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Abstract
By hybridising the principles of the living with the methods of design, the emerging field of biodesign is exploring how to 
radically transform the ecological imprint of contemporary material culture while questioning the creative opportunities 
induced by the appropriation of metabolic processes. This new bio-based foundation challenges architects and designers to 
rethink the way in which architecture is imagined, represented and materialised. This paper presents developments in the 
speculative collaborative project Imprimer la lumière examining living bioluminescent bacterial substrates as an architectural 
building material. In order to appropriate the light performance of these living organisms, the paper asks how to characterise 
and control these within an architectural design context and reports on efforts to develop computational models for simu-
lating the behaviour, growth rates and life span of living materials and interface these with architectural representational 
framework. Within nature, bioluminescence is predominantly produced by marine organisms. In this context, the emitted 
light is a chemical reaction, part of a metabolic system that needs to be sustained. Working with bioluminescence therefore 
implies taking into consideration the ecosystem in which the light-emitting metabolisms take place as much as their limited 
lifespan. As a consequence, time must be understood as a key dimension of the architectural design process and wet lab 
tools and critically implemented into the palette of architectural design instruments and protocols.This paper reports on the 
examination of how living materials and their environment can be represented, simulated and predicted as part of an eco-
metabolistic model developing mechanisms of functionalising and steering a living architectural material.
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Introduction

By placing living organisms at the centre of the fabrica-
tion process, biodesign asks how the organism—whether in 
a synthetic or existing biological system and no matter its 
size—can be connected to steer material performance [1, 2]. 
This creates a radically new departure from which materials 
are traditionally conceived, fabricated and appropriated in 
architecture and design as an inert reality [3] and asks new 
questions not only of its design and crafting processes but 

also of its ethical and ecological roles [2, 4]. In ‘Imprimer 
la Lumière’ we use the bioluminescent bacteria Vibrio fis-
cheri [5] as a model organism to probe principles for a living 
architecture, functionalising its life as an architectural light 
source [6]. We question how designing a built environment 
as a host for other species can perform as a living technol-
ogy, and what this co-living means in terms of environment 
control and care-taking. Through 3D-printing of the agar-
media used to grow bacteria in labs, we build up a model to 
observe, understand and predict how their life and perfor-
mance can be steered by designing the host media typology 
as well as its nutritional recipe.

In order to understand and in turn control and instrumen-
talise the organisms, a key focus has been to develop first 
stepping stones enabling a formal representation of living 
behaviour. This paper reports on the efforts to simulate the 
dynamics of the living organism and its dependence on envi-
ronmental factors (Fig. 1). We implement an agent based 
system operating in voxel matrix reactive to key parameters 
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such as substrate topology, access to oxygen, nutrition level 
and humidity level. The aim for these simulations is both 
to steer performance as well as interface with design and 
fabrication. Representing living systems is complicated for 
several reasons. Biological processes are interconnected and 
sensitive to changes in their environment. The life cycles (the 
time between cycles of propagation) and life stages (changes 
in performance of the living organism across its life span) 
necessitate dynamic representations that both extend in time 
as a fourth dimension and can correlate their interactions.

Designing with bioluminescence

Bioluminescence is a chemical form of light predominantly 
emitted by marine organisms but also some mushrooms 
and insects [7]. Within architecture and design communi-
ties, bioluminescence has been examined as an alternative 
to artificial lighting and is largely induced by micro-algae 
[8–11]. Rare physical experimentations with bacterial biolu-
minescence in the biodesign field have focussed on garments 
and textiles [12, 13] and bioreactors for urban furniture 

perspectives [10]. In ‘Imprimer la Lumière’, we have cho-
sen to work with Vibrio fischeri as it is a model organism 
commonly used as a marker in biology and medicine. It is 
therefore well documented and accessible allowing us to 
engage the dynamics of living organisms in an intuitive and 
immediate manner. The study develops methods for archi-
tectural design and fabrication with living systems and the 
metabolic systems of nutrient absorption and environmental 
sensitivity. This overarching methodological ambition of the 
project questions how architectural design can be tuned to 
engage with living material systems [14, 15] and how archi-
tecture itself could become living [16].

In prior work, we have reported on the design of agar 
substrate and its 3D printing (Fig. 2) using a collaborative 
robotic setup [17]. Here, key findings that lay to ground 
for our simulation set up is a strong understanding of the 
life-spans of the bacterial colonies, the way that they live 
on the surface and not the depth of the agar–agar medium 
(medium) and how colony growth rates are intimately 
connected to light performance. Their growth rates, the 
speed at which the number of organisms in a popula-
tion increases, is influenced by the quality of their living 

Fig. 1  Comparison: 3D printed 
substrates as scaffold for biolu-
minescent organisms and their 
time based simulation

Fig. 2  From slicing preview to printed agar to glowing
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conditions and impact performance directly as colonies 
need to reach a certain size before they start emitting light. 
In preliminary studies we have examined the methodo-
logical principles and found that Vibrio fischeri colonies 
live on the surface of the medium and that enlarging the 
surface-to-volume ratio has a direct impact on the intensity 
of light emission as well as their lifespan [17].

Understanding living conditions

Understanding the living conditions of the bacteria is 
therefore fundamental in our project. Despite Vibrio 
fischeri being well studied and documented, it is not a 
straightforward organism to work with. In studies that seek 
to understand the symbiosis between the squid and the 
Vibrio fischeri bacteria, wild bacteria in squid host organ-
isms have been seen to glow 1000 times brighter than in 
lab culture [18, 19], demonstrating the insufficient under-
standing of its original habitat, the forming of colonies and 
their dynamics. What is understood is that the environment 
itself is dynamic; the squid changes the environment of 
its light organ where the bacteria live, to control the light 
emission, and thereby the camouflage that it provides, by 
actively controlling the living conditions of the bacteria 
[20].

Physical experimentation

Fabrication

As a way of fabricating self-illuminating micro archi-
tectures (small scale structure for self illumination) we 
developed a bespoke 3D printing system, as described in 
our two previous papers [6, 17]. The medium is extruded 
through a high precision micro-dispensing unit (ViscoTec 
ecoPen700) on a collaborative robot (UR5e). Self regulat-
ing heating elements keeps the medium fluid throughout 
the printing process. The medium is based on recipes for 
lab agar that include nutrients. To improve the viscosity 
and plasticity for controlling print resolution and flow rate, 
we add gelatine and glycerol.

After inoculation, the probes are placed in an incubator at 
25 degrees. To record the living performance of the bacteria 
we set up a camera within the incubator to take photos every 
30 min. In this way we can evaluate the living organisms 
through the light they emit. Time-lapse animations compiled 
from the images visualise the growth and movement of the 
bacteria over time and enables us to evaluate the success of 
the designed substrate and how the shaping of it impacts 
their life-cycles and life-stages.

Learnings

Our experiments show that the Vibrio fischeri are not able 
to move or propagate noticeably on the surface nor within 
the medium. Instead they spread easily in liquid broth. This 
awareness has led us to formulate new design criteria, which 
have the aim to maintain high humidity levels. This is done 
by integrating three dimensional basins in which the fluid 
living broth can be poured after the printing process to form 
fluid pools. The pools form better living environments for 
the bacteria and while the pools themselves are dim and dif-
fuse; at the edges of the wet zones the glow is highly intensi-
fied. This indicates that this zone offers a good balance of 
humidity and oxygen for the bacteria. An intensification of 
bioluminescence is also observed in the process of the pools 
drying out. Our assumption is that this brightness is caused 
by a film of humidity which constitutes the preferred living 
condition. In this way we observe that despite 3D printing 
the medium in a fixed form, the environment changes dur-
ing the life span of the bacteria, as oxygen and nutrition is 
depleted and as humidity levels change.

Simulation

Our simulation of ‘Imprimer la Lumière’ seeks to formalise 
and represent the dynamic interactions observed in the living 
experiments. The simulations learn from existing simulation 
methods, but develop a distinctive multi-agent approach. 
This allows us to simulate the development of the bacte-
rial colonies and their interactions with their environment as 
they metabolise nutrition and oxygen. This approach places 
time at the centre of the simulation. In the simulation, time 
is abstracted as successive time steps and not represented 
as measured time. The simulation also abstracts the light 
performance of the bacteria. Vibrio fischeri’s signal sen-
sitivity has been simulated [21], but does not allow for an 
understanding of the overall light performance. Capillary 
effect and surface tension have proved central in our inves-
tigations, but these physical phenomena, caused by forces on 
a molecular level, are too complex to simulate. This paper 
develops a simplified agent based system operating in voxel 
matrix correlating the growth rate with the key parameters 
observed in living experiments: topology, access to oxygen, 
nutrition level and humidity level.

Voxel simulation for living systems

The simulation is based on a voxel logic. Voxels, often 
referred to as 3D pixels, are a tool used for abstract spatial 
representation. Stripped down, they are numerical values 
arranged in a 3D grid [22]. They provide a simple and intui-
tive framework, easy to visualise in 3D, where complexity 
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can be gradually added. Our simulation builds a voxelised 
representation of the host environment; the 3D printed form 
of the agar media, the integrated pools and the oxygen within 
the host environment (Fig. 3). As in the physical reference 
experiment, we start by inoculating everywhere.

The voxels’ position in space is implicit by their place-
ment in the 3D array storing them. Each voxel has variables 
describing its physical state, including; humidity, nutri-
ent level and oxygen which are calculated in respect to the 
physical properties; gravity, diffusion and evaporation that 
produce their interactions.

Each voxel has a number describing the bacteria count 
of the single voxel, which is a function of the physical state. 
The simulation operates through a principle of neighbour-
ship. In ‘Imprimer la Lumière’, the voxels interact with each 
other through its cubic 26 neighbours. For each time step of 
the simulation the physical conditions and bacteria count of 
each voxel are updated by defined equations using their pre-
vious conditions and their neighbours’ conditions as input. 
This creates a method of simulating physical and bacterial 
states in the 3D model over time.

Implementing rules

In our multi agent system we have three agent definitions; 
medium, liquid broth and air. We chose humidity and nutri-
ent level to be the physical variables describing the condition 
in each voxel. Since the liquid broth and the agar medium 
contain different amounts of nutrients and water, and since 
the bacteria act differently in the two mediums, we split 
them into two voxel types. The third voxel type, air voxels, 
are used to define which voxels are on the surface of the 
media. Bacteria can live in broth voxels and in the agar vox-
els which are on the surface of the geometry.

The number of bacteria in a medium or liquid broth 
voxel is set as a relative number between 0 and 1. As we 
observe a dimmer light in the liquid broth than on the 
medium, the maximum amount of bacteria is here set to 
0.1 instead of 1, representing the stationary phase, where 
the rate of growth and death are equal [23]. To model 
propagation in the medium, the bacteria number will dou-
ble at each time step, as long as there is humidity and 
nutrition in a voxel. This continues until the population 
reaches the maximum level. In liquid broth, this propaga-
tion doubling is further transferred to each neighbouring 
broth voxel. In the medium, the bacteria population must 
reach its maximum before transferring bacteria to neigh-
bours. The bacteria count in each voxel affects and changes 
the available nutrition state as bacteria delete nutrition 
across their lifespans. The nutrition state is calculated 
as the previous amount of nutrient subtracted with the 
amount of bacteria.

Humidity is the most complicated state to calculate as 
it is fluid and subject to evaporation, diffusion and gravity. 
Gravity plays an important role as all our prototypes dry 
from the highest point and down. We calculate humidity as 
dependent on the saturation state of each voxel across the 
time steps. As humidity falls through the medium in time, 
it passes on humidity to its lower neighbour voxels as long 
as their state is not at full saturation. The combination of 
diffusion and gravity is particularly important for simulat-
ing the fluid behaviour of the broth. If two neighbouring 
broth voxels have different humidity levels, humidity will 
be transferred between them to even out the difference. 
The rate of evaporation is proportional to the voxels' expo-
sure to air. When a broth voxel dries out it is replaced 
with an air-voxel and all the nutrients and bacteria are 
transferred to the voxel underneath.

Fig. 3  Stages of the simulation: 
printed geometry, adding liquid 
where the broth was poured, 
voxelising, simulating, post pro-
duction blurring in photoshop
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A second humidity based rule mimics the capillary effect 
at the edges of the pool. Liquid broth voxels that have at least 
one horizontal medium voxel neighbour are set to have a 
lower evaporation rate and no diffusion rate. The voxel will 
still transfer humidity to lower voxels by gravity. This should 
ensure that the liquid voxels at the edges of the pools are one 
higher than the rest of the water surface.

Tuning

Since we are not working with exact physical values and 
forces, tuning the simulation to real world observations is 
essential. As the rules and parameters are interconnected, we 
cannot tune the parameters independently. The observations 
used for reference for tuning are based on the photographic 
registration images taken within the incubator (Fig. 4). Here, 
we can see that the bacterial colonies are largest and strong-
est 24 h after incubation as nutrition and oxygen levels have 
not yet been depleted. As these observations are taken from 
the top view, we have rendered the 3 dimensional voxel 
model from the same view.

Resolution

During the tuning of the simulation we found that the resolu-
tion of the model fundamentally impacts results. The resolu-
tion is important both for a recognisable representation of 
the geometry and the accuracy of the simulation. Running-
time is a concern when deciding on the resolution. Since 

we are working with 3D arrays, the time complexity of the 
code is O(n^3), which means that doubling the resolution 
will slow down the runtime 8 times. On the other hand, a 
higher resolution is important to get realistic results, oth-
erwise small geometrical details might be neglected. Dur-
ing our experiments we found that for our geometries, the 
resolution of the voxel framework should be high enough 
for every 3D-printed wall to be minimum 3 voxels thick so 
that the outer voxels representing the surface are not directly 
neighbouring the surface on the other side of the wall.

Our initial intention was to prototype and test at low 
resolution so as to tune and validate the model in respect 
to observed results, and then increase resolution for veri-
fication. This quickly proved ineffective as the system did 
not scale the same performances. Impediments for scaling 
were also found in the code basis of our simulations. Initial 
tests undertaken in the graphical programming environment 
Rhino/Grasshopper™ were replaced by a new infrastructure 
using Python with NumPy [24] for both calculation and vis-
ualisation. This allowed us to speed up the iterations through 
the 3D array drastically.

Our designs are informed by the smooth continuous lines 
that the 3D printing of medium performs best with. This 
base geometry is incompatible with the orthogonal logic of 
the voxels, creating a pixelated look. The incompatibility 
also gives practical issues. Neighbouring surface voxels on 
a curved wall can have drastically different exposure to air, 
(Fig. 5), and therefore change humidity level at different 
timerates. This is evident when looking at the simulation in 

Fig. 4  Frames every 12 h from the experiment used as reference for the simulation

Fig. 5  The pixelated curve gives 
the medium an uneven exposure 
to air and therefor an uneven 
drying
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perspective view where non-verified vertical lines of dark-
ness become observable on an otherwise light surface. To 
mitigate this we implemented a diffusion rule set, but this 
complicates the tuning and slows down runtime.

Diffusion

In order to tune the interaction between the liquid pools and 
their drying, we use several small steps of gravity and diffusion 
with small coefficients. Diffusion enables us to even out 
humidity and its drying, but if it is not implemented and tuned 
correctly, it can give the opposite effect. When using larger 
coefficients, the system becomes chaotic (Fig. 6). Diffusion at 
2% of the difference between the humidity in neighbouring cells 
has empirically proven to replicate results well. This coefficient 
has to be tuned with the number of diffusions per timestep. 
When there are too many diffusion sets in a row without other 
influences, it creates a chaotic behaviour of self-resonance. We 
observe similar behaviour when diffusion is applied in areas 
with low differences between neighbouring voxels. We find that 
these chaotic behaviours can be mitigated by adding a gravity-
update between every diffusion state change.

To allow for a more intuitive understanding of the 
interactions between bacteria growth rate and light emission, 
we found that examining the state change of the humidity level 
in isolation (Fig. 7) allowed us to build an understanding of 
the growth environment. By validating the performance of the 
humidity level across the runtime of the model, we were able 
to save calculation time and consolide parts of the model before 
looking at the interaction between all parameters.

Representation

For the representation, we used Matplotlib in Python. The 
colour displayed for each voxel is given by the number of 
alive bacteria relative to the maximum alive bacteria. The 
colour cyan (rgb(0, 255, 255)) is used for the maximum 
light approximating the colour of the emitted light from 
the bioluminescent bacteria. The colour is set linearly, e.g. 
a voxel “half full” of bacteria is assigned the colour rgb(0, 
127, 127).

A central challenge in the simulation is to represent 
the transparency of the voxels and the light they emit 
through neighbouring voxels. In the top view, this 
is solved by adding the value of light in the whole 
vertical column (projection). In 3D this calculation is 
more complex and we therefore settled on generating 
3D-views without transparency. As the top view is 
used as the central validation data corresponding to 
our photographic recordings we are able to validate the 
model. However, we observe that the perspective views 
enable us a better understanding of the interactions in 
the model. Further research will investigate maximum 
intensity projection and volume rendering [25] as used 
in CT and astrophysical data enabling an implementation 
of an additive logic of light emission.

To increase the visual similarities with the reference 
photos we use blur and median filters to reduce the pix-
elated look (Fig. 8). Using libraries for image processing 
in python enables us to integrate this step as part of the 
simulation.

Fig. 6  Example result of 
chaotic, uneven and untuned 
diffusion

Fig. 7  Looking at how liquid is simulated alone. White is full of humidity, black is dry
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Results and discussion

When comparing the simulation with the photographs used 
as reference (Fig. 9) the similarities are pronounced across 
the time steps of the simulation. The drying of the medium 
from the top of the geometries reproduces the incremental 
diminishing of light from the centres of the structures. The 
intensification of light within the pools as they dry out is also 
persistent with observed results.

The core limitation of the simulation lies with its pair-
ing to the topology of the 3D printed micro-architecture 
structure. The basic interactions of the multi-agent model 
have been tuned to correlate the performances of the sam-
ple model and will still need to be tested across a series of 
other topologies to be fully verified. Furthermore, it will be 
important to challenge the basic topology of the 3D printed 
micro-architecture structure in order to fully test the models 
transferability.

Accepting these central limitations, the most signifi-
cant deviation between simulation and the real observation 
is seen in the first hours. This can be explained by the lag 
phase which the simulation does not consider. The lag phase 

is the stage in bacterial growth when the bacteria are first 
introduced in a new substrate and need time to get estab-
lished before they start propagating. The length of this phase 
depends on the environment and how different it is compared 
to its previous environment [23]. This means that the condi-
tions of the culture which is used to inoculate is important 
for predicting when the first light occurs. This difference in 
time is expected as we did not tune the time parameter of 
the simulation in this research phase. We would therefore not 
expect a direct comparison between hours passed and itera-
tions of the simulation. Defining the temporality of the simu-
lation is hard as it necessitates the correlation of the exact 
control of the environment of the physical experiments. The 
drying process depends on the specific ventilation of the 
petri dishes and relative humidity in the incubator.

Another expected reason for differences are the imperfec-
tions of the 3D-printed media compared to the 3D-model it 
is fabricated from. The thickness of the extruded media is 
not completely consistent and some of the pool walls have 
holes. These pools will dry out earlier than predicted. Inte-
grating 3D-scanning into the workflow can help bridge the 
gap between the designed shape and the fabricated result.

Fig. 8  Using Image fil-
ters from Python Pillow 
library. Blur + median fil-
ter, × 0, × 1, × 3, × 5

Fig. 9  Comparison of photographs and simulation
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Conclusion

The simulation in ‘Imprimer la Lumière’ examines the 
making of a multi-agent simulation that is able to calcu-
late the complex interactions between a living organism and 
its heterogeneous and dynamic environment. It builds the 
foundations for a new way to understand the performances 
and interdependencies of a new class of living architectural 
materials. The primary contribution of the study is the con-
ceptualisation of a new representational framework in which 
the model calculates its dynamic interactions across time. 
The study finds that the heterogeneity of the environment; 
its composition of medium, liquid broth and oxygen and the 
complex dynamics of changing humidity levels as well as 
gravity and dispersion can be replicated within a voxel based 
simulation. The study succeeds in validating the model and 
verifying results between the observed life states and life 
stages of the living experiments and the simulated model. 
As such, the model replicates, in time and across material, 
the light performance of the living organism.

The model builds the conceptual as well as instrumental-
ised stepping stones for understanding how design can steer 
the performance of a living architecture. By parametrisising 
key environmental factors and correlating their behaviour, 
we are able to build the foundations for an appropriation of 
their steering into the architectural and design-led domain.

Acknowledgements ‘Imprimer la lumière’ is a cross-disciplinary 
collaboration between CITA (Centre for IT and Architecture, KADK) 
and Soft Matters group, Ensadlab (ENSAD). The project benefits from 
the support of the Institut Français du Danemark (2018), the Danish 
Arts Foundation (2019), Eur-Artec (2020) and Agence Nationale pour 
la Recherche (2021-25). We thank Leuchtlabor GbR, Weiherhammer, 
Germany and Carolina.com for their kind support.

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

 1. Gorman M, van Mensvoort K (2019) Next Nature. In: Condell 
C, Lipps A, McQuaid M, Cooper-Hewitt Museum, Cube Design 
Museum (eds) Nature: collaborations in design. Published by 
Cooper Hewitt, Smithsonian Design Museum, New York, NY

 2. Myers W (2012) Bio Design: Nature • Science • Creativity, 1st 
edition. Thames and Hudson Ltd, Londres

 3. Addington DM, Schodek DL (2005) Smart materials and new 
technologies: for the architecture and design professions. Archi-
tectural Press, Amsterdam, Boston

 4. Keune S (2021) Designing and Living with Organisms Weaving 
Entangled Worlds as Doing Multispecies Philosophy. J Text Des 
Res Pract 9:9–30. https:// doi. org/ 10. 1080/ 20511 787. 2021. 19128 97

 5. Christensen DG, Visick KL (2020) Vibrio fischeri: Laboratory 
Cultivation, Storage, and Common Phenotypic Assays. Curr 
Protoc Microbiol 57:e103. https:// doi. org/ 10. 1002/ cpmc. 103

 6. Ramsgaard Thomsen M, Tamke M, Mosse A, Tyse G (2021) 
Designed Substrates for Living Architecture Performance - 
Imprimer La Lumière. In: A. Tadeu & J. de Brito (Eds.), Pro-
ceedings of CEES 2021 - Construction, Energy Environment & 
Sustainability. Itecons, University of Coimbra, Portugal

 7. Shimomura O (2012) Bioluminescence: chemical principles and 
methods, Rev. World Scientific, Singapore

 8. Estévez AT (2007) The Genetic Creation of Bioluminescent Plants 
for Urban and Domestic Use. Leonardo 40:18–18. https:// doi. org/ 
10. 1162/ leon. 2007. 40.1. 18

 9. van Dongen T (2014) Ambio. Teresa van Dongen n.d. http:// www. 
teres avand ongen. com/ Ambio. Accessed 14 Nov 2021

 10. Chassard M (2015) Bioentreprise Glowee bio-éclaire les villes de 
demain. BIOFUTUR-PARIS 367:64–64

 11. Roosegaarde D (2017) Glowing Nature. Studio Roosegaarde. 
https:// www. studi oroos egaar de. net/ proje ct/ glowi ng- nature. 
Accessed 5 Apr 2022

 12. Geaney V (2021) Living Light Dress. RCA Research Biennale 
2021. https:// resea rch- bienn ale. rca. ac. uk/ proje cts/ vital- assem 
blages- a- fashi on- led- resea rch- inves tigat ion- into- colla borat ion- 
betwe en- fashi on- design- resea rch- and- biolo gy. Accessed 14 
Nov 2022

 13. Iyer S (2020) Luminescent textiles using biobased products - A 
bioinspired approach. Doctoral dissertation, University of Borås, 
Borås

 14. Armstrong R, Ieropoulos I, Wallis L, You J, Nogales J (2018) 
Living Architecture: Metabolic applications for next-generation, 
selectively-programmable bioreactors. INTERNET. https:// www. 
resea rchga te. net/ profi le/ Jiseon_ You/ publi cation/ 33387 8817_ Liv-
ing_ Archi tectu re_ Metab olic_ appli catio ns_ for_ next- gener ation_ 
selec tively- progr ammab le_ biore actors/ links/ 5d0a5 49229 9bf1f 
539cf 73b2/ Living- Archi tectu re- Metab olic- appli catio ns- for- next- 
gener ation- selec tively- progr ammab le- biore actors. pdf. Accessed 1 
Mar 2022

 15 Bader C, Patrick WG, Kolb D, Hays SG, Keating S, Sharma S, 
Dikovsky D, Belocon B, Weaver JC, Silver PA, Oxman N (2016) 
Grown, Printed, and Biologically Augmented: An Additively 
Manufactured Microfluidic Wearable, Functionally Templated 
for Synthetic Microbes. 3D Print Addit Manuf 3:79–89. https:// 
doi. org/ 10. 1089/ 3dp. 2016. 0027

 16. Beesley P Living Architecture Systems: Notes on Progress. 
In: Living Architecture Systems Group White Papers. 2019. 
pp 1–8

 17. Ramsgaard Thomsen M, Tamke M, Mosse A, Sieder-Semlitsch J, 
Bradshaw H, Buchwald EF, Mosshammer M (2022) Imprimer La 
Lumiere – 3D Printing Bioluminescence for Architectural Mate-
riality. In: Yuan PF, Chai H, Yan C, Leach N (eds) Proceedings 
of the 2021 DigitalFUTURES. Springer Singapore, Singapore, pp 
305–315

 18. Bose JL, Kim U, Bartkowski W, Gunsalus RP, Overley AM, Lyell 
NL, Visick KL, Stabb EV (2007) Bioluminescence in Vibrio fis-
cheri is controlled by the redox-responsive regulator ArcA. Mol 
Microbiol 65:538–553. https:// doi. org/ 10. 1111/j. 1365- 2958. 2007. 
05809.x

 19. Boettcher KJ, Ruby EG (1990) Depressed light emission by sym-
biotic Vibrio fischeri of the sepiolid squid Euprymna scolopes. J 
Bacteriol 172:3701–3706. https:// doi. org/ 10. 1128/ jb. 172.7. 3701- 
3706. 1990

 20. Visick KL, Stabb EV, Ruby EG (2021) A lasting symbiosis: how 
Vibrio fischeri finds a squid partner and persists within its natu-
ral host. Nat Rev Microbiol 19:654–665. https:// doi. org/ 10. 1038/ 
s41579- 021- 00557-0

478

https://doi.org/10.1080/20511787.2021.1912897
https://doi.org/10.1002/cpmc.103
https://doi.org/10.1162/leon.2007.40.1.18
https://doi.org/10.1162/leon.2007.40.1.18
http://www.teresavandongen.com/Ambio
http://www.teresavandongen.com/Ambio
https://www.studioroosegaarde.net/project/glowing-nature
https://research-biennale.rca.ac.uk/projects/vital-assemblages-a-fashion-led-research-investigation-into-collaboration-between-fashion-design-research-and-biology
https://research-biennale.rca.ac.uk/projects/vital-assemblages-a-fashion-led-research-investigation-into-collaboration-between-fashion-design-research-and-biology
https://research-biennale.rca.ac.uk/projects/vital-assemblages-a-fashion-led-research-investigation-into-collaboration-between-fashion-design-research-and-biology
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://www.researchgate.net/profile/Jiseon_You/publication/333878817_Living_Architecture_Metabolic_applications_for_next-generation_selectively-programmable_bioreactors/links/5d0a5492299bf1f539cf73b2/Living-Architecture-Metabolic-applications-for-next-generation-selectively-programmable-bioreactors.pdf
https://doi.org/10.1089/3dp.2016.0027
https://doi.org/10.1089/3dp.2016.0027
https://doi.org/10.1111/j.1365-2958.2007.05809.x
https://doi.org/10.1111/j.1365-2958.2007.05809.x
https://doi.org/10.1128/jb.172.7.3701-3706.1990
https://doi.org/10.1128/jb.172.7.3701-3706.1990
https://doi.org/10.1038/s41579-021-00557-0
https://doi.org/10.1038/s41579-021-00557-0


Architecture, Structures and Construction (2022) 2:471 479–

1 3

 21. Colton DM, Stabb EV, Hagen SJ (2015) Modeling Analysis of 
Signal Sensitivity and Specificity by Vibrio fischeri LuxR Vari-
ants. PLoS ONE 10:e0126474. https:// doi. org/ 10. 1371/ journ al. 
pone. 01264 74

 22. Bottazzi R (2018) Digital architecture beyond computers: 
fragments of a cultural history of computational design. 
Bloomsbury Visual Arts, An imprint of Bloomsbury Publishing 
Plc, New York

 23. Thougaard H, Varlund V, Møller Madsen R (2003) Teoretisk mik-
robiologi for laboratoriefolk. Teknisk forlag, Kbh.

 24. Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen 
P, Cournapeau D, Wieser E, Taylor J, Berg S, Smith NJ, Kern R, 
Picus M, Hoyer S, van Kerkwijk MH, Brett M, Haldane A, del Río 
JF, Wiebe M, Peterson P, Gérard-Marchant P, Sheppard K, Reddy 
T, Weckesser W, Abbasi H, Gohlke C, Oliphant TE (2020) Array 
programming with NumPy. Nature 585:357–362. https:// doi. org/ 
10. 1038/ s41586- 020- 2649-2

 25. Fishman EK, Ney DR, Heath DG, Corl FM, Horton KM, Johnson 
PT (2006) Volume Rendering versus Maximum Intensity Pro-
jection in CT Angiography: What Works Best, When, and Why. 
Radiographics 26:905–922. https:// doi. org/ 10. 1148/ rg. 26305 5186

479

https://doi.org/10.1371/journal.pone.0126474
https://doi.org/10.1371/journal.pone.0126474
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1148/rg.263055186

	Bioluminescent micro-architectures: planning design in time, an eco-metabolistic approach to biodesign
	Abstract
	Introduction
	Designing with bioluminescence
	Understanding living conditions

	Physical experimentation
	Fabrication
	Learnings

	Simulation
	Voxel simulation for living systems
	Implementing rules
	Tuning
	Resolution
	Diffusion

	Representation

	Results and discussion
	Conclusion
	Acknowledgements 
	References


