would
both look visually appealing and provide a great habitat for the growth of an underwater
ecosystem. The gyroid structure was chosen based on the resources available to learn the

Houdini software.

Creating Gyroid Surface

Controlling Desnity (Res) | Parameter Shifting | Rotational Shifting | Angular Shifting

Resolution: 1.0 Resolution: 1.0 Resolution: 1.0
Shift: 0.0 Shift: 0.0 Shift: 0.0
Angle: 0.1 Angle: 0.4 Angle: 0.7

Combined Deformation



The first iterations of this design are shown below, as you can see the curves are very
complex and not suitable for clay 3D printing. In order for the print to be valid and also

not require supports, the angles of the curve must not exceed 30 degrees.

Resolution: 0.481
Shift: 6.43
Angle: 0.15
Thickness: 0.15

Resolution: 0.481
Shift: 1.41
Angle: -0.205
Thickness: 0.1

Resolution: 0.481
Shift: 6.43
Angle: -0.1

Thickness: 0.15

Resolution: 0.313
Shift: 1.66
Angle: -0.13
Thickness: 0.1

Initial Iterations

After some alterations within the 3D environment, the second iterations resembled the

idea that was trying to be generated.

i E | Bounding Box: 4 x 8 x

Resolution: 0.34
Shift: 0.02
Angle: -0.016
Thickness: 0.1

& &

Bounding Box: 11 x 8 x 8
Resolution: 0.3034

Shift: 0.12

Angle: -0.033

Thickness: 0.1

Bounding Box: 4 x 8 x 8
Resolution: 0.544

Shift: 0.02

Angle: -0.259

Thickness: 0.1

Bounding Box: 4 x 8 x 8
Resolution: 0.303

Shift: 0.1

Angle: -0.033

Thickness: 0.1

Second Iteration



Modular Explorations

Modularity is important for this application as when deployed an artificial reef it is
necessary that the structure is easily transportable and easy to assemble underwater.
Initially, two modular designs were generated: the first being a tesseleting 'pavillion'
made out of hexagonal pieces; and the second being a stacked tower. The latter was
chosen as it produced more complex geometry and one could build many towers with
different heights allowing for a varying landscape. The pavilion lackced this as the height
across would remain much the same.
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After developing the 3D model in Houdini, the process for refining the structure to be
ready for 3D printing is shown via the following steps:
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Design Process

To split the Houdini mesh into modular parts required using the Rhino ‘mesh boolean
difference’ tool. After this step further mesh editing was carried out in Blender to ensure
that the overhangs and channels would not fail whilst being 3D printed.

Splitting Mesh in Rhino 3D



Future Ecosystem

As stated in chapter 01: State of the Art, ‘reefs need to be designed for the particular
location, environment and organisms’. So, after selecting a few of the many Filipino coral
reef organisms, a future ecosystem was developed to portray the habitat that the
proposed structure could create. These organisms thrive in a variety of spaces and
environments which my design caters for.

IFire Coral

IFound in shallow reefs,
|with optimum level of

jsunlight and a variance
!in the flow of water

Terracotta Clay

Clown Fish and Anemones
IBlue Angel Fish Found in warm sheltered
IPrefer dimly lit areas _ pwaters. Clownfish live

Jor under overhanging Sl - i A ALl //|symbiotically with the

Ivegetation AN - anemone

\,
! N

IHammer Coral
ITypically found in

,_“;?shallow waters on rocky
- [

Is /" |substrates. They Don’t
|Seagrass ) /" Irequire much light
ICrltlcal marine _

|ecosystem providing (:

Ihabitat and diverse AN - -
!communities N Mandarin Fish

Found in shallow
S Aprotected reefs with
/ rocky rubble

IGhost Pipefish

IFound in shallow reefs

|and seagrass meadows

Iwhere they can hide

\
\
\

ICapnella

IFound in shadier places
~Zland on coral rubble in

Ishallow water

A

Future Ecosystem









Terracotta Clay

Terracotta clay - meaning 'baked-earth', is 100% natural and has great porosity with a
95% recyclability rate *2. It was advised to use this material by RRREEFS due to these
properties.

To make the clay viable for 3D printing meant a lot of trial and error however eventually
it was found out that one should aim for around 6% of water content within each mixture
of clay i.e. for 1kg of clay add 60g water.

Clay 3D Printing(?3! [24]

llaste Oyster Shell Composite

Opyster shells are a great source of Calcium Carbonate (CaCO;) with a content up to 95%.
Originally it was thought that combining this waste material into the structure would
enhance the strength, porosity, durability, and also provide a similar skeleton to coral
reefs for polyps to attach onto.

Some organisations which have developed materials using shells include Oyster Matter
who experimented with ground shells and natural binders. Marine Eco Bricks **, who 3D
printed with a composite cement and utilise recycled oyster shell powder as a subsitute
for sand and gravel, reducing cement consumption and lowering carbon emissions. This
project was designed to enhance shoreline protection. Finally, the research highlighted in

n [27]

article "Oyster Shell Waste as Reinforcement for Clay , stated that compared to pure
clay samples, the oyster shell reinforcement enhances the compressive and flexural
strength of the composite by 26.5% and 34%, respectively at 1150°C sintering
temperature. This specific 3D printer could print with overhanging angles of 32°, and
bridging length of 8 mm without any support requirement. With this research it seemed

possible to develop an oyster shell and terracotta clay composite.

Oyster Shell 3D Printing®
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3D Paste Printer

The first experiments with the paste printer were used to test the correct flow and
consistency of the material, along with the behaviour when overhangs are introduced.
The paste printer available at IAAC/Fab Lab Barcelona was the Creality Ender 5, which
has the following characteristics:

e Cartesian machine with an exterior footprint of 440 x 410 x 465 mm and a print build
volume 220 x 220 x 300 mm which offers a larger print volume.

¢ The box-like frame offers better stability during printing.

e The bed only moves vertically (Z-axis), reducing potential print errors tied to Y-axis
movement. Due to improvements in stability and Y-axis design, it can print faster
without sacrificing quality.

* Resume printing function (in case of accidental unplugging).

e 24V-350w branded power supply to stand future modifications/upgrades.
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Paste Printer Setup

The system works with air pressure for the feeding system and a motorized controlled
extruder head. The feeding system part is connected to the rolling raile with 5 screws
which makes it easier and faster to clean during disassembly. The cartridges are industry-
graded HDPE pressurized (300cc-500cc) and safe up to 100PSI 6.9 bar (normal working
pressure is 2-4 bars). A silent air compressor of 755 db with a rating up to 6 bar and 31
deposit with regulating valve and safe release is also used.



Repetier is a software which is used to control the parameters of the extrusion, a
Feedrate of 40 and Flowrate of around 180 worked well. The air pressure machine was
always set to around 2-3 Bars. Another key value was the layer height which was set to
1.5mm in Cura, with an initial layer height of 2mm.

3D Clay Tests

Repetier is a software which is used to control the parameters of the extrusion, a Feedrate
of 40 and Flowrate of around 180 worked well. The air pressure machine was always set to
around 2-3 Bars. Another key value was the layer height which was set to 1.5mm in Cura,
with an initial layer height of 2mm.

The maximum overhang that a clay structure can have is 30°. With this in mind, some
prototypes were designed to understand the behaviour a bit more when holes and
overhangs are introduced.

Following a Rhino Pipe tutorial ®, provided information on how to generate structures
using the Sine Summation Graph Mapper.

. ot
Dy ) [ '-. 1

Grasshopper Script and Pipe Prototype

The next test involved exploring how a hole in the centre affected the strength of the
structure. Here, it was ensured that the central hole did not exceed a 30° angle. The
resulting structure was very supported and stable.

|

Central Hole Prototype



The following test aimed to understand whether the size of a circular hole created an
unstable structure or affected the formation of other holes. Each hole maintained a good
structure throughout printing apart from the top left one. The reason this hole collapsed
was due to the wall to the left of it being too thin to support the increasing load above
it.

_—RBS8
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Multiple Hole Prototype

Clay Gyroid

The first clay gyroid tests explored how layer height and water content affected the print.
Initially, the layer height was 3mm with a water content of 3%, which turned out to be
too wide and dry. It was found that an ideal layer height was around 1.7mm with a water
content of 7%.

3mm, 3% | 3mm, 5% | 1.5mm, 6%



Workflow Process: Model Generation in Houdini | Slicing and Refining in
Rhino | Sculpting in Blender | Slicing in Cura | Printing

Clay and Oyster Shell Guyroid

After grinding waste oyster shells into a fine powder, they were incorporated into the clay
mixture at a 1:3 ratio. The prototype shown below was mixed with 140g of water. During
printing it was noticed that some overhangs were still too steep and narrow cuasing the
print to nearly collapse - these faults were fixed in the Blender model afterwards.

Layer Height: 1.5mm | Scale | 127 x 127 x 39mm | Print Time: 2 hours |



After adjusting some settings and adding more water to the mixture, the top module was
printed. The structure printed more smoothly and faster with no noticeable points of
failure.

1kg Clay
.4 588g Oyster Shell Powder
178g Water

Feedrate 186
Flowrate 188
Layer Height 1.7mm

P ———————
B127 x 1

1kg Clay
588g Oyster Shell Powder
148g Water

pem————

Feedrate ~38
Flowrate ~148
Layer Height 1.5mm

Points of Failure When Dry

Clay and Osyter Shell Powder Prototypes
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Firing

After firing the oyster shell and clay composite, the structure completely crumbled
suggesting the oyster shells did not add structural integrity after all. This mixture cannot
be used for the desired application so it was decided to adjust the research project to be
purely focused on generating a structurally sound 3D model using only terracotta clay.

-

Kilned Clay and Osyter Shell Powder Prototypes

pH

RRReefs mentioned that the pH of the water in Pujada Bay, Philippines was 8.1, and the
material should not affect the environmental conditions. Therefore, using Arduino and a
pH sensor, the pH of the material was tested within Barcelona sea water. The serial
monitor readings in Arduino shown below read that the pH of the distilled water started
at 5.91, while seawater was initially pH 7.53. The pH of the seawater rose to 7.62 after
terracotta clay was submerged into it. Unfortunately the clay and oyster shell composite
altered the pH of the seawater much more than expected, reaching a maximum pH of
10.83. From this investigation it was concluded that the composite would not be suitable
for the marine environment in Pujada Bay however, since the pure terracotta clay test
did not alter the seawater pH too much it would be an ideal choice of material.



--------- * Sea Water

121:34.132 1,253 Value: 7.53
$21:35.452 : 1.257 Value: 7.58
:21:36.763 -> Voltage: 1.255 Value: 7.56
:21:38.875 -> Voltage: 1.257 Value: 7.58 -
:21:39.388 — Voltage: 1 7 Value: 7.58 E
5:21:40.697 — Voltage: 1.256 Value: 7.57 E
:21:42.012 — Voltage: 1.2 Value: 7.61 :
21:43.325 -> Voltage: 1.2 Value: 7.61 E
$21:44.632 ->» Voltage: 1.2 Value: 7.68 s
:21:45.988 -> Voltage: 1.2 Value: 7.62 }. Clay
121:47.289 - Voltage: 1.2 Value: 7.64 :
121:48.6082 —> Voltage: 1.2 value: 7.62 i  Sea Water
Voltage: 1.2 Value: 7.62 :
Voltage: 1 Value: 7.62 :
Voltage: 1. Value: 7.61 i
Voltage: 1. Value: 7.61 :
:21:55.167 -> Voltage: 1 Value: é
15:88:31.204 —> Voltage: Value: 5.91 * Distilled Water
5:08:32.525 -=> Voltage: 1.369 vValue: 9.15 1
15:08:33.843 —> Voltage: 1.444 Value: 1@.19 ;
15:88:35.165 -> Voltage: 1.467 Value: 18.52 §
15:08:36.482 -> Voltage: 1.479 Value: 10.69 :
15:08:37.797 -> Voltage: 1.485 Value: 108.77 -
15:08:39.119 -> Voltage: 1.489 Value: 18.83 :
15:08:48,486 —> Voltage: 1.481 pH Value: 18.71 :
5:08:41.746 -> Voltage: 1.469 Value: 18.54 ?"“ Clay + Oyster Shell
108:43.064 antage: 1.478 Value: 18.55 Sea Water

=
(=]

144,360 —> Voltage: 1.467 Value: 18.52 i
145.676 —> Voltage: 1.469 Value: 10.54 :
146,991 -> Voltage: 1.476 Value: 18.65
8:48.332 —> Voltage: 1.478 Value: 10.67
08:49,643 -> Voltage: 1.479 Value: 10.68
108:50.953 -> Voltage: 1.477 Value: 18.66

=
[+

=

5.
15:
15:
5:08
L5
5
L5

Arduino Serial Monitor Readings
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Overviewm

To achieve modularity, a hole had to be removed in each piece for the central support
rod to be inserted through. To do this a mesh cylinder was subtracted from the gyroid

through the points that were thought to work best. The placement is shown in the
diagram below.

Top Module Central Module Mirrored and Flipped Central
Module

né Central Supporting Pole
* [diameter varies with
scale]

..... Top + 4 Central
Modules

Final Design Modular Units



Paste Printer Test

Top Modulae Central Module Wirrored and Flipped Central Module

-

7% Water Content Clay Prototype

Robot Printing

Using the ABB robotic printer at IAAC with an 8mm nozzle, the final geometry was
printed at 50 % scale. Each module printed ~2.5kg clay in 20 minutes.

667mm
|—————__,———"’——_“I Extruder Mechanism
1270mm .

1310mm
5 Axis Robotic Arm - \\K

ABB Robotic Arm

Robot Printing









Conclusions

The final large scale prototype was structurally sound, and satisfied all the aims set out
at the beginning of this research. The geometry is complex, providing a suitable habitat
for marine life found in Pujada Bay, Philippines. This geometry contains a variety of
channels, overhangs and a large surface area that promote marine biodiversity. At the
time of writing this, there is still some work to be done before the structure can be tested
out in location.

It was a shame that the oyster shell and clay composite failed to work, although
predictions would have suggested otherwise. Designing an artificial coral reef out of
calcium carbonate still remains a future goal.

Feedback from the final presentation suggested to develop a more efficient joining
mechanism to prevent rotation of each module underwater. Such a mechanism could
involve a female and male joint that locked in place when the modules were stacked on
top of each other. With the layout of the geometry and the orientation in which the
modules had to be printed though, this mechanism may have not been successful which is
why the central supporting pole was chosen. However, it would be interested to test this
idea.

Future developments of TerrAqua involve developing an initiative that promotes
Biodesign to local communities most affected by climate change, specifically empowering
women to learn advanced technological design methods with 3D printing and
biofabrication. The hope is to enrich them with knowledge on how to protect their local
ecosystems and allow them to develop an advanced craft trade focused on sustainability.
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