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ABSTRACT
There has been a growing interest in living materials and fabrication processes including 1 Tectonic landscape in the point
the use of bacteria, algae, fungi and yeast to offer sustainable alternatives to industrial cloud construction resulting

) ] . ) ) _ o ) from the 3D scanning process of
materials synthesis. Microbially induced calcium carbonate precipitation (MICP) is a a biomineralized form.

biomineralization process that has been widely researched to solve engineering problems

such as concrete cracking and strengthen soils. MICP can also be used as an alternative

to cement in the fabrication of building materials and, because of the unique process of

living fabrication, if we see bacteria as our design collaborators new types of fabrication

and process may be possible. The process of biomineralization is inherently different from

T-gW% T% Y3g” ,gr-%sgf%V¥Ys ©-Ys{°°{° 1797 °°{ sg°T%3...-Y= ™MV "W%3S..8 $T7° ©-YO{-T%{° g-{ %o
enced by the active bacterial processes that are connected to the casting environment.

Understanding and working with interrelated factors enables a novel casting approach

and the exploration of a range of form types and materials of variable consistencies and

structure.

We report an experiment with partial control of mineralization through the design of

W%, ,{ {37 {AO{-% ™{8Tg” A{°°{"° Y W% ~{sT g3w %31°{8s{ T1°{ s{™{87gT% VY3 ©-Ys{°° YV, °gswd $
Y-w{- TY sg@©f°={ 1°{ ,¥Y=™ Y, 9°{ sg”"s%isgf% VY38 %3S 1 {°{ {AOo{-% ™{57°& A{ "gA{ gSg”"£E{w T°{
results using three-dimensional imaging and a technique which excavates the most friable

material from the cast in stages. The resulting scans are used to reconstruct the cementa -

tion timeline. This reveals a hidden fabrication/growth process. These experiments offer a

W%, ,{ {37 ©{-°O{sT%A{ Y& ,Y-™ [Sw%3... %3 ™gT{-%g” ,9r-%sgf % Y3d
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INTRODUCTION

Industrial-scale materials manufacture often creates an
enormous strain on our environment. In construction,
concrete is the most widely used material in the world and

g °%o..5% 15987 sY3T-%rofY- VY, 1°{ AY=-"w ° sg-r¥Y3 wh YA%w{ {™ %o°

sions, producing more than 4 billion tons every year (Lehne
and Preston 2018).

Nature, however, is the producer of hard calcareous
materials in various forms through biological processes
that have evolved over millions of years with relatively little
energy expenditure. While biologically produced materials,
such as limestone, are common in the built environment,
we tend to make use of biological materials after the
organisms which created them are dead. The possibility of
using living cells through biological processes offers the
opportunity of replacing traditional types of fabrication

and assembly with guided growth (Zolotovsky, Gazit, and
Oritz 2017) and new collaborations between non-human/
biological processes in fabrication (Camere and Karana
2018). These processes entail the biological processing

of elements from the environment such as carbon, water
and sources of energy to form mineralized structures
(Mann 2001). Microbial calcium carbonate precipitation

U4% DY %0° {,i5% {37 %S sY&°T-°ST%S..- "g-w sg”’sg-{Y°° ™gq{

rials at room temperatures and pressures. The process of
MICP requires active bacteria, a passive aggregate, and a
catalyst for inducing the mineralization process to create a
binder for the aggregate material.

MICP has already been demonstrated in building construc -
tion including, for example the inclusion of microbial spores
in concrete to enable self-healing of concrete cracks
(Jonkers et al. 2010) and for the creation of an MICP based
cement to create bricks or other natural stone-like building
elements (Dosier 2016; BioMason 2020). While having the
potential to transform traditional construction the use of
MICP as a novel fabrication method has not been substan -
tially explored. There has also been extensive design
speculation on the use of MICP in Architecture including,
for example, the injection of bacterial solutions into sand
dunes to stabilize them and creation structures for human
habitation (Larsson 2010) and as a method for constructing
furniture using similar approaches (Hussey 2014). Projects
such as these, rarely go beyond design concepts as the
process of MICP based material casting is not straightfor -
ward to perform.
2 Prototype 2, casting vessel
While MICP based materials can be produced in similar f::g;’;%gﬁg;gi:g&ii?fﬁ:
ways to more traditional cementitious materials, using bioreactor.
microbes as active agents in MICP offers opportunities for
form making and material construction which are unique

3 Prototype 3, casting volumes
showing the series of molds set
up.
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4 K 4 Y, gsg’shki{w KOY-Y7gPefatyme 2, casting volume.
pasteurii in agarose hydrogel.

5 K4 Y, gsg’ski{w KOY-Y8gPeitjme 3 casting volumes.
pasteurii in agarose hydrogel.

6 Prototype 1, casting volume. 9 Prototype 4, casting volumes.

to the medium. However, to move beyond the state of the art
requires repeatable hands-on experiments based on the
production of meaningful material samples with the poten
tial to scale up. In this paper, we present ongoing research
into MICP in order to inform design engagement with a
living organism in the creation of a mineralized material.

different material outputs. Through this exploration, it will
be shown that the MICP process is inherently different
from traditional fabrication processes using, for example,
casting and molding. We present initial studies of a casting
process involving MICP in the sand which show the
complex network of interactions essential in the control
YV, T% Y ™%S{-g"%Eg% VY53 P { {ARO{-% ™{39° ,Ys°° |-
biological function of the bacteria in the precipitation of
calcium carbonate and the optimal environment needed to
support them. The project experiments with the design of
{AO{-% ™{81g" A{°°{"° 1Y %ST°{3s{ 1°{ s{™{37gN% V3
%oég""ﬁEé %o S Y—!W{ﬂ ﬂY Sg@ﬂo—!{ ﬂA{ Sg"-S%ongﬂ%ové %
iments, the cementation pattern formation was analyzed
using a three-dimensional scanning (see Fig.1) and a novel
{AsgAgT% Vs 1{s 8% «°{ A"%s” g""YA° §°{ w/ESg™%s
the cementation process to be visualized.

METHODS

MICP is a biomineralization process where the precipita -

tion of calcium carbonate occurs in response to microbial

05T % A% TAE %3S °O{s%is {§A%-YS™{ETg” sYSW% % Y :
iments, we incubated bacterium  Sporosarcina pasteurii  in

various physical and chemical conditions for growth and

mineral precipitation.

The bacterial cells use biological and chemical processes to
form inorganic carbonate crystals by creating a microen -
vironment where hydrolysis of urea and the increase in pH
around the cell induce the production of calcium carbonate
(CaCQ) crystals. The bacteria act as a nucleation site for
CaCQ, precipitation (see Fig. 4-5). Mineral crystals are not
produced by the bacteria but, rather, induced in response

to an enzyme-initiated change in environmental pH. Many
factors can affect this process, including the growth rate

of the bacteria, availability of oxygen and nutrients as well

as the chemical components. These are interdependent
parameters that can affect the construction of a biominer -
alized material at different scales.

For this casting process, we looked at these variables as

1°8%38.. ©gag™{f{-° TY {A©{-% ™{3]T A%f" ,Y-™ [sw
fabrication of cemented material. The parameters that we

explore in this paper are:

P % ° ©gO©{- ,Ys°°{° Y3 1°{ sY=-={"g% Y3 r{fA{ihe iic{odiabsavtor: as the biological and chemical
°Y "% wW %3T{-,9s{ 1797 %31°{ss{° 1°{ TYA Y, ”%ctitgolth badtéria ih the mineral production of

porous media (Wood, He, and Apte 2020). It explores
how this phenomenon effects the fabrication process
of bacterial-induced biomineralization and frames the
living bacteria as co-designers in a construction system.
It reveals a process of biological computation where the
fabrication shows sensitivities to inputs which lead to

4 ACADIA 2020

calcium carbonate crystals.

e The granular factor: through sand shape and size that

dictates the structural control and binding possibilities.

e Thecastingfactor: "YA °{ MY "w %31°{8s{° °©gT%g”

sYST-Y" Y, 1°{ {"{™{387° sY3T9g%3S{w %3°%w{ gdw "~
matter is applied.
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« P°{ T°%w ,gthd dherdical control of a mixture of
nutrients, urea and calcium chloride, to apply to the
system (the cementation media).

Although the tuning of each of these factors will affect

the formation of a biomineralized structure the biological

elements of the bacterium are not being altered in a direct

AgESE %0{d0e T°{ rgsT{-%°™ Ag° YT ..{3{T%sg"" &£ ™MYwkh i{wd P {
bacterium is, however, affected by the environment and

changes in those factors can speed up or slow down

their reaction time, spatial distribution, reproduction and

survival.

Apparatus

In this study, prototype casting vessels were developed as

part formwork, and part bioreactors in order to explore the

W%o,,{ {37 %351°{8s{°& °°s” g° sg°T%S... g5w 1°%w ,gsfY-°é gsw
direct the cementation process. These prototypes facili -

T97{ T { r% VYs{™{587gT%VYS3 ©-Ys{°° r/E sY5N9%35%3.. °gdweé [3{
enough to allow the bacteria to move between the grains,

and by pumping the nutrient-rich liquid media with the

substrate chemicals, urea and calcium chloride, to facili -

tate the essential bacterial activity to induce mineral crystal

formation.

10

The casting vessels are constructed using digital fabrica -

tion, from clear acrylic that allows visual observation, and

silicon tubing. The tubing allows injection of cementation

liquid into the mold using peristaltic pumps at certain

% 3T{~Ag"° ©{- wg&E g° A{"” g° "{T1T7%3... {,T0{37T Ag°T{ "%o«®%ow Y°T3

P { gs-/A"%s MY"W %° "%3{w A% " gs{fgT{ i"™ gV g""VYA VY- {g° &

{"{g°{ ,-Y™ q°{ ™MY"w g&w ["T{- ©gO{- %S Y-w{- Y sY5T9% 3

9°{ °gsw g3w "{{© % ,-Y™ TYA%S.. rgs’ %3STY 1°{ %3"{7 7°r{°d

P { A{°°{” %° [=°7 I""{w A% T~ °g3w 1°97 %° %35 {sT{w A%~ g

bacterial culture which has been incubated overnight in

a shaking incubator at 30°C, to allow the bacterial cells

to grow and attach to the sand grains. After this stage,

the volume is connected to the pumps via tubing and the

cementation solution is injected to initiate the mineraliza - 10 Exploded view of prototype 2 showing running setup and the connections
tion process. The fresh solution is pumped through the A%ot™ %o8™{1 ™{wkhg g8w {,1°{S8] 17-Y°.." ©{~%°Ng"T%s ©°T
vessel at 3-4 hour intervals over 7-10 days. In this process, 11 Exploded view of prototype 3 showing running setup and the connections

O# "{A{"° g-{ ™MYE%TY{w ,~V™ §°{ {,T0{8] {5 WEAEE §ee 05w LI°{ST 172V°.." O{~% 9" T%s ©°F
important to maintain a pH of as close to 9 in order to

11

enable the bacterial cells to induce crystal formation. If the strategy in order to see the different effects they can have

pH starts dropping below 9 it is a good indicator that the on the cement formation. Initial experimentation followed

cell density has dropped, or the bacteria are not receiving known cementation procedures using plastic syringes

the nutrients they need. The rate of precipitation induced by U7 % ,18 xOOUY Y %3 {sT ™M{w% g " ©OAg-w° "=
the bacterial cells can also be increased up by increasing AY o™ i %..8 Uyd P " %° [-°7 ©-YIYT£A£O©{ Ag°
the amount of calcium chloride in the liquid medium. with:

Each type of vessel (see Fig. 6-9) is designed to deliver the » different sand sizes;

"% «®%W ™{W% g %3STY °{ °gsdw AY o™ {" =Y °theéwgythshacferiayltdré ivas mixed in the sand;
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12 13

14

12 Loose sand removed from internal parts of the sand cast from 2nd
prototype.

13 Sand cast being brushed with gentle brush strokes as the looser sand is
removed from a volume in the 3rd prototype.

14 Point cloud construction resulting from 3D scanning a sample. Visible

shape of a cube of 5 x 5 cm that was with tube inserts on
g”" °%w{°8 P %° °{1°© g”""YA{w ™{w%g SYT YS"&E 7Y
r{"YA& g° %38 1 °{ 1=°0 A{°°{” ro §°=Y°..." ™Mo"q(%0©O"{ %
points on all sides. This method eliminated the preferential
TYA 9°g7 Ysso--{w A {3 Y$"/E ©°™MO{w %5 Y&E{ Who~{s
ﬂA—!{{ o%OW{o A{‘!{ c’{"{Sﬂ{W ,,Y—! %oéTYA Y,, S{TM{§ﬂgﬂ%oY
A% " { T°{ YT {=~ 1°-{{ YO{§%S...° g""YA{w {,1°{3] Yof¢
this arrangement was changed every two days. This setup
ran for ten days before the sample cube was removed and
W% {Wd "% ™%3SgT%S... O-{,{~{8T%g” TYA r&E s°g§...°
created a relatively homogeneously cemented cube shell.

The third prototype (see Fig. 3, 8, 11) was made of cuboids
of 5 x 10 cm in which the cementation media was injected
through the center of a volume through a perforated tube
SYSS{sT{w %3 1°{ M%Bww’{ Y, 1°{ sg°T A%~ {,1°{3q ™
pushed out through the outlets positioned at the sides. This
was to ensure that the internal parts of the sand volume
A{-{ 200" % {W A% " °°,is%{ST g™VYo5T° V, §°9-% {31
reactant chemicals for the bacteria where previous proto -
types prevented this access by cementing and blocking off
A{-{ 17{ %3TYA ={gs™{w 1°{ AY"°™[3 P " %° ©-YTY A&
set up as six identical volumes stacked together. Each cast
was connected to a pump that supplied cementation media
to all volumes at the same time. This setup ran for a total
of twelve days. Here, every other day during this treatment,
one volume was disconnected from the stack, opened and
dried. This was to create a series of mineral formations
where we are able to track the stages of cementation.

The fourth prototype (see Fig. 9) was made of acrylic tubes

10 cm diameter and 2.5 cm in height and, as with the

previous version, the vessel was designed to be injected

from the inside. Openings were cut into a central plastic

piece that was connected with tubing to the pumps and

{,1°{37 OY%3ST° ©Y° % T% Y&{w Y& 1°{ {AT{-%Y~- Y, 17

YA ©gff{~8° {™{~..{,2V™ °g8w sg° ,~¥V™ 17 x3w Gyl FHE BidtotyS&'iixs set up as three identical volumes

two stages of the erosion.

» if applying heat or extra oxygen in the nutrient media
procedure;
* and how long the cementation reaction would take.

Once optimal conditions were established, we used sand

of 150-300 pm, the bacterial culture was either poured

or injected into the volume in a liquid medium and when

the cementation treatments started, we kept the volume at
room temperature (21-23°C). In these experimental vessels,
due to their small size, at least six days were needed of
cementation treatments to form a solid sample piece.

The second prototype vessel (see Fig. 2, 7, 10) has the

6 ACADIA 2020

stacked side by side, which ran for six days. What distin -
guished it from the previous setup was the ability to rotate

AYo"w ™Mg'{ g °%..5% I Isg3T W% ,,{-{5s{ % thelHols y&sdet Fropfilés 16&liminate the occurrence of

O-{,{-{87%g” TYA Y- °T9gT%s g%~ ©Ys'{T° %3 °©{S %o
the volume. The volumes were then opened and dried and
analyzed alongside the other prototypes.

3D Scanning
Y=o {gs™ Y, T°{°{ Who, ,{- {37 T°%w %3 {sT% Y3 ™{] " Yw
scanning was used to explore the biomineral formation
that occurs within the volume (see Fig. 1,17), something
that is not visible during the process. Scanning at different
times in the process can give us a glimpse into the patterns
that form at different stages in the cementation process.
The 3D scans were processed using EinScan-SE, a digital

Turbulent Casting Arnardottir, Dade-Robertson, Mitrani, Zhang, Christgen



scanning program that uses programmed light patterns
(Salvi et al. 2010). Between 30 to 100 scans were used to
reconstruct the samples, producing a digital representa -
tion of the cemented objects in a 3-dimensional point cloud.
Similar scanning techniques have been used before in
detecting and analyzing biological growth (Sollazzo, Baseta,
and Chronis 2016). The resulting casts from the prototypes
were 3D scanned in a sequence from the moment they were
taken out from the casts and in steps, as the sand grains
were gradually brushed using a small spatula and brush
where the material was more friable (see Fig. 12-13). This
excavation process allows us to trace back the cementing
formation and reveal the different densities the material

is able to form through time. These produced between 3-4
stages in the point cloud model depending on how friable
the material was. Once these point models were gener -
ated, they were exported to Rhinoceros 3D (see Fig. 14)
and sliced to create topological sections (see Fig. 15) that
highlighted the transformation of the cast. These resulting
scans can be seen as a timeline of the stages of cementa -
tion and allow us to visualize material changes over time.

RESULTS & DISCUSSION
The 3D scans from the excavation process reveal patterns

Y, TYA %8 rYq" c©gs{ gdw T% ™{d P " %° Ag° {°©{s%g""/E gOO©g-{5T1
in the case of the third prototype, where excavation

S{A{g"{w 1797 T°{ %8% T%g” °Y " %Wk isgT%VYs Yss°--{w g 1°{ YO
of the volume (see Fig. 16). As days passed, the cementa -

tion spreads to the rest of the volume from the close to the

central injection tube outwards, eventually cementing the

bottom of the volume.

The material samples explored in this study reveal that

9°{ AgAE %3 A %s~ 1 { TYA %° s g383{""{w %3 T°{ °g3w sY3°T%

tutes a key factor in how the cemented form develops in

the volume. The clear visualization resulting from the 3D

°sg38° "%o.. "% .. T° ©gT"° Y, 1°{ ©-{,{-{8T%g” IYA Y, -{gsTgs"

™{W% g gSW % T° sYES{8T-9gT% VY3 %3 °©Of{s%is ©g-9° Y, 1°{ A{°°{"d

P % ° ©-~{,{-{8T%g” TYA ~{°°"9° %3 g-{g° Y, g "%o.. {- W{3°% A&

of calcium carbonate precipitation. As bacteria miner -

g "% E{é& T {TYA Y, "% «°%w s°g5...{° %f° ©g7° & g"Ag/E"° IEWw%5 ...

the path of least resistance around solid formations and

triggering crystallization in the remaining areas of the cast.

7 "%o«®%ow TYA° A% %S T°{ AY"O™{& % ™{{T° g ° % ,T%S...

environment, whose topology is determined by the activity

of the bacteria and resulting cemented formations. The

natural patterning of the precipitate mostly depends on

the distribution of bacteria cells and on the concentration

of the reactants that trigger biomineralization activity.

The various degrees of friability in the cemented material 15
%3SW% sgT{ 1797 T { TYA ™M{{T° 1°{ °g3w g7 wksopopgicals8ctisr®of {avtine line stages of a sample from the second
I Yo" °{ AY"om™m{3d P { cO{{w Y, 1°{ TYA w{&AF{> wo{ 7V
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16
16 Topological sections of the time line stages of the different samples from the third prototype. Showing the different formation from a 4 day treatment to

12 days of cementation treatment with the resulting casts standing (in revers) on the top cementation.

blocking caused by precipitation (Saad et al. 2019). In other T {TYA -{gs™{° 1°{°{ g-{g°é 1°{ s=-&°T1g” ,Y-™gT%Y$s
S%h 1S°™°g8s{°8 g W{s-{g°%5... w%h ™ {5 ° % Ycon¥equehflybé Anirsorgcigsirig the sand to not be bound as

would correspond an increase in pressure, and therefore tightly and be more friable.

in speed, but in this case, the internal circulation channels

g-{ °T%"" I""{w A%T"~ °gdw °{ ©={°°°={ % ° GONELMRION{w TV

the pump where it is forced to slow down. Where cement These results demonstrate the unique complexity of a

r{..%%° 1Y r"Ys’ g-{g° Y, 1YAé 1°{ -~{gsTgSs Tading brocesh Wwhicki imibesifing systems. The bespoke

in order to reach the non-cemented areas. As the speed vessels allow the exploration of biomineral fabrication,

Y, T9{TYA Wh ™ % 5% ° {°€& 1°{ rgsT{-% g ”{, Tarkéhsurexpefimgnt$ gliow that, while containing consis -

are starved of nutrients and start to die off. When, and if, tent features, each cast is unique and represents a story

8 ACADIA 2020 Turbulent Casting Arnardottir, Dade-Robertson, Mitrani, Zhang, Christgen



17 Tectonic formin the point cloud construction resulting from the 3D scanning process from the third prototype in volume 5. Seen from the bottom of the 17

shape looking up though the gap left by the injection tube.

of the living dynamic processes of the casting process. and the imprints of life. Further avenues of exploration
The results are not a homogenous material but graded would be to build up further data from these experiments
and sculpted volumes. Through these experiments and that could be used to simulate the process and to scale
3D imaging, we recognize that the control of the designer, up the casts for architectural applications in the built
through the casting process, is only partial. By controlling environment.

environmental factors through the vessel, we generate

optimal conditions for the bacteria to live and for cemen - ACKNOWLEDGEMENTS
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