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Todays design researchers are beginning to develop a process-based approach to
biomimicry. Instead of merely looking at static natural structures for inspiration,
we are learning to draw from the underlying organic processes that lead to the
creation of those structures. This paradigm shift points us in the direction of
adaptive fabrication systems that can grow through processes of self-assembly
and can reconfigure themselves to meet the contours of local environments. In
this study we examined the structural growth patterns of bacterial biofilms as a
basis for a new kind of artificial, self-assembling module. This demonstration of
bio-inspired design shows how contemporary technology allows us to harness the
lessons of evolution in new and innovative ways. By exploring the dynamic
assembly of complex structural formations in nature, we are able to derive new
resource-efficient approaches to adaptable designs that are suited to changing
environments. Ultimately we aspire to produce fully synthetic analogues that
follow similar patterns of self-assembly to those found in bacterial biofilm
colonies. Designers have only just begun to explore the tremendous wealth of
natural form-creation processes that can now be replicated with computer-aided
design and fabrication; this project shows just one example of what the future
might hold.
Keywords: Biofilm, Adaptive Structure, Formation, Quorum Sensing,
Parametric Condition

CONTEXT AND RESEARCH GOALS
Today’s technology has allowed architects to draw
inspiration from the natural world in new and innovative ways. Recent work has begun to explore the
possibilities of using biological systems either as a
model for design algorithms (Duro-Royo et al., 2015;
Kalantari & Saleh Tabari, 2017) or as an actual component in fabrication processes (Araya, Zolotovsky,

& Gidekel, 2012). Evolution has produced brilliant
arrangements that are ideally suited to the natural
and physical environment, and if we attend to their
lessons these natural systems can teach us how to
create strong, durable, adaptable, and ﬂexible structures with a minimum of waste (Discher, Janmey, &
Wang, 2005; Philp & Stoddart, 1996; Vincent, 2012).
Our own eﬀorts in the ﬁeld of architecture have not
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yet begun to approach the level of sophistication that
is seen in the natural world (Benyus, 1997; Oxman et
al., 2012; Vincent, 2012), and there is a tremendous
amount of potential still to be found in improving
our designs through lessons learned from nature. In
this project, the researchers analyzed bacterial cellular growth as a basis for new human-created architectural processes. We examined various patterns
of bacterial growth, including their use of responsive membranes and scaﬀolding structures, and then
combined this knowledge with the exciting new potential of digital fabrication technology to investigate
new architectural assembly methods. The creation
of self-assembling structures modeled on bacterial
growth has the potential to replicate the tremendous
structural advantages and resource-eﬃciency of this
organic process.

BACKGROUND:
TURES

BIO-INSPIRED

STRUC-

“Morphogenesis” is a term used in the natural sciences to describe how structures develop in geological formations and biological organisms. Architectural designers have become increasingly interested in studying morphogenesis as a way to inform human-created structures, particularly as technological advancements have opened new frontiers
for replicating these natural processes. For example, Kreig and colleagues (2012) drew from biomechanical studies of the sea urchins to develop a new
type of jointed structural system. Ortega-Sanchez
and colleagues (2000) used the model of organic tissues to develop new materials that are “self-healing”
and tolerant of structural faults. Using advances
in “soft” robotics and nano-engineering, some researchers have begun to develop a process-based approach to biomimicry. In other words, we are no
longer simply looking to the static design-solutions
of the natural world, but are now taking lessons from
the organic processes through which those solutions
are created. This approach focuses on how natural processes achieve eﬀective designs to ﬁt the contours of a speciﬁc local environment and its structural
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requirements (Tibbits, 2012; Raviv et al., 2014)
Bacterial cellulose structures are a fascinating
model for this cutting-edge biomimetic design research. The small scale and rapid duration of bacterial growth patterns makes them relatively easy to
study, and the use of bacterial cellulose in industrial, scientiﬁc, and medical applications has led to
a burgeoning amount of data on the topic (Fernandez et al. 2013; Mohite et al. 2014). Previous studies have focused on analyzing and manipulating the
growth patterns of bacteria. For example, foundational work was carried out by Araya, Zolotovsky, and
Gidekel (2012), who demonstrated that digital tools
and technologies could be combined with living bacteria systems in a controlled environment to induce
speciﬁc biological functions leading to desired structural patterns. Derme, Mitterberger, and Di Tanna
(2016) similarly developed bio-fabrication and scaffolding techniques to control the development of
bacterial cellulose, with the ultimate goal of enhancing bio-materials science.
In the current research, we were more interested
in reviewing the data on bacterial growth as a model
for new types of artiﬁcial self-assembling structures.
The concept of self-assembly refers to a process by
which small building-blocks, on the basis of their local interactions, come together to produce elegant
and eﬀective structures tailored to the contours of
the environment. This type of assembly is extremely
widespread in nature (Widesides & Grzybowski, 2002;
Pelesko, 2007). In recent years a variety of researchers
have made strides in theorizing the components of
self-assembly, taking lessons from observed features
in the natural world. The most common model acknowledges four deﬁning features that aﬀect selfassembly-the building blocks (cells, molecules, component structures, etc.), the forces that connect the
blocks together (chemical bonds, connective tissue,
electromagnetic interactions), the features of the surrounding environment, and the driving force that energizes the assembly process and prompts it to occur (Pelesko, 2007; Tibbits, 2012). Some researchers
distinguish between self-assembly processes that ap-

proach a static equilibrium in their environment vs.
those that remain in a state of perpetual dynamic
growth and energy exchange in relation to their surroundings (Whitesides & Grzybowski, 2002).
The use of self-assembly approaches in artiﬁcial
architectural fabrication is an extremely new ﬁeld,
but investigations in this area have yielded exciting
results. Schoessler and colleagues (2015), for example, demonstrated a system that allowed for constructive assembly, disassembly, and reassembly using passive building blocks. Mairopoulos (2015) similarly developed a component-based system that allowed for a highly autonomous local assembly to ﬁt
the contours of the environment. The current research contributes to this innovative direction in architectural assembly by analyzing lessons from bacterial growth. By learning more about the morphogenesis of bacterial structures, designers can eventually produce fully synthetic analogues that follow similar patterns of adaptation and development,
thereby harnessing the lessons of countless years of
evolution.

BIOFILMS AS AN INSPIRATION
STRUCTURAL FORMATION

FOR

Bioﬁlms are arrangements of cells or microorganisms
that stick together, typically along an external surface. The cellular arrangement of bioﬁlms is known
to confer specialized functions and properties that
are not otherwise demonstrated by the individual
components of the ﬁlm (for example, by free-ﬂoating
forms of the same microorganisms in a ﬂuid medium)
(Flemming & Wingender, 2010). Organisms embedded within a bioﬁlm matrix gain speciﬁc advantages
to nutrient ﬂow and architectural integrity (Oliveira
& Cunha, 2008; Tolker-Nielsen & Molin, 2000; Sutherland, 2001). Bioﬁlm formation is typically a multi-step
process, beginning when individual cells adhere to a
surface using electromagnetic or chemical bonds. After this initial attachment, three-dimensional growth
begins to occur, leading to complex microcolonies
that may be comprised of multiple types of organisms. Once the bioﬁlm matures and its structural matrix is established, it typically begins to release individual cells, which regain a free-ﬂoating planktonic
lifestyle and may eventually colonize other surfaces
(Flemming & Wingender, 2010; Rendueles & Ghigo,
2012) (Figure 1).

Figure 1
Stages of bioﬁlm
formation.
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In this study, we examined the natural formation
of E. Coli bacterial bioﬁlms as an inspiration for developing an artiﬁcial, self-assembling system. The features of bacteria cells were studied as a model for designing architectural units (or “bricks”), and the attachment processes between the cells in bacterial
bioﬁlms were studied as a model for developing a
smart adaptation system to combine and recombine
the individual units together. The selection of E. Coli
bioﬁlms as a model for this architectural research was
made on the basis of the extensive, pre-existing empirical knowledge that we have about their formation, as well as the complexity of the bioﬁlm structures, their demonstrated environmental ﬁtness, and
the relevance of that knowledge to potential design
applications.
We reviewed the scientiﬁc literature to discover
how bioﬁlm structures are formed. One concept
that we quickly learned is that cell-surface polysaccharides play a crucial role in mediating the attachment process among individual units. In addition to serving as a barrier between the cell wall
and the external environment, these polysaccharide
molecules provide much of the structural connective
tissue of bioﬁlms. The way in which the connecting polysaccharides are produced by the cells dur-

ing bioﬁlm formation is mediated by a process called
quorum sensing (QS). This is a kind of cell-to-cell communication, mediated by an exchange of signaling
molecules, that aﬀects the way genetic instructions
are expressed in individual cells. QS allows the individual cells to receive feedback about the density and
relative positioning of other nearby bacteria cells.
Based on this information a variety of process may be
adjusted or initiated within each individual cell, ultimately leading to the formation of eﬀective structural
attachments to speciﬁc neighboring units (Federle &
Bassler, 2003; Vasudevan, 2014; Walters and Sperandio, 2006; Miller and Bassler, 2001; Whitehead et al.,
2001) (Figure 2).
Considering the QS system as a form of communication, we investigated what type of information is
exchanged among neighboring cells to allow for the
eﬀective bioﬁlm formation. Using contemporary architectural language QS can be understood as a kind
of distributed “smart system” that adapts to local environmental conditions. The units that are activated
by QS can be involved in:
• Processes in which individual units request assistance and communicate their needs, such
as the initiation of a larger solid structure.
• Processes that require individual responsiveFigure 2
Quorum sensing as
a communication
mechanism.
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ness to environmental variables, such as production of optimized light for each unit.
• Processes that favor the colonization of new
territory and the development of expanded,
complex communities after local structures
are stabilized.
To identify potential conﬁgurations among the building units, we analyzed the topology of the connective
matrix, in particular the O-antigen repeating units of
cell-surface lipopolysaccharide. This typology varies
depending on the number and positioning of sugar
residues that are present in each O-antigen, varying
from two to seven nodes (Brade et al., 1999; Stenutz
et al., 2006) (Figure 3).
Figure 3
Topology of
connective
polysaccharides in
E. Coli bioﬁlms.

cal environment. The basic cell or building-bock of
the structure is a truncated tetrahedron. It has four
hexagonal faces which can link to other units, plus
four additional triangular faces that do not form links.
The structure allows for two basic types of compact
colonies consisting of ﬁve or six units each (Figure 4).
Once cells create a basic colony in one of these
two shapes, they begin to engage in QS communication with other nearby colonies. As a result of this information exchange, the individual colonies may adjust their shapes and link up with each other. Based
on the needs of the environment and the available
topologies, each of the two colonies can assume a variety of shapes (Figures 5 and 6).
In a manner similar to bacterial polysaccharide
branching systems, adjacent cell colonies can link up
into diﬀerent arrangements. Some of these connections will be structurally stronger than others. The
stronger connections will generally be favored by
the colonies, depending on the environmental parameters and the overall structural goal of the units,
which are deﬁned by QS inputs. By specifying the
available cell colonies, the possible assembly typologies, and the environmental needs, a unique structural arrangement is formed. (Figures 7 and 8). When
needed, this ﬁnal structure can be easily disassembled into its component colonies and/or reconﬁgured into a diﬀerent overall shape.

CONCLUSIONS AND FUTURE WORK

RESULTS
The assembly models that were developed in this
study are based on the features of bioﬁlm formation and the QS communication system as described
above. The result is a smart, self-assembling structure
that is adaptable in its shape depending on the lo-

This project studied E. Coli bioﬁlm formation as a potential basis for computer-mediated “smart” architectural assemblies. The resulting simulations demonstrate how the morphogenesis of bioﬁlms can be
used as inspiration for developing new types of environmentally responsive structures. This demonstration is intended to inspire designers to make use of
bioﬁlm formation concepts in their work, and to provide practical tools for this purpose. The 3D models
produced in the research provide concrete examples
of how bioﬁlm logic can be used in the design of innovative and adaptive forms (Figure 9). Ultimately,
the ultimate goal of abstracting biological formation
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Figure 4
Compact colonies
consisting of ﬁve or
six cells.

Figure 5
Each colony can
assume a variety of
shapes.
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Figure 6
Cell colony rotation
and formation
based on E. Coli
topologies.

Figure 7
Colonies link
together to form
larger structures.
The “Alpha Joint”
identiﬁed here will
be a stronger link
that the “Beta Joint”
and will thus be
preferred during
the self-assembly
process.
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Figure 8
Formation of larger
structures based on
QS communication
among colonies.
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Figure 9
An example of a
complex structural
formation based on
environmental
parameters and QS
communication
among individual
cell colonies.

procedure into code-driven models and tools is to
gain new insights into how nature deals with physical
dynamics, environmental parameters, and feedback
within cell and tissue structures. The potential applications include novel designs for responsive surfaces,
new fabrication processes, and unique spatial structures.
While this study presents a ﬁrst step toward simulating bioﬁlm formation in computer-aided design,
there remains a tremendous amount of opportunity
for analyzing various organic assemblages. By linking the biological sciences to the computational design process we can open signiﬁcant new horizons
for organically inspired design. The next step in this
project is to fabricate these cells as “robotic bricks”
with embedded sensors. By creating physical examples of this adaptive structure we can further explore
its potential applications and verify the eﬀectiveness
of our approach. Future work may seek to combine
bio-inspired formation directly with established software algorithms, leading to new design tools in parametric modeling.
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