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Executive Summary
Cyanobacteria are photosynthetic 
microorganisms found in a variety of 
environments, including marine wa-
ter bodies. Some species are able to 
perform biomineralization, producing 
minerals such as calcium carbonate 
(CaCO3) that may act as biocement. The 
biomineralization capability of cyanobac-
teria has already been explored in the 
development of Living Building Materials 
(LBMs), composed of an inert scaffold 
of sand and hydrogel, that contributes to 
CO2 capture. 

The offshore industry is a significant 
user of concrete, contributing to 11% of 
the global CO2 emissions. Therefore, the 
application of cyanobacteria biominera-
lized materials is envisioned as a way to 
reduce CO2 emissions in this sector. 

The cyanobacteria biomineralized mate-
rial has been studied in the fields
of construction and is applied in 3D prin-
ting, but its potential for offshore applica-
tions still needs to be explored. 

This study aims to explores the proprie-
ties of cyanobacteria biomineralized 
materials to catter some requirements of 
offshore applications, thereby contribu-
ting to a more sustainable practice. This 
was done by first recreating the material 
from other studies, assessing its mecha-
nical proprieties and testing it in under-
water conditions. 

This was followed by a tinkering process 
where material qualities (e.g., cyano-
bacteria optical density (OD), biomine-
ralization/curing time, type of hydrogel, 
aditional coating) were adjusted to fullfill 
its purposes.

The impact of these changes were 
measured through submerging the 
material in seawater and assessing its 
mechanical proprieties. 

The use of cyanobacteria at an OD of 
2.4, resulted in the strongest material. 
Using agar as an hydrogel binder, coun-
tered the dissolvability of the material 
with a gelatine binder. On the other hand 
mechanical tests showed that the agar 
bonded material was significantly wea-
ker than the gelatine bonded material. 
Adding a silicone rubber coating to the 
gelatine bonded material did not make 
the material resistant to seawater. A pro-
longed biomineralization time improved 
the strength of the material significant-
ly but more exploration is required to 
determine if the biomineralization time is 
the result of this strength or the adjusted 
sand/medium ratio.

Overall, this study demonstrated that 
cyanobacteria biomineralized materials 
can be applied in offshore applications 
since the right cyanobacteria OD, bin-
der, coating and biomineralization time 
are employed. 



Glossary

LBM 
Living Building Material. A material that contains a living organism that is used in the 
building industry
 
Biomineralization 
The  production of minerals with CaCO3 as the most common one, that are deposi-
ted in the matrix of living organisms (Hu et al., 2011)

Synechococcus sp. PCC 7002 
A strain of cyanobacteria that is used to make the material 

Design space
A design process based on focussing on all the complex multi-dimensional different 
design solutions, on a certain topic (the space) (Westerlund, 2005)

Bacterial culture
Bacteria grown for scientific purposes, or the activity of breeding and keeping parti-
cular living things in order to get the substances they produce (Culture, 2024)

Demi water 
Also known as demineralized water or distilled water, this is water of which the salts 
and minerals are removed (Demi Water - Lenntech, n.d.)

Reculturing 
Adding more medium or making new flasks with medium to allow for more cyano-
bacterial growth

Inoculation
Adding the cyanobacteria to a suitable situation for growth
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Chapter 1

Project Description
Introduction
In this chapter the project will be introduced and the context of the subject will be ex-
plained. The knowledge gaps in this field will be explored and the goal of this project 
will be made clear. 
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1.1 Introduction 1.2 Problem definition
The building sector is responsible for 39% of global carbon dioxide emissions, with concre-
te use contributing to 11% of those emissions, being therefore a big contributor to climate 
change (Concrete needs to lose its colossal carbon footprint, 2021; Embodied Carbon 
Actions – Architecture 2030, 2022). Concrete is commonly used in the offshore industry, 
in the construction of oil rigs (e.g., for only 44 oil platforms, 2.966.357 m³ concrete is used 
(Skinner, 2023; Fernandes et al., 2008)), bridges, and tunnels. Structures in the offshore 
industry often need to be attached to the seabed. Bridges for example have piers, they 
support the bridge in the seawater, the most common ways to place them are with caissons, 
cofferdams, or driven piles (Obinna, 2023). All these construction methods use, or allow for 
the use of, reinforced concrete, and are therefore very impactful on the environment. 

It is estimated that the global demand for concrete will increase up to 23% by 2050 (Embo-
died Carbon Actions – Architecture 2030, 2022). To limit further global warming to +2ᴼC by 
2050, a significant reduction of Co2 emissions by 24% is required (Reinhardt et al., 2023). 
Therefore, there is a need for new innovative technologies that enable the reuse of existing 
materials (Tam, 2008; Noguchi et al., 2011), as well as materials that help reduce carbon 
emission (Technology Roadmap - Low-Carbon Transition in the Cement Industry – Analy-
sis - IEA, 2018; Concrete needs to lose its colossal carbon footprint, 2021). In this way, the 
development of a new material for the offshore industry that could replace the impactful 
concrete could significantly contribute to reducing pollution in the offshore sector. 
 
Cyanobacteria can help modernise the offshore industry. These bacteria can be found in se-
veral environments, including water bodies, and are considered one of the oldest organisms 
on earth with fossil records dating 2.8 billion years ago. Cyanobacteria perform photosyn-
thesis, and as a byproduct they emit O2, being therefore considered the initiators of life on 
earth (Tetsch, 2016). 

Cyanobacteria can also biomineralize, this means that they can produce minerals such as 
calcium carbonate (CaCO3). This capability has been used to design materials that capture 
CO2 (Beatty et al., 2022). If a medium with nutrients, cyanobacteria such as Synechococcus 
sp. PCC 7002, sand and a hydrogel are combined, biomineralization reactions can create 
a cement-like material (Armaly et al., 2023; Delesky et al., 2023; Heveran et al., 2020; Qui 
et al., 2021; Reinhardt et al., 2023). This Living Building Material (LBM) can convert CO2 to 
O2 through photosynthesis, meanwhile it also captures CO2 through biomineralization. Both 
these characteristics of the LBM can lower the CO2 percentages in the air. If next to this the 
sand that is used is obtained from local areas and this material is applied for offshore pur-
poses, the industry will be less impactful on the environment.

Cyanobacteria biomineralization has been studied in the fields of construction (Delesky et 
al., 2023; Heveran et al., 2020; Jang et al., 2023; Qui et al., 2021) and is applied in 3D prin-
ting (Reinhardt et al., 2023; Armaly et al., 2023), still the development of a cyanobacterial 
biomineralized living material for offshore applications needs to be explored.

For this thesis the main research questions will be:

-	 Can we design a cyanobacteria biomineralized material for offshore applications?
-	 Can the material stay alive when applied in simulated offshore conditions? 
-	 What are the mechanical properties of the designed material?
-	 How can we tune material properties to fit offshore applications?  

1.3 Goal
Cyanobacteria’s biomineralizing capability has been explored for the development of a 
living building material (LBM) with possible applications within the construction environ-
ment (bioconcrete) (Heveran et al., 2020). This biomaterial, composed of an inert structural 
scaffold of sand and a hydrogel, structurally supports living cyanobacteria, that mineralizes 
and toughens the hydrogel. The current research has so far focused on the necessary 
conditions for the development of this material, still its possible applications and/or further 
development for offshore applications remains to be explored. 

The goal of this thesis is to design a material that caters to the requirements of offshore 
applications, thereby contributing to a more sustainable practice. 

1.4 Approach
The deliverables for this thesis are a report with a design space and showcase in the 
shape of a datasheet with ways on how to make the material for each intended application 
together with different variations of test cubes, and a poster. 

In this thesis, the following stages were executed: “Research”, “Development, experiment 
and lab work”, “Demonstrating and documenting”.

The “Research” stage provided the knowledge of the existing information on the topic 
through literature research to be able to make test setups in the lab. Then, the “Develop-
ment, experiment and lab work” stage followed with first replicating the living building ma-
terial, testing its water resistibility and later developing the material for offshore applications 
and processing of the data. This stage needed a lot of time for iteration, because experi-
ments in the lab are never linear. The last stage was “Demonstrating and documenting”, 
where the final datasheet and design space were made.
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Chapter 2

Cyanobacteria and  
biomineralization

Introduction
This chapter dives into the bacterium that is used for the making of the building 
material, it will explain the origin of the cyanobacteria, its habitat and its capabilities. 
The relation of those capabilities to the building material will also be elaborated on.  
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2.1 Introduction 2.2 Advantages of cyanobacteria
Cyanobacteria, commonly known as blue-green algae, were selected for the development 
of the material (see image 2).

These organisms can be found in a variety of environments including water bodies like oce-
ans, lakes or rivers. Fossil records of 2.8 billion years have been found containing cyano-
bacteria (Reinhardt et al., 2023). Cyanobacteria perform photosynthesis and as a byproduct 
they emit O2, because of this they are considered the initiators of life on earth (Tetsch, 
2016).

Cyanobacteria are part of the bacteria family (see image 1). There are many different types 
of cyanobacteria.

For this thesis the cyanobacterium Synechococcus sp. PCC 7002 was selected. This 
cyanobacterium is part of the Chroococcales order, see image 1 (Schaap, 2015). Synecho-
coccus sp. PCC 7002 ranges from 0.4 µm to 6 µm and is a marine/euryhaline unicellular 
cyanobacterium, capable of thriving across a broad spectrum of NaCl concentrations, with 
exceptional tolerance to high-light irradiation (Schaap, 2015; Ludwig & Bryant, 2012). Its 
optimal growth temperature is 38ᴼC (Schaap, 2015).

This strain of cyanobacteria is proven to be able to biomineralize (Sidhu et al., 2022), 
leading to the production of minerals such as CaCO3. Synechococcus sp. PCC 7002 does 
this with the help of photosynthesis (Zhu & Dittrich, 2016), contributing to the capture of CO2 
in materials (Beatty et al., 2022).

The development of cyanobacterial biomineralized materials offers several advantages. 
Biomineralization through photosynthesis has the potential to sequester CO2 during cell 
growth and the biomineralization process. As cells grow, assimilated carbon is used to pro-
duce energy and biomass, whereas additional CO2 is permanently fixed in biomineral form. 
In addition, the application of the photosynthetic pathways for biomineralization, does not 
release environmental pollutants, as other pathways may do (Beatty et al., 2022). 

The use of cyanobacteria also makes it possible to eventually make the material living, 
which could open doors to make it self-healing or reactive to environmental conditions. 

2.3 Potential risks of cyanobacteria
The cyanobacterium Synechococcus sp. PCC 7002 lives in water bodies and is free living. 
It is described as non-pathogenic, being therefore considered biosafety level 1 (Synecho-
coccus Sp., n.d.).

Image 2, Synechococcus bacterium.
(Synechococcus - Alchetron, the Free Social Encyclopedia, 2023)

Image 1, Cyanobacteria classification (Allaf & Peerhossaini, 2022)
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2.4 Photosynthesis and biomineralization
Biomineralization is the process where minerals are formed from the environment through 
the natural process of living organisms. Several pathways can lead to biomineralization, 
photosynthesis being the one that occurs in cyanobacteria (Beatty et al., 2022). 

Photosynthesis and associated CO2 capture, leads to the formation of CaCO3 crystals 
because of an exchange of HCO3- and OH- across the cell membrane (Miller and Colman, 
1980). Cyanobacteria use HCO3- as a carbon source, that gets into the cell and follows a 
chain of reactions which leads to the release of OH- out of the cell (see image 3) (Zhu & 
Dittrich, 2016). Although this process is not yet very well understood, it leads to an alkalini-
zation of the microenvironment of the cell. This higher pH leads to the increase of the speed 
of the calcification reaction (Jiang et al., 2013; Chegg, n.d.). Additionally, Ca²+ accumulates 
at the cell surface, leading to the eventual formation of CaCO3 (see image 3) (Beatty et al., 
2022).  

When calcium chloride (CaCl2*2H2O) and sodium bicarbonate (NaHCO3) are added to the 
environment of the cell, there is enough HCO3- for the cyanobacteria to absorb and start the 
reactions to increase the pH. Because of the added CaCl2*2H2O there is also enough Ca²+ 
in the environment for the calcification reaction to form CaCO3 crystals. 

2.5 Conclusion
For this thesis the cyanobacterium Synechococcus sp. PCC 7002 is used. This is a bacte-
rium that can biomineralize with the help of photosynthesis. The biomineralization is es-
sential to develop the material. To initiate biomineralization, the nutrients CaCl2*2H2O and 
NaHCO3 need to be accessible for the cyanobacteria. 

Image 3, Biomineralization through photosynthesis 
Adapted from (Beatty et al., 2022; Chegg, n.d.; Zhu & Dittrich, 2016) 
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Chapter 3

Engineering with  
living materials

Introduction
In this chapter Biodesign and engineering with living materials will be introduced, 
together with its challenges and examples.  
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3.1 Biodesign
Biodesign
Biodesign can be defined as the incorporation of living organisms or ecosystems as es-
sential components in design, thereby enhancing the function of the end product (Myers, 
2012). This means that Biodesign can create products that have living parts and designs 
that have features that are based on nature’s processes or shapes. One of the goals of 
Biodesign is to change the linear life of products to a more sustainable and recyclable life 
(Parakul, 2021).

Living Building Materials
Living Building Materials, also called LBM’s, are materials that are used for construction 
or industrial design and contain a living component. This living component adds beneficial 
qualities to the material, or it makes the material more sustainable. LBM’s are considered 
environmentally friendly because of their minimal greenhouse gas emissions during manu-
facturing (Jang et al., 2023).

3.3 Challenges
Engineering with Biodesign and living building materials brings some challenges with it. 
One of the biggest challenges is to keep the material alive during its use phase, if that is the 
purpose. For some applications the material or product does not need to be kept alive, but 
for some others the used organism needs to be alive to give the material or product certain 
features. Because the organisms need specific conditions to be alive (e.g., water, nutrients, 
temperature, etc.), it is crucial that the final material facilitates those. For example, cer-
tain humidity levels may need to be maintained, or access to certain nutrients needs to be 
provided or there is the need to have access to light. Providing these conditions can be a 
challenge in some applications. 

Next to this is, and in particular with cyanobacteria biomineralized materials, is that those 
are still in their early development, and therefore not much is known about it, meaning that 
many aspects still need to be discovered and/or tested. This slows down the process of 
applying the material in construction or products. However, extensive research is currently 
underway, and the field of Biodesign is rapidly rising. 

3.2 Product examples
An example of Biodesign and designing with living (building) materials is the project Cyano-
Fabbrica by Cinzia Ferrari (Cyanobacteria by Cinzia Ferrari – Future Materials Bank, n.d.), 
who created glasses that have a frame made of a living building material, through the use 
of biomineralization by cyanobacteria (see image 4). The sunglasses sector has to do with 
greenwashing, this project was created to initiate new investigations and conversations 
about innovation in this sector (Cyanobacteria by Cinzia Ferrari – Future Materials Bank, 
n.d.). The used living material is sustainable and can be reused after its use. 

Another example of using living (building) materials is the living concrete in the Artis zoo 
(Levend Beton Verduurzaamt ARTIS-Aquarium, 2023). The wall of the aquarium was se-
riously compromised because of the salt water in the aquarium. The zoo now replaced 
its concrete with bio concrete, that has the ability to heal itself and therefore doubling the 
lifespan of the concrete (see image 5) (Levend Beton Verduurzaamt ARTIS-Aquarium, 
2023).

3.4 Conclusion
Biodesign and engineering with living (building) materials is designing/engineering products 
or materials through the use of living components. This gives the material or product bene-
ficial qualities like self-healing or being more sustainable. This thesis investigates the use of 
a cyanobacterial biomineralized material for offshore applications with the aim to contribute 
towards sustainability.  

Image 4, CyanoFabbrica (Cyanobacteria by Cinzia Ferrari – Future Materials Bank, n.d.) Image 5, Bio concrete in aquarium of Artis (Levend Beton Verduurzaamt ARTIS-Aquarium, 2023). 2120



Chapter 4

Material introduction
Introduction
This chapter dives into the development of the cyanobacterial biomineralized ma-
terial, including its necessary components and preparation methods. The growing 
conditions of the cyanobacteria will be explained, together with the material compo-
nents for its production. 
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4.1 Introduction to the cyanobacterial biomineralized material

Living Building Materials (LBM), made from cyanobacterial biomineralization have been 
previously developed (Heveran et al., 2020). These were able to successive regenerate 
itself up to three viable generations from one parent generation. For that cyanobacteria, 
specific nutrients, river sand, and gelatine (which acts as a binder) were applied (Heveran 
et al., 2020). The developed cyanobacterial material, at its mass equilibrium, was stronger 
than the control group which had no cyanobacteria. In addition, the material was able to 
maintain cyanobacteria alive up until 30 days, as long as sufficient humidity conditions were 
provided (Heveran et al., 2020).  

Before the material can be made the cyanobacteria need to be grown. In this study the 
cyanobacterium Synechococcus sp. PCC 7002 was grown based on previously descri-
bed protocols (e.g., Heveran et al., 2020). For its growth, a suitable medium, providing the 
required nutrients, was needed. In this research cyanobacteria were grown in liquid nutrient 
medium A+mod. All the components in table 1 were added to 800 ml of demi water. The 
medium was then filter sterilized with a 0.2 µm filter, to remove any possible contaminations 
and allow for cyanobacteria growth. 

Once the growth medium A+mod was prepared, the cyanobacteria were added to the flasks 
and placed in an incubator with the following settings: day/night rhythm (16:8h), 22ᴼC, on a 
shaker ≈ 130 rpm. The cyanobacteria were re-cultured approximately every week. 

Synechococcus sp. PCC 7002 grows by duplicating itself. The culture growth and “health” 
can be judged by the green colour. The darker green flasks with cyanobacteria and medi-
um are the ones with healthier cultures, due to the presence of chlorophyl (see image 6). A 
colour change to a yellowish colour may be an indication of culture stress, indicating a less 
healthy state (see image 7).

Temperature
Biomineralization studies have been applying different temperatures for the growth and 
maintenance of cyanobacteria, from 22ᴼC to 37ᴼC (Heveran et al., 2020; Reinhardt et al., 
2023; Jang et al., 2023; Armaly et al., 2023). In the biolab at IDE TU Delft, this strain has 
been maintained at 22ᴼC, and therefore this temperature was chosen for this study. 

Shaker
It is ideal for Synechococcus sp. PCC 7002 to be placed on a shaker. This allows the 
cyanobacteria to get better access to all the nutrients in the medium. If they stand still, they 
also tend to move and stick to the bottom of the flask. 

4.2 Cyanobacteria culturing 

(filtersterilized 0.2 µm) A+mod medium
Gr/0.8L

ALS medium
Gr/0.8L

Monopotassium phosphate 0.04 0.04

Magnesium sulfate 4 4

Sodium nitrate 0.8 0.8

Ferric ammonium citrate &  
EDTA disodium magnesium

0.005 &
0.001

0.005 &
0.001

Potassium chloride 0.48 0.48

Tric HCl 0.8 0.8

Sodium chloride 14.4 -

Biomineralization components

Calcium chloride 0.296 11.76

Sodium bicarbonate - 6.72

Table 1, Medium ingredients

Image 7, Unhealthy cyanobacteria cultureImage 6, Healthy cyanobacteria culture

2524



4.3 Components of the cyanobacterial biomineralized material
To develop the current material three main components were needed: cyanobacteria in 
medium, sand and gelatine (see image 9).

Cyanobacteria
Once the cyanobacteria are grown in their growing medium A+mod, they need to be trans-
ferred to a medium where they can biomineralize. This medium is called A+ low salt (ALS) 
medium. It is different from the A+mod medium because it contains more calcium chloride 
(CaCl2) and it contains Sodium bicarbonate (NaHCO3) instead of sodium chloride (NaCl), 
see table 1. The cyanobacteria have to be in that medium for at least 10 hours to allow for 
enough biomineralization. After 10 hours they can be combined with the sand to develop 
the cyanobacterial biomineralized material.

Sand
Three sand types were considered for this study; Gamma ophoogzand, beach sand from 
Wemeldinge (Zeeland; 51.521251, 3.999638), and seabed sand. The particle size that is 
needed for the material is 0.25 – 1 mm, as previously described (Armaly et al., 2023). All 
sand types were observed under the microscope, see image 10. The Gamma sand did not 
have enough sand particles of the right size and was a completely different sand type than 
used in other studies, so it was not selected for further experiments. The beach and seabed 
sand looked roughly the same. The beach sand was selected to work with because it was 
easier to obtain and corresponds the most with the sand that was previously used in other 
studies (Heveran et al., 2020; Armaly et al., 2023). In addition, it contributes to a more sus-
tainable approach, since it is local sand and this research aims the developing of a material 
envisioning offshore applications (see image 8). After collection, the sand was taken to the 
lab and dried in an oven at 60ᴼC for 19 hours because it needed to be fully dry to be able to 
be sieved. 

Once the sand had the right particle size, it needed to be cleaned, since it still has organic 
material like bacteria, fungi, and shells. The cleaning was done with 4% hydrochloric acid 
(HCl) in distilled water divided over several flasks. Once the sand is mixed with the distil-
led water and HCL, it is left for 24 hours. After 24 hours the sand was washed with distilled 

Image 10, Considered sand types under microscope 50x magnification

Image 8, Retrieved sand and sea water from 
Wemeldinge

Image 9, Developments stages of the building material

4.4 Conclusion
The cyanobacterial biomineralized material consists of three main elements: cyanobacte-
ria in medium, sand and gelatine. To be able to develop the cyanobacterial biomineralized 
material, materials need to be prepared, cyanobacteria need to be grown in conditions that 
are beneficial to them and beach sand needs to be cleaned. 

water until the pH reached 7.

Gelatine 
To maintain the material in a certain shape, 
and provide suitable conditions for cyanobac-
terial growth, a material that allows for crosslin-
king needs to be added (Persaud et al., 2022). 
Gelatine was selected, since it was previously 
used (Heveran et al., 2020). The gelatine 
works as a carrier and a binder, it will hold all 
the cyanobacteria and biomineralized crystals. 
It will also attach to all sand particles, (see 
image 9).

Sand particles are mixed with 
nutrients, gelatine and bacteria

Crystals are formed Crosslinking of gelatine

Mixing Biomineralization Curing

Gamma ophoogzand Wemeldinge beach sand Seabed sand
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Chapter 5

Equipment
Introduction
This chapter describes the equipment and materials that have been used for the experi-
ments, and explains their function and settings. They are divided in three groups: equip-
ment and materials needed for growing cyanobacteria, equipment and materials needed 
for material development, equipment and materials needed for the testing of the mate-
rial. This chapter describes the equipment and materials that have been used for the 
experiments and explains their function and settings. They are divided in three groups: 
equipment and materials needed for growing cyanobacteria (5.1.), the development of 
the proposed biomineralized material (5.2.), and for its material’s testing (5.3.).

Content
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Laminar flow cabinet 
A laminar flow cabinet is commonly used in Biolabs. This cabinet provides a sterile environ-
ment, avoiding the contamination of the bacteria’s cultures by other organisms (see image 
12). It operates by drawing in ambient air through HEPA filters to remove microorganisms 
and particles. The filtered air is then blown in a uniform flow over the workspace, creating 
a sterile environment. When cyanobacteria cultures needed to be regrown, new flasks are 
made inside this cabinet.

Incubator
An incubator is a cabinet that can provide special environmental conditions in which the 
microorganisms can grow optimally (see image 11). Two incubators were used, one for gro-
wing the cyanobacteria and one for storage of the LBM cubes. This incubator provides the 
adequate day/night rhythm (16:8h) that is needed for cyanobacteria growth. 

Inside the incubator the flasks with cyanobacteria were placed on a shaker plate that moves 
in little circles to keep the cyanobacteria moving (see image 16). 

5.1 Growing cyanobacteria 5.2 Development of the proposed biomineralized material

Centrifuge
The cyanobacteria are first grown in flasks with A+mod medium. To 
prepare the material, cyanobacteria need to be inoculated in ALS 
medium with gelatine at a defined optical density (OD). This was 
done by concentrating them. To do this, the cells are centrifuged in 
the VWR mega star 3.0 at 3000 rpm for 5 minutes (see image 13). 
The cyanobacteria will sink to the bottom of the flask, creating a 
green pellet (see image 14), and allowing the excess medium to be 
discarded.

Spectrophotometer 
To measure the cyanobacterial density used to develop the mate-
rial, a spectrophotometer was used (see image 18). This machine 
emits light of a specific wavelength and measures the intensity of 
the light that passes through a sample. The amount of light absor-
bed by a sample is directly proportional to its optical density (OD), 
where higher values are indicative of a higher number of cells. The 
wavelength used was 730nm also written as OD730, commonly ap-
plied for the measurement of cyanobacteria cell densities. 

Image 12, Laminar flow cabinetImage 11, Incubator used for bacteria growth Image 16, Shaker plate

Image 15, Incubator used for storage 
of material cubes

Image 13, Centrifuge

Image 14, Bacteria and 
medium after 
centrifuging

Once the LBM is made, the cubes are 
stored in another incubator, see image 
15. This incubator had a temperature of 
+/- 23ᴼC. The day/night rhythm in this 
incubator was (20:4h) with an ambient 
RH. 

Sieve
The particles of the sand that was used for this mate-
rial needed to be a certain size: 0.25 mm to 1.0 mm 
(Armaly et al., 2023). To obtain those particles a sieve 
was used. After drying, the sand was put in the Haver & 
Boecker EML 200 Premium sieve with the settings: Am-
plitude 1.5 mm, Time 4 min, Interval 15 sec (see image 
19). The sieve sizes that were used were 1.4 mm, 1.0 
mm and 250 µm. 
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ZwickRoell Z010 machine 
To determine the material properties, compression tests have been conducted on the 
ZwickRoell Z010 machine (see image 21). The compression components for 10kN tests 
were used. The settings were: Speed 200 mm/mm; Pre-load 2N; Speed, pre-load 20 
mm/mm; Test speed Position controlled 1 mm/min; Upper force limit 9 kN; Maximum 
deformation 2 mm. The results have been analized by adding error bars representing 
standard deviation of the sampels in graphs and conducting a t-test to find a p-value 
(*<0.05,**<,0.01,***<0.001 ) and significant difference between sampels.

Light microscope with screen
A light microscope was used to look in more detail at the cyanobacteria, sand, medium and 
cyanobacterial biomineralized material. This microscope also has a screen that allows for 
taking pictures (see image 17). 

Scanning electron microscope (SEM)
A Scanning Electron Microscope was used to look at the biomineralization crystals in more 
detail. The SEM used is JSM-IT700HR (see image 20). To be able to observe crystals, 
samples with and without cyanobacteria were put on a thin glass slide and air dried. The 
samples are coated with gold with the JEOL JFC-1300 auto fine coater prior to SEM obser-
vations (see image 22).

5.3 Material testing

Image 21, ZwickRoell Z010 machine

Image 17, Light microscope with screen

Image 20, Scanning electron microscope

Image 22, Auto fine coater

Image 18, Spectrophotometer Image 19, Sieve
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Chapter 6

Approach
Introduction
This chapter explains the approach that is taken to eventually be able to reach the 
goal of making a living building material, through cyanobacterial biomineralization, 
suitable for offshore applications. It dives into all the possible changes that will be 
made to the material and into what the application possibilities for this material can 
be considered.
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6.1 Possible pathways for application

The first step consisted in validating the replication of cyanobacterial biomineralizati-
on for the development of LBM using the same strains/conditions previously applied 
(Heveran et al., 2020). Following this, the material could be tested for offshore appli-
cations, and further developments could be made to meet specific requirements and 
fulfil its intended purposes.

As the goal of this study was to develop a material suitable for offshore applications, 
the first envisioned potential application involves the material’s deployment underwa-
ter, for example as an attachment to the seabed for bridges. But this is not necessa-
rily needed, since offshore application can also mean that the material will be partly 
submerged or not submerged at all. An example are dikes, which have a big portion 
remaining above water. Another option for the material is to be implemented as a 
temporary material, this can be used for temporary construction. 

This led to the exploration of three different pathways for the application of the mate-
rial (see image 23): 
- Application for under water use
- Application for above water use
- Temporary construction for under water use

Image 23, Overview of all conducted tests for each application

6.2 Possible pathways for improvement

There is a lack of studies employing cyanobacterial biomineralized living materials for 
offshore applications, since most of them are only made and applied in environments whe-
re no seawater is involved, like 3D printing (Armaly et al., 2023) (Reinhardt et al., 2023). It 
is therefore important to consider that to sustain offshore conditions, particularly seawater 
submersion, the material probably needs to be adapted. Consequently, it is important to 
identify the components  of the material that can be changed to possibly make it seawater 
resistant or more durable for temporary construction.

The previous developed LBM consists of three main components: sand, cyanobacteria in 
medium and gelatine (Heveran et al., 2020). Every small detail can change the material, 
leading to many openings for change. For example, changing: the binder, the amount of 
cyanobacteria, the ratio of sand and medium, the growing time, the curing time, adding a 
coating, etc. If one part of the material is changed, it should be tested individually and com-
bined with all the other changes made to the material, to really know the influence of the 
change. This is why a selection was made on what parts of the material will be changed.  
In this study, it was decided to focus on changing the cyanobacteria density, the binder, 
adding coatings, and use different biomineralization and curing times, (see image 23).

Optical density
If you look at the process of biomineralization it could be that there are not enough cyano-
bacteria in the medium to make enough crystals to keep the material together and make it 
strong. That is why four different OD730 of cyanobacteria have been chosen to test with: 0.3, 
0.6, 1.2, 2.4. 

Different binder and adding coatings
The focus on the binder is because gelatine is dissolvable in water. Because the gelatine is 
the binder of all the components of the material it could be that when that binder falls away 
the complete material will fall apart. An agar water resistant binder has therefore been cho-
sen to test with. 
If the binder is not suitable another option is to add a coating over the material to not let it 
touch water. For this, three different water resistant coatings have been selected, silicone 
rubber Ecoflex 00-10, silicone rubber Dragon skin 30 and agar.

Biomineralization time
The changing of the biomineralization time is based on the biomineralization process. This 
process needs time to happen, it could be that the cyanobacteria present do not have 
enough time to biomineralize enough for the material to become strong and seawater 
resistant. If the biomineralization time is increased and sand is already added to the incuba-
ted mixture, this can result in better bonding of the crystals and sand particles. Therefore 
two different biomineralization times were chosen: 2 days and 7 days. 

Different curing time
Because the material will be put in cube shapes and it is a wet substance at first, the mate-
rial needs time to set and dry. It could be that the material dissolves in water or is not strong 
because it has not completely set yet. Therefore three different curing times have been 
selected, one week, two weeks and three weeks.
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Chapter 7

Initial material 
validation

Introduction
Before the material can be optimised for offshore applications, we first needed to 
validate the replication of cyanobacterial biomineralization for the development of 
the LBM using the same strains/conditions previously described (Heveran et al., 
2020). The protocol followed in this study relies on already published methodologies 
with modifications. Once replication is proven, the LMB can be submitted to offshore 
conditions, particularly submersion in seawater, and improved for those.  
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Results and discussion

Conclusion



7.1 Biomineralization validation

To ensure the biomineralization ability of Synechococcus sp. PCC 7002, a mineralization 
assay was first performed in liquid culture, and samples were observed by Scanning Elec-
tron Microscope (SEM) at the Faculty of Applied Sciences, TU Delft.    

Preparing samples
For this observation two sample flasks were prepared. One flask with cyanobacteria in ALS 
biomineralization medium and one flask with ALS biomineralization medium without cyano-
bacteria, as a control group. Both the flasks were incubated at 22ᴼC with a day and night 
rhythm of (16;8h) on a shaker at 130 rpm. 

Validation with Scanning Electron Microscope
After two days of incubation the samples were prepared for the SEM analysis. From each 
flask a droplet of 50 µl was taken and put on a separate glass plate. The samples were air 
dried in the laminar flow cabinet at room temperature for 11 days. The dried samples were 
then placed on the specimen holder on the specimen exchange rod of the SEM (see image 
24), and moved to the specimen chamber, the samples were then analyzed by SEM (Yu, 
n.d.).

SEM analyses (see image 25) reveal that the crystals in the control group were bigger than 
the ones in the group with cyanobacteria. The control group had many salt crystals which 
were not present in the sample with the cyanobacteria. 
Next to this, the sample with cyanobacteria had crystals that were all the same shape whilst 
the control group has crystals with varying shapes. 

500 µm

10 µm 500 µm

500 µm

Conclusion
From the comparison between the control group and the cyanobacteria group it can be 
concluded that the crystals in the ALS medium with cyanobacteria are made because of 
bacterial biomineralization and the ones in the control group are not. The control group has 
clusters of crystals, but the cyanobacteria group is more evenly spread. This is good for the 
material because that means the crystals and cyanobacteria will be evenly spread in the 
LBM. This improves the material’s properties. 

Image 25, SEM results

Cyanobacteria samples Control  samples

Image 24, Samples for SEM observation on sample holder
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7.2 Material protocol validation

Now that the biomineralization capability of Synechococcus sp. PCC 7002 was confirmed, 
the material could be made following an adaptation of the previously used protocol (He-
veral et al.,2020). A cube of 50mm with cyanobacteria and a control cube of 50mm without 
cyanobacteria were made.

Protocol for making the cyanobacterial biomineralized material 
Once the cyanobacteria were grown and the sand was clean (see chapter 4.3), the follo-
wing steps for developing the material were performed, in accordance to Heveran et al., 
2020 with some modifications (see image 26).

The ALS medium without calcium chloride and sodium bicarbonate was prepared and 
heated to 50ᴼC. Gelatine was added slowly (100gr/1000ml). The temperature was reduced 
to 40ᴼC and sodium bicarbonate was added. After this, the pH was measured and adjusted 
to approximately 7.6. Then calcium chloride was added to the ALS solution and the tempe-
rature was reduced to 37ᴼC. The medium was divided into two flasks, one for the control 
group (no cyanobacteria) and one for the cyanobacteria group. Lastly, the cyanobacteria 
were added to the corresponding medium flask. The flasks were incubated at approximate-
ly 32ᴼC, for 18 hours with a day/night light rhythm (20:4h).
 
After 18 hours the medium was taken out of the incubator and added to the sand 
(300ml/1000gr). This mixture was stirred semi continuously by hand for one hour, to ensu-
re complete mixing. After one hour of mixing, the mixture was put in cube moulds. These 
moulds were stored in a fridge at 4ᴼC for 20 hours. After 20 hours, the cubes were demoul-
ded and stored in the fridge at 4ᴼC.

To reduce mistakes a calculation sheet was made to calculate all the amounts of the ingre-
dients that are needed to develop the material (see appendix A).   

Material appearance and behaviour
During the mixing of the sand with the medium differences could be observed between the 
mixture with cyanobacteria and the control mixture. The mixture with cyanobacteria was 
smoother and easier to stir, whilst the control mixture was stiff and heavy to stir.
There was also a colour difference between the mixtures, the mixture with cyanobacteria 
was lighter than the control mixture. 
The control mixture also reduced in volume during mixing whilst the mixture with cyanobac-
teria expanded. 
Once the mixture of the material is put in a mould and has been in the fridge for 8 hours the 
material stays in the desired shape and can be demoulded. After demoulding the control 
cube was very dense and the cube with cyanobacteria was spongy and could be teared 
easily. A month later they were both fully cured and felt like rocks.

Conclusion and discussion
Form this experiment it can be concluded that the material can be replicated following the 
previously described protocol, with small adjustments. The beach sand from Wemeldinge 
turned out to be no problem to develop the material. Also the changes in temperature com-
pared to what was previously used (Heveran et al., 2020) still made it possible to develop 
the material. The different incubation time and setting time did also not hinder the making of 
the material.

Image 26, Overview of preparation of samples, adapted from Heveran et al., 2020
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7.3 Material performance in submerged conditions

It has been validated that the biomineralization is possible and the material can be recrea-
ted. The material could now be tested in seawater. For this experiment smaller cubes of 35 
mm were made, in order to build more replicates and therefore perform more tests. Cu-
bes were submerged in seawater obtained from the Oosterschelde, close to the beach in 
Wemeldinge where the sand was collected. In addition, compression tests were conducted, 
and the viability of the cyanobacterial cells was tested.  

The cubes were made following the protocol in image 29 and appendix C. The cubes that 
were made are shown in image 28 and 29.

Material appearance and behaviour
During the development of the material similar observations were noted as those made du-
ring the development of the previous cubes (chapter 7.2): the mixture containing cyanobac-
teria was smoother, expands more, and displayed a noticeable difference in colour compa-
red to the control group. 

Image 29, Overview of preparation of samples, adapted from Heveran et al., 2020Image 28, Overview of developed cubes

Image 27, Slow curing parts on cubes

Additionally, other observations were noted: 1.) For 
the casting of this material a tamper was used so all 
the air bubbles could be pushed out. When the cubes 
were demoulded the ones with cyanobacteria had no 
holes in them whilst the control group still had many 
of gaps. 2.) The cubes with cyanobacteria whom 
were curing close to each other had sides that cured 
less fast, a dark spot was visible (see image 27). 
Those sides were the sides that were close to the 
other blocks. 
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Image 30, Parts of cubes in A+mod medium for viability test

Image 31, Compression test results

7.4 Results and discussion
Water test
When the cubes were put in seawater, the following observations were made (see table 
2 and image 32). With or without cyanobacteria the cubes first become soft and then fell 
apart, they are completely dissolved within 3 days. After 7 days they even become a black 
pile of sand (see image 32).

Compression test
At day 7 of the curing of the cubes at a room temperature of 23ᴼC with a light/dark rhythm 
(20;4h), compression tests were conducted. Cubes from the cyanobacteria group and the 
control group were tested together with cement (“snelbeton”) cubes that had cured for 5 
days (see image 31 and appendix B). With this compression test the maximum force the 
blocks could withstand was measured.
The cubes are not compressed until they break, but are tested until the force that is needed 
to compress the cube lowers. The lowering of the force means that the cube has already 
formed little cracks and is plastically deformed, the force that is needed to reach that stage 
is called the Fmax, and therefore can handle less force.

The average Fmax (see image 31) that the control cubes could handle was 5817 N, where-
as cubes with cyanobacteria could handle 2474 N, revealing that the control cubes were 
significantly stronger than the cyanobacteria cubes. Furthermore the cement cubes could 
withstand a force of 394 N, being therefore significantly weaker than the control and cyano-
bacteria material.

Viability test
Another important aspect of the material is that it can be alive. A viability test was conduc-
ted, with cubes that had been curing for 7 days at 23ᴼC with a day/night rhythm (20:4h) and 
ambient relative humidity, to determine if these cubes were still viable. Three cubes were 
cut and put in flasks with A+mod medium (2 flasks per cube), which provides nutrients for 
the cyanobacteria to grow, see image 30. The flasks were incubated at approximately 23ᴼC 
with a day/night rhythm (20:4h) for 2.5 weeks when the viability was observed under the 
microscope and by the presence of a green colour. 

A droplet was taken from each flask and viewed under the light microscope. It was possible 
to visualise different living organisms but no cyanobacteria were observed. This could have 
been due to the fact that during a 2.5 week period, the other organisms could have been 
competing with the cyanobacteria, leading to its death. Their inability to survive corresponds 
with results of Heveran et al., when the material was maintained in an ambient relative hu-
midity, the cyanobacteria lost their viability within 5 days (Heveran et al., 2020). 

Table 2, Overview of observations made of water test

Image 32, The material after 7 days of submersion
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The conclusion that can be drawn from the seawater experiment is that this material is not 
suitable to be applied in seawater since it dissolves within 3 days when submitted in offsho-
re conditions. The control material without cyanobacteria is also not suitable for under water 
use, because it also completely dissolves within 3 days. 

The cubes that were put in the seawater right after demoulding dissolved. This could be due 
to the fact that, there was not enough time for biomineralization and curing to occur effec-
tively. Still, after 7 days of curing at 23ᴼC the material was still not able to survive in sea-
water, opening the doors for experiments with changing the protocol and ingredients of the 
material. 

The compression test (see image 31) showed that the cubes with the cyanobacteria are 
significantly less strong than the control cubes after 7 days of curing, which is the opposite 
result from previous studies (Heveran et al., 2020). However, our tests were performed at 
day 7, whereas in the other study the material test was performed after a mass equilibrium 
at 30 days, given more time to form strong connections through biomineralization (Heveran 
et al., 2020). It is therefore beneficial to look at the influence of the curing time on the cubes. 

Additionally another finding that was noted was that the blocks that cured close to each 
other had a slower curing spot on the side that was close to another block. This caused 
the block to form a hole on that place when put in seawater. This is an interesting design 
opportunity. With this method of making wet spots, shapes can be made without additional 
construction materials. This could be interesting to be used in temporary construction. Still, 
more research would be needed to explore this possibility. 

Note: In this experiment accidentally the sand-mixture ratio was not 300 ml mixture to 1000 
gr of sand but 300 ml mixture to 1600 gr of sand. This could have influenced the results, it 
could have been that there was not enough medium with gelatine to hold all the sand par-
ticles together which lead to the collapse of the cubes. The cubes with the right sand ratio 
need to be recreated to ensure if the material will dissolve or not, they are incorporated in 
another experiment (see chapter 8.1).

7.5 Conclusion
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Chapter 8

Thinkering with the 
material

Introduction
Now that it is validated that the cyanobacteria are capable to lead to the production 
of a biomineralized material, that cannot withstand being submerged under sea-
water, an explorative process of the material qualities was conducted, in order to 
optimise it for offshore applications. In this tinkering process, different cyanobacteria 
concentrations, curing times, hydrogels, coatings, and biomineralization times were 
tested. Since cubes of 50mm and 35mm take to long to dry and demand more sand, 
cubes of 10mm have been developed.

Content
Cyanobacteria optical density and curing time

Coating, binder and curing time

Biomineralization time



8.1 Cyanobacteria optical density and curing time

The validation experiment revealed that the developed material cannot be sustained when 
submerged in seawater, but when exposed to dry conditions the material maintains its inte-
grity. To optimise the material, different cyanobacteria concentrations were tested, together 
with changes in the curing time. This is because it could have been that there were not 
enough cyanobacteria in the material to produce biomineralization crystals to give the ne-
cessary strength to the material. For that reason, the optical densities at 730nm of 0.3, 0.6, 
1.2, and 2.4 were chosen. Previous studies have applied OD730 of 0.3 and 0.6 (Heveran et 
al., 2020; Qui et al., 2021; Delesky et al., 2023), OD730 of 0.6 has also been used in chapter 
7.3. The higher densities 1.2 and 2.4 were selected to see its effect on the development of 
the material. A control group without cyanobacterial cells and a (“snelbeton”) cement group 
were added to be able to compare the new material.

The curing time could also have influenced the strength and seawater resistance of the ma-
terial, since it may have been too short to allow the material to completely strengthen and 
cure. Since the previous experiment demonstrated that the developed material does not 
withstand being submerged in seawater immediately after demoulding lead to the decision 
to cure the material for a period of 7, 14 and 21 days before testing it underwater. In additi-
on, compression tests were performed.

The cubes are made following the steps in image 34 and appendix C, some adjustments 
have been made to the protocol based on observations during the development of the ma-
terial in chapter 7. The incubation temperature of the medium is reduced to 23ᴼC instead of 
32ᴼC to allow for better cyanobacterial growth. Also the setting time in the fridge is reduced 
to 8 hours instead of 22 hours, it is not an ideal situation for the cyanobacteria to be in dark 
and cold environments, but 8 hours at 4ᴼC is the minimum time and temperature that is 
needed for the gelatine to set in a firm texture (Owens, 2023).
The cubes that were made are shown in image 33 and 34.

Since the cubes are now 10mm instead of 35mm, it is not possible to compare the com-
pression test results from the validation test with this compression test.

Image 33, Overview of developed cubes

Image 34, Overview of preparation of samples, adapted from Heveran et al., 2020
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Image 36, Overview of cubes in water after 14 days of curing. It also represents the results after 7 and 21 days of curing. 

Results and discussion

7 days
After 7 days of curing, 4 cubes from each of the five groups of material, OD730 0.3, 0.6, 1.2, 
2.4 and 0 (control), were separately submerged in seawater in a 20 wells plate. Since the 
shape of the cubes differs between replicas, it was decided to use 4 cubes from each group 
in order to be able to draw conclusions from the seawater and compression tests.  

Once the cubes were submerged in seawater (see image 36), one of the cubes (OD730 0.6) 
immediately lost some sand particles. All of the other cubes maintained their shape until 
the following day, where all the cubes were partly dissolved. Still, it was noticeable that the 
control and OD730 1.2 cubes were the ones that were dissolving slower. On the second day 
all the cubes were completely dissolved.

The compression test conducted (see image 35.1) on the non-submerged material showed 
that the cubes with OD730 2.4 were significantly stronger than the control cubes. The cubes 
with OD730 0.3 also showed a significant difference, being stronger compared to the control 
group. All the other cyanobacteria densities showed no significant difference compared to 
the material without cyanobacteria. Compared to cement (“snelbeton”) cubes of 10mm (see 
image 35.1 and appendix B) all the cubes were significantly stronger.

14 days
To see if a longer curing time had influence on the integrity and strength of the material, 
after a curing time of 14 days 4 cubes of each material group were submerged in seawater 
(see image 36).
When submerged in seawater one OD730 0.3 cube and two OD730 0.6 cubes, immediately 
partly dissolved. On day one all blocks were partly dissolved, with only one small piece still 
standing. One cube with OD730 0.3 and 2 from the control group still had a block shape but 
were also dissolving. On day two all cubes were dissolved. 

The compression test conducted on the non-submerged material (see image 35.2), sho-
wed that the cubes with OD730 2.4 were significantly stronger than the control cubes. The 
cubes with OD730 0.3 and 0.6 also showed a significant difference, being stronger than the 
control material. But the cubes with OD730 1.2 showed no significant difference compared to 
the material without cyanobacteria. When compared to the cement, all the cubes were still 
significantly stronger. 

21 days 
After 21 days of curing the next 4 cubes of each group were submerged in seawater (see 
image 36).

Again right after submersion, the material maintained its integrity, on day one all the cubes 
were partly dissolved and on day two all the cubes were completely dissolved. 

The compression test conducted on the non-submerged material (see image 35.3 and 
35.4) showed that the cubes with OD730 2.4 compared to the control cubes, were not signi-
ficantly stronger anymore. Only the cubes with OD730 0.6 and 1.2 (see image 35.3) had a 
significant difference with the control groups, being significantly less strong. 

Image 35.3

Image 35.1 Image 35.2

Image 35, Compression results

Image 35.4

Day 0 Day 1 Day 2

2.4    1.2    0.6    0.3   Control 2.4    1.2    0.6    0.3   Control 2.4    1.2    0.6    0.3   Control
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Conclusion

From the water test it can be concluded that the difference in cyanobacteria optical den-
sities and curing time have no visible influence on the dissolvability of the material in sea-
water. So, another factor of the material needs to be improved to stop the dissolving of the 
cyanobacterial biomineralized material before it can be implemented in under water use.

The compression tests showed that the material, after curing for one and two weeks, either 
with or without bacteria is significantly stronger than cement that has been curing for one 
and two weeks. When the control and bacteria cubes are compared, it can be concluded 
that for the first two weeks bacteria with OD730 0.3 and 2.4, significantly strengthen the ma-
terial. After three weeks of curing this difference is not visible anymore. The material with 
OD730 2.4 can handle the most force, this cyanobacteria optical density will therefore be 
used in follow-up experiments. 

And after two weeks the OD730 0.6 is also significantly stronger than the control group, 
where OD730 0.6 is also stronger than OD730 0.3, Delesky et al. used an OD730 of 0.6 and 
compared their compression test results to Heveran et al. who used OD 0.3 (Delesky et al., 
2023). The OD 0.6 was stronger but Delesky put the reason for this difference on a diffe-
rence in sand type between the studies (Delesky et al., 2023). In this study the sandtype 
between the OD730 0.3 and OD730 0.6 was the same and still a difference in compression 
strength was detected, which leads to suspect that the sand type was not the reason for 
the difference in the results of Heveran et al. and Delesky et al.

Because the strenght of the material does not change much over time, it can be concluded 
that the curing time therefore has little to no influence on the strength of the mateial. The 
third week of curing will be eliminated from follow-up experiments, because it added no 
extra information.

For temporary construction it can be concluded that the building material may be suitable, 
but only up to two days, which is not preferred. The material dissolves within two days, this 
is a shorter dissolving time than the material in chapter 7.3, probably because of the smal-
ler sample size. 

For above water use an optical density of 2.4 is most suitable together with a curing time of 
7 days, since it strengthens the material the most. 
For under water use none of the optical densities improve the material, since it dissolves. 
For temporary construction above water the optical density of 2.4 is the most suitable 
because of its strength. But optical densities of 0.3 and 0.6 after two weeks of curing are 
also suitable. For temporary construction under water, the optical density does not matter 
because all the cubes dissolve within roughly the same timeframe, the material is therefore 
only usable for two days but enlarging the size of the material can prolong its survivability. 

Note: In chapter 7.3, the wrong sand ratio was used, the cubes with the right sand ratio 
needed to be tested again. This has been done in this chapter, the cubes with OD730 0.6 
and the control group have the same ratios as the cubes used in the previous chapter. 
These also dissolved within two days, the middle part did not fall out this time, so that 
could have been a result of the wrong sand-mixture ratio.

Viability test
After three weeks of curing the viability of the five groups with different OD730 was tested. 
Sand particles of these cubes were taken and put in separate tubes in petri plates with 
A+mod medium (see image 37), after seven days a droplet of each tube was obtained and 
observed under the light microscope. Different living organisms were visualised but no 
cyanobacteria were observed. The material had been curing in ambient RH for three weeks, 
aligning with Heveran ‘s findings, where the material is not viable anymore within 5 days in 
ambient RH, providing 50% RH or more improves the viability (Heveran et al., 2020; Deles-
ky et al., 2023). Qui et al. found that adding a desiccation protectant can improve viability in 
ambient RH, so adding this to the material would be an improvement (Qui et al., 2021).

Image 37, Viability test

If the maximum force that all the cubes can handle is compared over the curing time (see 
appendix B), it can be concluded that the strength of the material does not significantly 
change over time. The control cubes tend to become stronger over time, whilst the bacteria 
cubes tend to lose some strength. 

Cyanobacteria influence the biomineralization process, they increase the pH in their mi-
croenvironment which leads to the increase in speed of the biomineralization reaction. 
When the material with OD730 2.4 and the control material are compared (see image 35.4), 
it can be concluded that the material with OD730 2.4 gains strength faster than the control 
material because of the cyanobacterial influence on the chemical reaction. Eventually the 
control material will increase to the level of strength of the material with OD730 2.4, but it 
takes longer to get there.
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8.2 Coating, binder and curing time

The previous experiments (chapter 8.1) revealed that neither the cyanobacteria density or 
curing time improves the material qualities for under water use. But the cubes with OD730 
of 2.4 is significantly stronger than the control group, when the material is not exposed to 
underwater conditions, which improves the materials suitability for above water use.

To improve the material for under water use, a different binder and a coating were tested 
together with different curing times (see image 38). As can be seen in image 39, the binder 
binds all the sand particles together embedding the cyanobacteria and crystals. It seems 
like the crystals and cyanobacteria are not the ones connecting the sand particles, they 
only strengthen the binder that connects the sand particles. So it could be possible that the 
blocks dissolve because the binder dissolves in the seawater and this releases the sand 
particles. Another way to make the blocks seawater resistant is to never let them touch sea-
water, with a water resistant coating.

It was decided to substitute the gelatine binder for agar. In addition, the agar was also used 
as one of the coatings, together with silicone rubber Dragon skin 30 and silicone rubber 
Ecoflex 00-10.

Agar
Agar is a gelling agent, that is often used to grow microbial cultures in biolabs (Labshop, 
2023). But it is also often used as a vegan replacement for gelatine (Pit&Pit, n.d.). Agar 
contains no inhibitors that can interfere with chemical reactions which is ideal for the de-
velopment of micro-organisms (Biolab Diagnostics Laboratory Inc., 2016). This makes the 
component also appealing to use as a binder and/or as a coating. Armaly and collegues 
successfully used agar as a binder for their LBM for 3D printing (Armaly et al., 2023). 

Agar is also highly water resistant (BillBall, 2021), which makes it suitable for a water re-
sistant coating. Next to this is agar also biodegradable (BillBall, 2021), this makes it more 
interesting as a coating or binder than the silicone rubbers. But also more vulnerable becau-
se nature can break it down.

Dragon skin 30
Dragon skin silicone rubber is a high-performance platinum cure liquid silicone compound 
which is often used for medical prosthetics because of its physical properties and flexibi-
lity (Smooth-On, Inc., n.d.-a). It is a silicone rubber that can be stretched to 364% without 
tearing (Smooth-On, Inc., n.d.-a). It is also a translucent silicone which allows light to pass 
through which is needed to keep the cyanobacteria alive.

Ecoflex 00-10
Ecoflex is a platinum-catalyze silicone rubber. Once cured, the silicone is a very soft and 
very strong and stretchable material (Smooth-On, Inc., n.d.-b). It can stretch for 800% 
before it tears (Smooth-On, Inc., n.d.-b). The Ecoflex rubber is also used for prosthetic 
appliances. The Ecoflex 00-10 rubbers are less strong than the Dragon skin 00-30 rubbers, 
(the number indicates the strength). Just like the Dragon skin, Ecoflex is also translucent 
and ideal for the cyanobacteria growth that is light-dependent. Ecoflex 00-10 also has been 
used by Li Chenghai as a cover for a living product that needed to survive in seawater (Li et 
al., 2023). 

For this experiment eight groups of cubes (1 cm³) were made (see image 38), four groups 
with a gelatine binder, either coated with silicone rubber Dragon skin 30, silicone rubber 
Ecoflex 00-10, agar or non-coated. The other four groups are agar bonded cubes, either 
coated with silicone rubber Dragon skin 30, Ecoflex 00-10, agar or non-coated. After either 
7 or 14 days of curing the cubes were submerged in seawater to test their suitability for 
under water use or compression tested to test the suitability of the material for above water 
use. No cubes were coated in agar after a curing time of 14 days because the agar was not 
suitable as a coating.

The cubes with gelatine as a binder were made following the protocol in image 41 and ap-
pendix C.
The cubes with agar as a binder were new and needed a new protocol, see image 40 and 
appendix C.

Image 38, Overview of developed cubes

Image 39, Gelatine with crystals bonded to sand particles 5958



Image 41, Overview of preparation of gelatine binded samples, adapted from Heveran et al., 2020Image 40, Overview of preparation of agar bonded samples, 
adapted from Heveran et al., 2020 and Armaly et al. 2023
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Results and discussion

Water test 
All eight groups of cubes were put in seawater after a total of 7 days of curing (see image 
44). On day zero the cubes maintained their integrity. The next day the gelatine bonded cu-
bes without a coating partially dissolved, whereas the agar bonded cubes without a coating 
maintained their shape as well as all the agar and gelatine bonded cubes with a silicone 
rubber or agar coating. On day 2 the gelatine bonded cubes were completely dissolved, 
no changes happened to all the other cubes. On day 5 the agar bonded cubes without a 
coating collapsed when touched, the gelatine and agar bonded cubes with an agar coating 
were completely dissolved, the agar bonded cubes with a silicone rubber coating are still 
sturdy whilst the gelatine bonded cubes with silicone rubber coating are soft. After being 
submerged in seawater for 7 days, the agar bonded cubes with no coating stayed together 
in seawater but were very fragile.

After a total of 14 days of curing, the second batch of cubes was put in seawater (see ima-
ge 44). This test had the same results as the water test done after 7 days of curing.

Material appearance and behaviour

Agar has a melting point of 90ᴼC, which makes it hard to use in combination with cyano-
bacteria. These organisms cannot survive at that temperature but the agar needs to be 
melted to be able to add the cyanobacteria (Labshop, 2023). So first the medium is made 
with melted agar, the biomineralization nutrients and sand, the temperature is then reduced 
to 40ᴼC, right before agar will solidify. This is a temperature the cyanobacteria survival so 
they can be added to the mixture and casted in moulds.

After 8 hours of curing the agar cubes were not ready to be demoulded, they crumbled. 
This could have been the result of a shorter biomineralization time than 18 hours, because 
of the different protocol, which could have led to not enough biomineralization to hold the 
material together. After another 22 hours of curing the blocks were compact enough to be 
taken out of their moulds (see image 40).

During the dipping process in the different 
coatings, the agar cubes gained a dark colour, 
whilst the gelatine blocks kept their original 
light colour (see image 43). The cubes stayed 
solid whilst being dipped in the silicone rub-
bers, when the cubes were dipped in the agar 
coating (see image 42) the cubes started to fall 
apart. They gained a coating but they did not 
have their original cube shape anymore and 
the coating did not distribute homogeneously. 
For this reason no agar coating was added for 
the cubes that had been curing for 7 days.

Image 42, Cubes with agar coating. Left gelatine 
bonded cubes, right agar bonded cubes

Image 43, Left, agar bonded cubes with silicone rubber coating, Right, gelatine bonded cubes with silicone rubber coating

Image 44, Overview of cubes in water cured for 7 days, top: silicone rubber coating, bottom: agar coating. 
It also represents the results after 14 days of curing. 

AE = Agar bonded cube with Ecoflex 00-10 coating
AD = Agar bonded cube with Dragon skin 30 coating
AA = Agar bonded cube with agar coating
A = Agar bonded cube without coating

GE= Gelatine bonded cube with Ecoflex 00-10 coating
GD = Gelatine bonded cube with Dragon skin 30 coating
GA = Gelatine bonded cube with agar coating (not shown)
G = Gelatine bonded cube without coating

Day 0 Day 1 Day 2

GD    AD   GE    AE     G      A GD    AD   GE    AE     G      A GD    AD   GE    AE     G      A 

AA AA AA
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Image 46, Compression test results

Compression test
The compression test of the gelatine bonded cubes after 7 days of curing (see image 46.2 
and appendix B) shows that the is no significant difference between the cubes with and 
without a coating, they can all handle approximately 230N, which is also around the same 
force that is measured in the material with an OD730 of 2.4 in chapter 8.2. After two weeks of 
curing (see image 46.4) there was still no significant difference detected between the ge-
latine bonded cubes with a coating and without a coating, the agar coated cubes were not 
tested because the coating was not suitable for underwater applications due to non-homo-
geneous distribution. 

The compression test of the agar bonded cubes after 7 days of curing (see image 46.1)
shows that also this binder has no significant difference between the coated and not coated 
cubes, they could all handle around 16N. Only in week 2 (see image 46.3) the agar cubes 
without a coating were significantly less strong than the coated ones. 

The cubes that were used in the water test and had a silicone coating were taken out of the 
seawater after 7 days to be compression tested. The cubes with a gelatine binder were not 
suitable for testing, because the material in the coatings was dissolved. The agar bonded 
cubes with a silicone rubber coating had maintained their sturdiness after being exposed to 
seawater for 7 days. The agar bonded cubes in a silicone rubber coating after submertion 
(see image 46.6) could handle approximately 7N which is significantly less than before sub-
mertion when they could withstand 16N.

The compression tests show (see image 46.5) that all the cubes with agar as a binder are 
significantly weaker than the gelatine bonded cubes after one week of curing and after two 
weeks of curing. The average force the agar bonded cubes can handle (see image 46.1), 
after one week of curing, in compression is 16N. This is also no significant difference with 
the concrete cubes that have cured for one week. After two weeks of curing (see image 
45.5) the agar bonded material can withstand an average load of 18N, whilst the gelatine 
bonded cubes can withstand 218N. 

Image 45, Viability test

Viability test
Four types of cubes that have cured for 7 
days were used for the viability test, the 
agar bonded cubes with an Ecoflex 00-10 
coating and a Dragon skin 30 coating, and 
the gelatine bonded cubes with an Ecoflex 
00-10 coating and a Dragon skin 30 coa-
ting. Sand particles of these cubes were 
taken and put in separate tubes in petri 
plates with A+mod medium, after seven 
days a droplet of each tube was obtained 
and observed under the light microscope, 
see image 45. Different living organisms 
were visualized but no cyanobacteria were 
observed.

Image 46.3

Image 46.1 Image 46.2

Image 46.4

Image 46.5 Image 46.6

Compression tests for above water use

Compression tests for under water use
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Conclusion

From the water test, it can be concluded that the cubes with a gelatine binder are not suita-
ble for under water use, adding a silicone rubber or agar coating does not prevent the ma-
terial from dissolving in seawater, the material still completely dissolves in two days. When 
a coating is applied to the material, the original shape of the material will be maintained, but 
the material itself will dissolve within the coating. The dissolving of the material within the 
rubber silicone coating suggests that there is an exchange of substances through the coa-
ting, which can be ideal for keeping living materials alive like the living composite of Li et al. 
but is not ideal for our material (Li et al., 2023).

The agar bonded cubes with no coating on the other hand, stayed together in seawater 
and maintained their shape for 7 days but were very fragile and could not be taken out of 
the seawater. The cubes with silicone rubber coatings stayed sturdy and were compression 
tested. It can be concluded that agar is a more suitable binder for under water use. Adding 
a silicone rubber coating to the agar bonded material improves its durability when put in 
seawater, which is beneficial for temporary structure use and under water application. But 
the material is not strong enough, after a week in seawater the material can only handle 
7N. Furthermore, agar as a binder is not suitable for above water use if the load will be 
more than 16N on 1mm³, gelatine as a binder is more suitable because it can handle more 
weight.

When the gelatine bonded cubes without a coating are compared with the gelatine bonded 
cubes with a coating, it can be concluded that there is no significant difference in the load 
they can withstand under compression. Therefore, the coating does not have an influence 
on the strength of the material and therefore should not be added to improve strength. Also 
for the agar bonded cubes the coating does not have a significant influence on the strength 
of the material, only after two weeks of curing a significant difference is detected. After 
being submerged in seawater, the agar bonded cubes with a silicone rubber coating are 
significantly stronger than the cubes with no coating, so to improve the agar bonded materi-
al, the material first needs to cure for 3 days, after which a silicone rubber coating needs to 
be added, followed by a 4 day cure.

For above water use a gelatine binder is most suitable because of its strength. Adding a 
coating does not add benefits. 
For under water use an agar binder is preferred, adding a silicone rubber coating of Dragon 
skin 30 or Ecoflex 00-10 prolongs the survivability. 
For temporary construction under water an agar binder with a rubber silicone coating is the 
most suitable. For temporary construction above water, a gelatine and agar binder are sui-
table as long as the agar bonded material does not need to handle a load more than 16N.
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8.3 Biomineralization time
The last design change that has been implemented was changing the biomineralization 
time. The choice to focus on this aspect of the process is based on the biomineralization 
process, this process needs time to happen, the longer the bacteria have to biomineralize, 
the more crystals will be present in the medium and potentially strengthen the material. 
Combined with including the sand in the medium during biomineralization, there is a chance 
that the crystals will attach to the sand particles and therefore also potentially strengthen 
the material. 
It was decided to use two different biomineralization times to compare: 2 days and 7 days 
(see image 47). 

To allow the medium, sand and bacteria to be mixed properly during their biomineralization 
time, the flasks with the mixture are placed on a shaker, 130 rpm. The gelatine is excluded 
form the mixture during biomineralization and is added after that phase because it would 
solidify and interrupt the shaking motion of the mixture which would hinder the binding of 
the crystals with the sand particles. To allow for even better mixing, the ratio of medium and 
sand was changed to 500ml/1000gr, leading to a more fluid mixture.

The cubes were made following the protocol in image 48 and appendix C.
The cubes that were developed are shown in image 47 and 48.

Image 48, Overview of preparation of gelatine binded samples, adapted from Heveran et al., 2020

Image 47, Overview of developed cubes

Material appearance and behaviour
When placed on the shaker the adjusted medium/sand ratio and the exclusion of gelatine 
allowed for enough movement for the medium, the mixture could therefore mix properly and 
provided access to all components. When the material was being put in the moulds, a part 
of the medium surfaced and had therefore to be discarded, this was due to the adjusted 
medium/sand ratio. It is therefore not possible to know what the final medium/sand ratio in 
the cubes was. 
  
Next to this the adjusted medium/sand ratio allowed for more consistently cast cubes, the 
liquidity of the mixture led to better distribution of the mixture in the moulds, the material 
therefore was better shaped and had no gabs, leading to easier demoulding and no defor-
mation of the cube during the curing process. 
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Conclusion

Even though the cubes with longer biomineralization time are significantly stronger than the 
cubes with a shorter biomineralization time from previous tests, they still dissolve in seawa-
ter in the same amount of time, two days. This does not make the material suitable for the 
under water use.

The cubes with a longer biomineralization time of 2 or 7 days are significantly stronger than 
the cubes with a shorter biomineralization time of 18 hours from previous tests, but it cannot 
be concluded if the increase in strength comes from the different sand/medium ratio or from 
the increased biomineralization time since they were adjusted simultaneously. But the im-
proved strenght provides more application possibilities for the material. Despite the strength 
of the material, the bacteria add no significant extra strength after a biomineralization time 
of 2 days, they even weaken the material compared to the control material after a biomine-
ralization time of 7 days.

To really know if the cyanobacteria have a significant influence on the overall development 
of the material, an option is to test if the material improves with bacteria compared to the 
material without bacteria when the environment does not have a lot of CaCl2 *2H2O. This 
way the calcification reaction cannot happen spontaneously and the control material will 
have less crystals compared to the material with bacteria which will speed up the calcificati-
on reaction.

For above water use a biomineralization time of 2 days is most suitable since it strengthens 
the material the most. 
For under water use none of the biomineralization times improve the material, since it dis-
solves. 
For temporary construction the biomineralization time also has no usefull influence when 
applied under water, but above water the biomineralization time of 2 days is most suitable 
because of the strength.

Image 50,Compression test results

Results and discussion
Water test
Once the cubes with a biomineralization time of 2 days were demoulded and had cured for 
7 days, they were submerged in seawater (see image 49). On day zero the cubes maintain-
ed their integrity. The next day all the control cubes and cyanobacteria cubes were partially 
dissolved, the same that was observed in chapter 8.1 and 8.2. On day two all the cubes 
were completely dissolved. 

The cubes with a biomineralization time of 7 days were also submerged in seawater after 7 
days of curing (see image 49). Also here the cubes maintained their integrity on day zero. 
The next day all the cubes were partially dissolved and the second day all the cubes had 
dissolved completely. 

Compression test
The compression test of the material that biomineralized for 2 days (see image 50.2) sho-
wed that the material with cyanobacteria could withstand an average maximum force of 
1025N and the control material could withstand an average maximum force of 1063N, there 
is no significant difference between these two materials.

The compression test of the material that biomineralized for 7 days (see image 50.2 and ap-
pendix B) showed that there is a significant difference between the material with and without 
cyanobacteria. With cyanobacteria the material could withstand an average maximum force 
of 766N and without cyanobacteria it could withstand 1251N.

When the material with cyanobacteria and a biomineralization time of 2 and 7 days is com-
pared (see image 50.1), it can be seen that the material with a biomineralization time of 7 
days lost significant strength, but was still significantly stronger than the material used in 
previous experiments with a biomineralization time of 18 hours. When the control material is 
compared after 2 and 7 days of biomineralization (see image 50.2) no significant difference 
can be detected, this group does not change over time and is therefore more stable than 
the material with cyanobacteria.

Image 49, Overview of cubes in water after 7 days of biomineralization. It also represents the results after 2 days of 
biomineralization. 

Image 50.1 Image 50.2

Day 0 Day 1 Day 2

Cyanobacteria    Control Cyanobacteria    Control Cyanobacteria    Control

7170



Chapter 9

Material suitable for 
offshore applications



Image 51, Design space of the cyanobacteria biomineralized material

The goal of this project was to design a material that caters to the requirements of offshore 
applications to contribute to a more sustainable practice. Three offshore applications have 
been selected for the appliance of this material: Under water use, Above water use, Tempo-
rary construction. The material can also have applications where it can be used in a combi-
nation of the applications, being partially submerged or being applied in the splash zone of 
for example bridges. 

With no alterations the cyanobacteria biomineralized material can be recreated from other 
studies. The cyanobacteria biomineralization has been proven with SEM observations, still 
if this submerged in seawater it dissolves within days. The speed of the dissolving process 
depends on the size of the material, cubes of 35mm take three days to completely dissol-
ve whilst cubes of 10mm completely dissolve within two days. This leads to suspect that 
when the material is applied with large dimensions the material will be able to withstand 
the offshore conditions for a longer period of time, which could be beneficial for temporary 
construction. 

When the recipe of the material is altered, which resulted in a design space, (see image 
51) application possibilities arise. The first adaptation that had been made is changing the 
cyanobacteria density. A cyanobacteria optical density of 2.4 turned out to be the strongest 
compared to all the other tested optical densities. The control material will eventually gain 
around the same strength but takes longer to get there, the density of 2.4 therefore speeds 
up the biomineralization process, making it possible to speed up the construction time nee-
ded before the material can be applied. On the other hand the survivability of the material 
submerged in seawater with different cyanobacteria densities did not improve, it completely 
dissolved within two days.

The next change to the material was changing the binder and adding coatings. The chosen 
binder was agar because it is water resistant. Putting this agar bonded material in seawater 
resulted in the material maintaining its shape for at least 7 days, but the material was very 
weak and collapsed when touched. Adding a silicone rubber coating of Dragon skin 30 or 
Ecoflex 00-10 improved its strength when applied in water but goes against the sustainable 
quality of the material. On the contrary testing the material for above water use resulted in 
low strength of the agar bonded material, making the agar not a preferred binder for above 
water use when large loads will be applied.
Adding a silicone rubber coating to the gelatine bonded cubes had no influence on the dis-
solvability of the material, it maintained its shape but the material itself still dissolved within 
the coating. 

Changing the biomineralization time was the next adaptation to the material. Prolonging the 
biomineralization time, and therefore keeping the cyanobacteria alive for a longer period of 
time, gives the cyanobacteria more time to biomineralize and thus probably improving the 
material’s qualities. The material was significantly stronger than the material with a shorter 
biomineralization time. Because the biomineralization time had been prolonged the sand/
medium ratio was simultaneously adjusted in the protocol, it is therefore not possible to 
know if the change in strength comes from the biomineralization time or the ratio. 
The significant difference in strength of the material did not improve its dissolvability in sea-
water. 
Next to this there was no significant difference between the control material and the mate-
rial with cyanobacteria, this is probably due to the presence of big amounts of CaCl2*2H2O, 

Conclusion
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leading to the calcification reaction to also occur spontaneously in big amounts leading to 
the creation of many crystals. This way it is not possible to see the influence of the cyano-
bacteria, it is therefore beneficial to do more experiments with lower CaCl2*2H2O levels 
so the cyanobacteria can biomineralize but the spontaneous calcification reaction cannot 
create so many crystals. 

One of the potentials for this material is that it contains a living component, when kept via-
ble this component can add beneficial functions to the material, like regeneration (Heveran 
et al., 2020) or potentially self-healing abilities. Because the cyanobacteria biomineralized 
material needs time to cure to gain integrity, it should first be created above water and given 
time to cure before it can be applied. In the curing conditions used in this thesis the material 
was not viable. When the material is kept at at least 50% RH, the viability of the material 
improves (Heveran et al., 2020; Delesky et al., 2023). Also adding a desiccation protectant 
improves the materials viability (Qui et al., 2021). It is therefore beneficial to also test the 
materials viability when the optimal relative humidity conditions and protectant are applied. 

Adding the findings of all the experiments to the chosen application options results in a dif-
ferent recipe for each offshore application, more research is needed to prove whether these 
combinations are the most optimal:

For above water use a biomineralization time of 2 days is most beneficial together with 
using a gelatine binder and a cyanobacteria density of 2.4. All these components resulted 
in the strongest material, and could therefore eventually be applied in several construction 
applications like the non-submerged parts of bridges. 

For under water use an agar binder is most suitable, together with a silicone rubber coating 
of Dragon skin 30 or Ecoflex 00-10 and a cyanobacteria optical density of 2.4. The agar 
makes the material seawater resistant and the coating prolongs its survivability whilst the 
optical density of 2.4 strenghtens the material. This material still needs to be improved to be 
applied for under water construction like attachments to the seabed.

Temporary construction used above water needs the same components as the material 
for above water use but a longer biomineralization time, lower cyanobacteria optical densi-
ties (OD730 0.3, 0.6, 1.2) and an agar binder can be used if the material has to resist lower 
forces. For underwater temporary construction this material with an agar binder is suitable 
when low loads are applied. Adding a coating helps maintain its shape and durability in sea-
water. It could therefore be applied as a protector for nature or sea animals as temporary 
protection layers.
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Calculation sheet for material
To be able to make the material, a spreadsheet was made to be able to calculate all the 
amounts of ingredients that are needed. This Excel sheet calculates everything automa-
tically. This sheet made the process and preparation much easier and faster. So more 
experiments could be done. The sheet is divided into three segments. 

Group segment

Overview segment

Ratio segment
The first segment is the ratio segment, this contains all the ratio’s that are used for the 
making of the cubes (Heveran et al., 2020). The light green segments can be changed, 
this is the cube size. 

The second segment is the group segment. This is an automatically calculated overview 
of all the ingredients needed to make the different types of cubes. One group of cubes 
with bacteria and one group of cubes without bacteria. The light green segments can be 
changed. 

The last segment is an overview of all the 
ingredients needed for the two groups of 
cubes that need to be made. Because the 
medium needed to be made all at once 
and was then split into the bacteria and no 
bacteria groups. 

Appendix A: Calculation sheet
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Appendix B: Compression tests
Variations in bacteria density
The results of compression tests that have been conducted with cubes of 1cm by 1cm by 1cm 
with different densities of cyanobacteria are shown in the images below.

Five groups of cubes were made: one a control group without cyanobacteria (0), and four groups 
of cubes with either a bacteria density of 0.3, 0.6, 1.2 or 2.4. 
The five groups of cubes were set to cure for 7 days, 14 days or 21 days.
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Different binders and coatings
A different binder than gelatine, agar, was compression tested. Also the cubes were given coa-
tings. The results of these compression tests can be found in the images below.
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Biomineralization time
A longer biomineralization time is tested. Instead of 22 hours of biomineralization time the time 
was changed to 2 days and 7 days. They were compression tested and the results can be found 
in the images below. 

Material performance in submerged conditions
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Appendix C: Ingredients overview
Material performance in submerged conditions
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Cyanobacteria optical density and curing time
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Coating, binder and curing time
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Biomineralization time
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