INTRODUCTION// LIVING SCREEN

After failing in this cirection of the research (creating inflatable structures for algae
cultivation) | went a few steps back anc started looking into different types of mi-
croalgae existing in nature. And it turnec out that there are 7 kinds of algae accorc-
ing to their habitat, and Hydrophilus (acuatic) algae is just one of them. My atten-
tion was caught by Edaphic (terrestrial) and Aerial algae which obtain very similar
properties in terms of photesynthesis comparing to aguatic algae, but co not need
constant flow of water - althocugh a certain hurmidity level must be maintained in
order to stay alive. Another interesting feature of these forms of algae is that when
ervironrmental conditions are adverse, algae go into a form of hibernation until con-
citions are once again favorable.

So the cecision was taken to 3D print algae medium (natural bicdegradable hycro-
gel) with an embecdec culture, using a robotic arm fittec with a pump extrucer.
There were no prececents in the field of architecture on such kind of work. but luck-
ily 2 weeks before | changed the direction of my project a scientific paper on green
bicprinting was published in the Engineering in Life Sciences journal. In this article
it is saic how researchers at the Institute of Food Technelogy anc Bioprocess Engi-
neering. Technische Universitat Dresden. in Dresden, Germany have tearmed with
the Centre for Translational SBone, Joint and Soft Tissue Research, at the University
Hospital and Faculty of Mecicine of Technische Universitat Dresden to do just that
— 30 print algae-laden hydrogel scaffolds for possible medical applications and
uses with 30 printed hurman tissue. In this research scientists managec to prove
that it was possible to 3D print growing, living microalgae.

“The application of RP [rapid prototyping] methods for encapsulation of microalgae
can be expectec to open new and interesting possibilities for diverse applications,™

So far, this is the only one known exarmple of 3d printing algae and it was done for
bictechnological anc medical applications. when in my thesis | wanted to bring it
to a larger scale, proving that this technology has the potential not only in medical
field. but also in the field of architecture.

My research is based on a deductive scientific methodology. since it implies ob-
tainment of general rules out of particular tests. Also there were no precedents in
architectural field on 3d printing algae basec gels, so | hac to prove this statement.

1- Green bioprinting Fabrication of phatesynthetic algae-laden hydragel scaffelds for biotech-
nokigcal and medical apglications (2015) - Engneering in Life Sciences, Eng. Life Sa. 2015, 15,

177-183

INTRODUCTION// ALGAE CURTAIN

Research problem

Bio-inspiration highlights a sensitive observation of biclogical processes and their
transfer into novel cesign methocologies for the creation of innovative architectural
explorations. And in my thesis | would like to propose a bio solution to architectural
problems, such as air purification, shading. and aesthetics.

Research question

Exploration of designing with a living material by means of new digital fabrication
techniques.

My research begins with the guestion of how to design with a bicmaterial that lives,
grows anc dies. The first steps for this research have precedents, especially the
exploration of algae’s potential use within the realm of architecture. But so far all
the exarmples of realized projects. while not many, are very complex systems in-
cluding a rigorous amcunt of technical detail. For my project, | woulc like to explore
the possibilities of creating living systems by means of novel fabrication techniques
(additive manufacturing and robcetics) that allow to produce biodegracable objects
combining natural hycrogels and microalgae.

Hypothesis

With the emergence of 3d printing technolegy (acditive manufacturing) and com-
putation currently aiding design and architecture. combining these technologies
with bio solutions such as algae and hycrogel could simplify the process of manu-
facturing artificial ecosysterns that coulc be used as efficient COZ capture systems,
as well as biophotovoltaic systerms for green energy generation.

Objectives
When work is done in a lab, perfect conditions are created for a living matter to
thrive and grow, but when it comes to a scale of architecture those rules do not
apply. because you simply cannct control all the conditions such as termperature,
hurnidity and light intensity. The challenge faced was the practicality of living struc-
tures that | was going to create.
In my research | wanted to investigate

Living matter as a design material - combination of empirical and practical
cesign approaches.

Durability anc life span of printed structures

Their response to existing concitions (such as termperature, hurmidity, etc)

Environmental conditions that allow systems to grow

To understand the limits of printing with alge based gels - how tall can the
structure be, how complex, time of printing anc cormplexity of fabrication

Materiability that is not based on the "sandwich”™, but with the embecded va-
riety of functions (natural intelligence).



ALGAE BASED PASTE

Consists of 3 components:

- Methyl Cellulose (powder
hydregel)

- Scdium Alginate (gelling
agent)

- Aerial algae (don't require
constant water flow, hibernate
when not exposed to a certain
humicity level)

/

ROBOTIC FABRICATION

30 printing of algae basec gel
using a pneumatic extrucer
attachec to a robotic arm

PATTERN

Generating different types of
patterns regarding cpacity of
the screen, deformation of the
rmaterial {shrinking). size of the
final piece. etc. Taking into con-
siceration humidity levels and
5Un exposure

CONTRCL

Environmentally controlled
systern that can be switched
on/off simply by exposure to
vater/sun.



METHODS AND MATERIALS// ALGAE

Algae (singular alga) are a large and civerse group of photosynthetic, eukaryotic,
plant-like organisms that use chlorophyll in capturing light energy, but lack charac
teristic plant structures such as leaves, roots. flowers, vascular tissue. and seecs.’
Algae range from single-celled organisms to multi-cellular crganisms. In my thesis |
will fecuse of the application of rmicro-algae in architecture.

Microalgae - are microscopic algae, typically founc in freshwater and marine sys
tems © They are unicellular species which exist individually, or in chains or groups.
Depending on the species, their sizes can range from a few micrometers (um) to a
few hundrecs of micrometers.

Today microalgae are of great interest in the fields of biotechnology and architec
ture: they belong to one of the most promising sources of alternative energy be
cause they convert sunlight into biormass mere efficiently than higher plants.

This phenorrena can be explained by the fact that they are unicellular organisms
and each single cell is involved in the process of photosynthesis.

Simultaneously algae use the greenhouse gas carbon dioxide (CO.) to grow pho
toautotrophically (using light as the energy source in the synthesis of foed from
inorganic matter). It is believed that micro algae produce approximately half of the
atmospheric oxygen.

REACTION OF PHOTOSYNTHESIS

BCO, + 6H.0 > C H 0, +60.

Moreover. algae are helpful in reducing pollutants, since they live on a high con

centration of carbon dioxide, nitrogen dioxide and sulfur dioxide, releasec by
automebiles, cement plants, breweries, fertilizer plants, steel plants, etc. These pol

lutants serve as nutrients for the algae, thus making this biomaterial very attrac

tive for purposes of air purification anc biofiltration (the rermoval of nutrients. heavy
rmetals, and industnal pollutants from wastewater) 7.

{AS.nignt L+ 100 + | Algos .

1- New World Encyclopedas. htta//www. newwerldencyclopedia.org/entry /Algae

2 - Thurman, H. V. (1997). Intreductary Oceancgraphy. New Jersey, USA

3 - Microalgae As Sources of High Added-Value Cormpounds, BIOTECHNOLOGY PROGRESS
27(3):597-613 - MAY 2011




ALGAE CHALLENGES

After overviewing the previous experience of algae projects in architecture, it be
comes clear that all of therm are using acuitic forms of microalgae that are usually
containec in systems of tubes. plastic bags, or panels (so-callec bicreactors). Tech
nologically bicreactors are highly complicatec systerms based on usage of aquatic
algae, including water and air pumps. integrated systemns of CO. supply, nutrient
feeding systems, etc., which makes their manufacturing and maintanance a very
challenging task . That's why all these systerns that seem to be innovative anc have
an intelligent and progressive technology behind them are really difficult to realize
on a big scale.

During the first two months of my thesis | worked with aguatic algae trying to create
an algae curtain {(membrane) that would be a celicate, flexible, anc aesthetically
pleasing version of a bioreactor. but | faced a variety of problems during its fabn
cation. The problems that | faced includec welding plastic sheets in a precise way
since | neeced to create inflatables with complex patterns, leaking water. and air
and water pumps having the capacity to maintain the system at a larger scale.

After failing in this direction of the research | went a few steps back and started
locking into different types of microalgae existing in nature. And it turned that there
are 7 kinds of algae according to their habitat, and Hycrophilus (acuatic) algae is
just one of thern. My attention was caught by Ecaphic (terrestrial) and Aenal al
gae which cbtain very similar properties in terms of photosynthesis comparing to
aquatic algae, but do not need constant flow of water - although a certain hurnidity
level must be maintainec - in orcer to stay alive. Another interesting feature of these
forms of algae is that when environmental concitions are adverse. algae go into a
form of hibernation until concitions are once again favorable.

So the decision was taken to 3D print algae mediurm with an embeddec culture, us
ing a robotic arm fitted with a pump extruder.

ACCCRDING TO THEIR HABITAT ALGAE ARE CLASSIFIED INTO SEVEN GROUPS:

1. Hydrophilus algae:
These are aquatic, free floating or completely submergec algae.

2. Edaphic algae:
Terestial algae are called Ecaphic algae. They live upon or inside the surface of earth.
_caphu algae are classifiec into two types,

R:prooh_.'tos E.g. Mesotaemium, Botryduium

Crypyophytes E g. Nostoc, Anabaena

3. Aerial algae:
These are aerial forms of algae. They are found upon trunks of trees, walls, fencing
wire, rocks anc animals. Aerial algae are classified into four types. They are,
Epiphyllophytes E.g. Trentepohlia
Epiphlcephytes
Epizocphytes E_g. Chaetophorales
Lithophytes E.g. Sctonema. Vaucheria. Nostoc

4. Cryophytic algae:
Albae living on ice and snow are called cryophytes or cryophytic algae.
Eg. Chlamydomonas, Ankistrocesmus and Mesotaenium.

5. Symbionts or Endophytes:
Algae growing in symbiotic association with other plants are called symbionts.
There are three types. Tl"oy are,
Symbiotic with fungi E.g. Chroococcus. Nostoc, Chlorella and palmella
_ives inside the ptericophyte Azolla. Eg. Anabaena azollae.
Found in the corolloid roots of C_\'Cda. Eg. Anabaena cicadae.

6. Endozoic algase:

Algae living insice the body of animals are callec Endozoic algae.
Inside fresh water sponges
Inside Hycra

7. Parasites
Algae live as parasites on other plants. £g Cephaleuros virescens.

GENERALIZED SET OF CONDITIONS FOR CULTURING MICRC-ALGAE
F’arar‘eters Range Optima
Termperature {C) 16-27 18-24
Salinity (g.1-1) 12-40 20-24
Light intensity (lux) 1,000-10.000 2,500-5,000

Photoperiod (light: dark, hours)  (depends on volurme and density)  16:8 (minimum)
24:0 (maximum)
pH 79 8.2-87



METHODS AND MATERIALS// GROWTH MEDIUMS

For the past decade, additive manufacturing of hydrogels has become a rapidly
evolving technigue to procuce nano-featured biocompatible tissue scaffols for tis
sue engineering purposes.’

In my research | was aiming to use these materials for microalgae cultivation.

To maintain the algae alive. 2 types of medium were testec:

1) Agar mecium;

2) Methyicellulose (powder hydrogel) with sodium alginate.

1) Agar mecium

Agaris ajelly-ike substance, obtained from algae. Agar is derivec from the polysac
charide agarose, which forms the supporting structure in the cell walls of certain
species of algae, and which is released on beiling. Agar is indigestible for many or
ganisms so that microbial growth coes not affect the gel used and it remains stable.

Z2)* Methylcellulose + Scdium Alginate

Methylcellulose is a chemical compounc derived from cellulose. It is a hydrophilic
white powcer in pure form and dissolves in cold water, forming a clear viscous solu
tion or gel. Like cellulose, it is not digestible. not toxic, anc not an allergen.

Sedium Alginate is a gum, extracted from the cell walls of brown algae, through
binding with water it forrms a viscous gum. The chemical cormpound sodium alginate
is the scdium salt of alginic acid, also called algin or alginate. Sodium alginate has a
wide use across a wide variety of incustries including fooc, textile printing and phar
rmaceutical. Alginate is both fecod and skin safe.

The first showed gooc algae growth rate. but some constraints were identified
such as extrusion temperature and algae insertion, which can be only cone after
having completec the printing of the medium. The second medium, on the contra
ry, forms a homogeneous mass that can be extruded at room temperature, having
added the algae to the mix prior to printing.

*The medium #2 eventually was chosen for extrusion with a robotic arm.

1- Melchels FPW, Domirgos MAN, Klein 7J - "Additive manufacturing of lissues and argans”- Progr



// GROWTH MEDIUMS// AGAR + NUTRIENTS
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Algae Culture Agar Composition
Ingredients

Sedium nitrate
Dipotassium phosphate
Magnesium sulphate
Armmonium chloride
Calcium chlorice

Ferric chlorice

Agar

Final pH ( at 25°C)

Conclusions//

+ Good growth rate of algae
+ Aesthetically pleasing appearance

Needs boiling for preparation

Extrusion can be done at t=37 C, which means that the extrucer has to be

cccl Gown
e

e FrINE AL =3 C

Gms / Litre

1.000
0.250
0.513
0.050
0.058
0.003
15.000
7.010.2

equipped with a system for temperature control
- Algae is put into the medium after deposition (mecium preparation t=100 C, al
gae do not withstand high temperatures and even 37 C can cause a thermal shock)

e

Inject algae
culture



// GROWTH MEDIUMS// METHYL CELLULOSE + SODIUM ALGINATE // GROWTH MEDIUMS// METHYL CELLULOSE + SODIUM ALGINATE
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An alginate/methylcellulose blend was usec as printing material.

Thirty milligrams per rmilliliter alginic acic sodiurm salt was dissolved in water con-
taining algae culture in it. This provides algae with necessary nutrients and phin
order for them to grow.

Methylcellulose powder was acded to the solution in a methylcellulose:alginate
ratio of 3:1 based on the dry mass of the compounds. The mixture was thoroughly
stirrec to obtain a homogenous plotting paste and incubated for 2 h at room tem-
perature to allow swelling of the methylcellulose.

After plotting, the prints were transferred into a 100mMCaCl2 solution and incu-
bated for 10 min in order to crosslink the alginate compenent of the scaffolds. The
entire fabrication process was conducted at room temperature.

Conclusions //

Needs extra treatment after printing (crosslinking + nutrients)
- Material preparation is time consuming (approximately 3 hours)

+ Homogeneous mass that can be extruced at a rcom temperature
+ Algae is put into the printing paste prior printing




MATERIAL TESTS// EXTRUSION TESTS WITH A SYRINGE

Material tests with a syringe

Firstly, materials had to be tested on their
printability. So a regular syringe was used for
that purpose.

For this experiment 2 syringes with different
volumes anc tip diarmeters were used as well as
2 types of gel: methylcellulose/socium alginate
anc agar based mixtures. The objective was
te study how many layers can be constructed
before the srtucture collapses and what conci-
tions are required for printing.

Methyl cellulose

Material has high viscosity. thus higher extrud-
ing pressure is neeced, thereby allowing print-
ing more layers than with agar. Also, the heat-
ing is not reguired for the process of extrusion.
After drying the structure deflates up to 90%
forming a flat rigic piece. The rigidity depencs
on the initial amount of layers - the piece is
more rigid when it has more layers init.

Agar

Material has fine homogenecus texture which
benefits extrusion, but the optimum printing
temperature for agar medium is 37 degrees
Celcius, otherwise material cools down and so-
lidifies which causes crumbling while printing,
which inits turn prevents different layers from
bonding with each other







MATERIAL TESTS// GROWING ALGAE

Simultaneously with testinng extrusion capabilities of growth mediums for algae
cultivation, | was testing the growth of algae culture Chlorella Vulgaris in different
kinds of water in order to explore the needs and requirerments of the material | was
working with.

Cultivating algae culture in

Distilled water (negative growth results)
Distilled water has the ph O, which is not suitable for algae. In this case all the nutri-
ents had to be addec to the water to maintain the culture alive.

Tap water (positive growth results)

Rain water {positive growth results)
Rain water provices nutrients such as nitrogen and phosphorus required for algae

growth.
An air pump was used to circulate algae sclution anc to provide ample “cirty” air
including COZ2.
- x . g
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Algae cells under
the microscope
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MATERIAL TESTS// TESTING ALGAE GROWTH IN GELS

Testing algae growth rate within gel substances was crucial for further developrment
of the research. because it was very important to understand if microalgae could
survive and repreduce in the environment cifferent from their natural habitat.

To concuct this experiment 2 cifferent types of the growth medium were prepared:
1) agar based mecium
2) methylcellulose/sodium alginate mixture

Both of therm are are cormpatible with algae cells. As well as the translucent nature
of gel materials is beneficial for light transmittance.

Growth mediums were extruded with a syringe onto methacrylate plates which
eventually were placed in transparent boxes to provide algae culture with extensive
sunlight.

Syringes with different tip ciarmeter were usec to see if algae growth rate depencs
on the armount of the growth mecium, its thickness and cuality.

After exrtuding the meciurm onto plates, condensed algae culture was injectec via
syringe.

Afterwards boxes were kept in the reach of sunlight and sprayed with water every 3
cays to keep the gel moisturized.

Observation of the boxes lasted for more than a month.

This test showed positive results on algae growth and demonstratec that microal-
gae culture can be embedced in 3¢ scaffolds with predesignec geometry by the
additive technique. The alginate matrix has proven its suitability for cultivation of
the embedced algae—as indicated by cell growth.



MATERIAL TESTS// TESTING ALGAE GROWTH

Algae growth cycle

Algae culture was injected into 4 different growth meciums and was put into plexi glass boxes in
order to prevent gels from drying out.

Water was sprayed onto patterns every 3 days to maintain humicity levels.

Pictures were taken on the 1st. 10th, 20th and 40th days of the experiment.

Day 1 - Algae culture was inserted into the growth mediurms waith a syringe. Coler of the patterns
is white (methylcellulose) or translucent (agar);

Day 10 - immense algae growth cbservedin agar meciums; moderate growth observec in methyl-
cellulose rmediums;

Day 20 - agar medium aquired yellow tint which means that nutrients were depleting by that mo-
ment, which causec the death of algae culture;

Day 40 - yellow color is cbserved in agar mediums which meant that algae reachec the enc of its
life cycle because of the nutrients’ depletion - thereby algae had no ability to reproduce.

Conclusions

As it can be seen, the test showec positive results, which provec the staterment that algae coulc
grow in gel substances with nutrients acdec to the mixture. The fact the algae were able to repro-
duce in bicdegracable polyrmers, thus forming a synthetic ecosystem, is truly fascinating. since
this synergy doesn’'t occur in nature.

Also this experiment raises the inevitable question of a life cycle of living organisrms. Unlike tradi-
tional architectural matenals, bic materials operate within a cifferent set of variable states. When
working with bic materials. the dimension of time, variation. and decay becorme new material-de-
fining properties.
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