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A column is an archetypal constituent of architecture which historically
underwent constant reiteration in accordance with the prevalent architectural
style, material culture or technical and structural possibilities. The project
reimagined this architectural element through harnessing the synergies of digital
design, textile logic, and contemporary biotechnology. Textile materiality and
aesthetic are deeply rooted in architectural history as a soft and ephemeral
antipode to rigid building materials. An investigation in historic mechanical
hand-knitting techniques allowed to extract their underlying structural and
geometric logic to develop a structural optimisation pipeline with a graded yarn
as a base material and a geometric optimization based on local distribution of
knitting patterns. Bacterially driven biocalcification was applied to transform the
soft textile structure into a rigid material. Hereby an active textile microbiome
was established through colonizing of the yarn with the bacterium S. pasteurii
which successively precipitated calcite on microscale within the textile substrate
hence ultimately influencing the global structural behaviour of the column.

Keywords: textile microbiome, material customization, knitting, yarn
augmentation

INTRODUCTION
The column 21 project emerged from a cross- Eu-
ropean collaboration and an interdisciplinary explo-
ration of the fields of textiles, biotechnology, mate-
rial engineering, digital design, and architecture. The
aims were to find unconventional solutions for novel
material processing and innovative approaches to-
wards sustainability through an exchange between
design, engineering, and biotechnology.

The building sector is among the biggest con-
tributors to our environmental impact and C02 emis-

sions hence architects need to acknowledge the en-
vironmental impact their design decisions andmate-
rial choices.

The project employs two strategies to increase
its efficiency and sustainability. First, two structural
optimization operations, consisting of an engineered
graded yarn (saving approx. 28% material) and a
topological optimization through local knitting pat-
tern distribution based on a structural optimization
analysis.

The second strategy consists of applying solely
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materials based on renewable resources and biolog-
ical processes. The substrate material consists of nat-
ural jutewhich, in a second step, is treatedwith an ac-
tive bacterial culture of S. pasteurii. This process gen-
erates a reactive microbiome on the textile substrate
and triggers amicrostructural transition throughbac-
terially induced calcite precipitation.

The generated material renders a bio-derived
textile-based composite generated through a bio-
chemical process. Through the use of this biologi-
cal activity as well as the renewable basematerial the
material accounts for amuch lower embodiedenergy
balance than similar cementitious products.

Furthermore, the in-situ treatment allows a re-
duction of transportation effort. Therefore, the ma-
terial presents a more sustainable alternative to con-
ventional energy-intense and pollutive construction
materials.

CONTEXT
The project investigates microbiological agency
within knitted textilematerial systems for novel com-
posite materials. Biological systems offer unique
characteristics for reactive and adaptive building
materials (Cruz and Beckett 2016). Recent develop-
ments within biotechnology, especially in the field of
synthetic biology, induced a shift within contempo-
rary biology, transforming the discipline from amere
observatory to a generative practice (Ellis et al. 2011;
Luisi 2007). This paradigm shift offers the potential
to not merely extracting resources from nature but
generating new materials through nature. The ap-
plication of biological systems within architecture
and design demands an extensive consideration of
substrate materials and scaffolds to bridge the scalar
gap between nano and macro scale. Fibrous mate-
rials hereby offer a suitable medium for a designed
textile microbiome allowing for a controlled spatial
application of biological systems. The combination
of fibrous substrate and microbiological agent re-
sults in a sui generis class of composite materials
which utilises nature’s inherent metabolism within a
material system comprised of a bio-activematrix and

a fibrous substrate.
Textilemanufacturingmethodsherebyprovide a

superordinate geometry for the fibrous system. The
interplay between the three main focal areas - fibres,
geometry, and the distinct textile microbiome-
equivalently contributed to the final outcome allow-
ing for a novel composite material system. A tex-
tile microbiome is understood as a community of mi-
croorganisms inhabiting a specific fibrous substra-
tum (Burge 1988, Mcqueen 2007, Callewaert 2014).

Fibrousmaterials offer a suitablemedium for mi-
crobial colonisation, due to their increased surface
area and moisture retention ability. The textile mi-
crobiomes are in constant (biological) exchangewith
their environment which varies in their activity de-
pending on external and internal conditions as well
as the specific strains of microorganisms on fibre
level. Through the utilization of the property of tex-
tiles to “host” specificmicrobiomes and by designing
a distinct tailored textile microbiome whose activity
and reactiveness can be determined and controlled,
novel bio-active and responsive composites emerge.

While the textilemicrobiome accounts for the re-
activity of the material, the textile substrate presents
the form-giving entity.

Knitted fabrics hereby offer an extremely versa-
tile and adaptive textile platform which can be pro-
duced with wide-ranging properties depending on
various parameters, such as fabric geometry, yarn
material, and machine or hand dexterity thus defin-
ing the behaviour and performance of their result-
ingmechanical properties. This kind of fabrics can be
fully programmed with differentiated material prop-
erties and heterogeneous compositions. Their abil-
ity to transform continuous raw material into three-
dimensional shapes invites new synergies between
knitting and emergent digital fabrication technolo-
gies (Steed 2016). They allow for an extensive range
of applications within the architectural domain and
to be utilized as a substrate material for a distinct mi-
crobiome.

Modern knitting technology benefited from ad-
vances in computer numerically controlled (CNC),
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new materials and knitting machine improvements.
In comparison to woven fabrics, knitted material
systems are extremely stretchable and conformable,
making them convenient for e.g. composites pre-
forms (Araujo et al. 2011; Padaki et al. 2006), to work
embedded in othermaterials, or as in-situ formworks
for concrete casting (Popescu et al. 2018).

Recent projects have also introduced knitting on
an architectural scale for multi-performative hybrid
structures (Ahlquist and Menges 2013; Tamke 2015)
or in combination with pneumatic actuators for re-
inforced and programmed knitted structures (Bara-
novskaya et al. 2016). Knitectonics (Chaturvedi et
al. 2011) also tackles the question of programmed
material distribution - with differentiated properties
- using domestic craft tools, such as small circular
flat weft knitting devices, conveniently hacked to be
computer numerically controlled.

These outlined projects explore the possibilities
of knitting as a material construction method to
achieve complex geometries, albeit, they only utilise
yarn sizes that existing machines can process.

The following researchproposes a different strat-
egy to reach the architectural scale through the con-
cept of yarn augmentation. This approach not only
leads to an up-scale factor or an increased yarn di-
ameter (> 5mm) but also facilitates an enhanced yarn
functionality with amplified material capabilities al-
lowing the transition of the structural system from
tensile to compressive load-case. In contrast to a
membranous textile system, the increased diameter
of the augmented yarn provides sufficient bending-
resistance and compressive strength to function as a
space frame.

DESIGN TO FABRICATION
Preface
The project applies multiple design strategies lo-
cated in different disciplines. Within this interdis-
ciplinary and the (multi) methodological framework
the project tried to locate disciplinary synergies and
systemic overlaps. The presented demonstrator tried
to frame this disciplinary connectivity through its dis-

tinct design-language.
The following chapters aim to elucidate themain

methods applied throughout the project. Although
the presented demonstrator wants to be understood
as one integrated system, the following chapters will
discuss the individual aspects separately.

Design objectives
The modular base structure (fig.1) served as the pri-
mary infrastructure and staged the fabrication pro-
cesses, conceptually and physically concentrating
the various research streams and disciplines. It can
accommodate secondarymodules for knitting (circu-
lar knitting device) and material treatment (bioreac-
tor).

The knitted column was manufactured with one
continuous textile material (referred to as substrate
material in the following text) on the customised cir-
cular knitting device.

Figure 1
Custommodular
base structure

Two structural optimisation strategies were applied
within the structure:

1. Topological optimisation through a graded
substrate material

2. Geometrical optimisation through local varia-
tion of knitting patterns

Successively, the finished knitted structure under-
went a treatment in the Bioreactor which established
an active textile microbiome on the substrate mate-
rial.

Upon external stimuli, themicrobiome triggered
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Figure 2
Design concept

Figure 3
Graded yarn
diameter and
distribution
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a bacterially induced calcificationmicro-level, gradu-
ally solidifying the substrate material and transform-
ing the soft textile structure into a load-bearing com-
posite.

Analogue and digital textile design process
Knitting offers a unique material manipulation tech-
nique. A constant manufacturing setup (loom) and
technique (knitting) allow for a geometric manipula-
tion (pattern) of a textile material systemwhilemain-
taining its topology (yarn) as well as material conti-
nuity (yarn).

The project tried to harness this principle and
combine it with digital design tools for an approach
to geometric optimisation.

The design method applied in the project
merges a digital approach in formof a parametric de-
sign process and traditional textile craft methods to
establish a feedback loop between digital simulation
and analogue fabrication.

Thedistinct local pattern variationwithin the tex-
tile structure was based on a form-finding process
utilizing Rhino 3D and Grasshopper as a modelling
platform to generate a parametric model of the col-
umn including the dimensional constraints of the
setup.

Figure 4
Frame analysis and
material
distribution

Hereby a 3Dmodel of the anticipated column ismod-
elled as a cylindrical mesh and re-topologized in cor-
respondence to a selectionof knittingpatternswhich

allows to extract information for yarn material con-
sumption aswell as to explore form-findingmethods.
A physical simulation of the tensile textile system
with Kangaroo allowed to extrapolate the final ge-
ometry. A further parametric structural analysis uti-
lizing Karamba finite element modelling determined
the weak points of the structure and provides insight
to the local structural utilization of the system. The
generated data enabled to determine the necessary
diameters for material manu-facturing and pattern
distribution.

The selection of the patterns was determined by
the following parameters:

1. Tensed geometry: Figure 2 illustrates the Ge-
ometrical transformation while tensing. The
selected patterns displayed, upon tensing, a
transformation from orthogonal to diagonal
logic. This effect was utilized to achieve a
cross bracing effect.

2. Pattern density: specific knitting techniques
can influence the density of a textile struc-
ture hence generating openings and perme-
ability. This allows local material deposition
only through the variationof knittingpatterns

3. Pattern thickness: the knitting patterns can
be influenced through specific knitting tech-
niqueswhich leads to a layeringof the individ-
ual strands. The pattern thickness influences
the transverse section of a knitted system
hence influencing its structural behaviour.

Material customization -Gradedyarndiam-
eter
Knitting utilizes a continuous textile semi-finished
material (such as yarn) to generate interlinked struc-
ture in the form of a textile. While the geometry of
the semi-finished material changes fundamentally,
its topology remains constant. Introducing a gradi-
ent within the continuous substratematerial enables
to control the material deposition within the struc-
ture on a topological level.
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Figure 5
Hybrid yarn
fabrication concept.

Themain challenge for the substrate production was
to find a fabrication process suitable to gradually re-
duce the diameter of the substrate from 9 mm to 5
mm while maintaining material continuity over the
total length of 450 m.

The substrate material consisted of a multi-
strand jute core with an external sheath (fig.5). Con-
trolling the density of the sheath was found to be
a crucial factor of the material design as it tremen-
dously affected the knitability as well as the liquid
permeability of the material for the bacterial treat-
ment.

Therefore, the sheath needed to be dense
enough to contain the fibre bundlewhile at the same
time not restricting it’s bending capacity as it would
affect its knittability. Similarly, the sheath influences
the permeability to liquid which is an important fac-
tor for the final bacterial treatment process.

The continuous substratematerial in the context
of this project is constituted of a multilayer structure
that allows a variety of different material configura-
tions.

Conceptually, our yarn is closer to current hy-
brid yarns with core-sheath structures. Hybrid yarns
are engineered yarns, in which various materials are
combined in one strand to create different structures
based on the performance requirements of the fi-
nal product. (Alagirusamy et al. 2006; Mankodi
2011). Over the last years, various means of pro-
ducing technical cord-like hybrid yarns have been in-
troduced for the development of innovative appli-
cations. Solutions range from KEMAFIL® (KEM) tech-
nology for manufacturing rope-like structures of di-
ameter 4-27mm for novel geotextiles (Arnold et al.
1994; Broda et al. 2017) to narrow circular knitting

machines to knit around a core which is used for the
production of flexible e-yarn of diameter 2 mm with
inclusion of electronics (Hardy et al. 2019). Although
this last fabrication technique was tested in the con-
text of this research however it produced a denser
sheath than it was desired.

Figure 6
Hybrid yarn
fabrication process.
Narrow warp
knitting around a
core (left). Narrow
weaving ribbon
(right).

Finally, the method adopted in the context of the
presented project allowed for a customized weaving
process which bundles the multiple strands of jute
twine to generate the desired diameter whilst keep-
ing control over the sheath stitch density. At the
same time, the process allows subtracting individual
strands during the production process hence allow-
ing for a locally graded materiality with variable di-
ameter.

Figure 7
Graded yarn
diameter

This material gradient throughout the continuous
substrate material allowed to reduce material con-
sumption by 28%.
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Figure 8
Finished soft
knitted column
inside the
bioreactor and
pattern distribution
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Material organization - Graded pattern
density
Conventional industrial knittingmachines arenotde-
signed to knit extremely coarse or heterogeneous
yarns thus calling for a manual manufacturing pro-
cess. Therefore, the project employs the more suit-
able and less yarn- dependent manual fabrication
processes for prototyping purposes. Opposed to tex-
tile machinery which is generally product-oriented
and bound to a limited material palette suitable
for each technology, handcrafting techniques open
up possibilities for alternative purposes and non-
conventional materials (McQuaid 2009).

Althoughmanual craft techniques aremore time
consuming compared to automated processes and
demand a high level of dexterity, they allow for more
complex patterns and structureswhich are not possi-
ble to manufacture with industrial machines. There-
fore, they are ideal for manipulating and prototyping
with non-uniform and graded yarns.

The technique employedduring the project is in-
spired by historical textile craftmethods, namely peg
frame knitting which is a widely applied technique
in domestic hand knitting devices. Some scholars
pointed to this technique to bemore likely themodel
for William Lee´s 1589 first knitting machine - the
stocking frame (Hills 1989).

This specific craft technique is an accessible al-
ternative to conventional hand and industrial needle
knitting as it uses a frame with pegs and a hook tool
instead of needles to form the stitches on each peg.

This knitting device can be understood as a fab-
rication process situated between hand knitting and
flat weft-knitting machines. An extensive pre-study
generated a taxonomy of diverse knitting patterns
suited for the customized loom as well as the ma-
terial. A categorization of the knitting patterns was
established in accordance to their density, geome-
try, direction and material consumption. The appli-
cation of selected knitting patterns was then realized
through the manual manufacturing process.

Figure 9
Tailored circular
hand knitting frame
with variable gauge
and adjustablöe
loop length
features

Material activation -Gradedbacteria depo-
sition

Figure 10
Active textile
micro-biome

After the manual knitting process, the loom mod-
ule was exchanged with the bioreactor module for
the final treatment process. Through a controlled ir-
rigation process within the Bioreactor, an active S.
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pasteurii bacterial culture was applied to the textile
structure. During this treatment, the bacteria ad-
hered to the microstructure of the jute fibres, grad-
ually establishing a distinct textile microbiome.

In nature, this biochemical reaction is abun-
dantly occurring in soils, sand or maritime microbial
mats. In these cases, the precipitated calcite grad-
ually solidifies the granular media through micro-
scopic calcite links binding the individual grains to-
gether (Dupraz et al. 2009; Esnault Filet et al. 2012).

The project’s aim was to investigate this process
on a fibrous jute substrate in order to establish a bac-
terially derived calcite matrix hence influencing the
global structural behaviour.

The treatment was based on the Biocalcis proto-
col (Esnault Filet et al. 2012) which is designed for
large scale sub terrain grouting applications for gran-
ular media. For the project, a novel rotational irriga-
tion system to deposit the bacterial culture was de-
signed (fig) to adapt the process to the design objec-
tives.

After the textile structure developed its distinct
microbiome a secondary treatment with urea and
calciumchloridewas appliedwhich triggered the cal-
cification process. Over a timeframe of three days,
the treatment was repeated eight times with each
round increasing the calcite deposition on micro
level hence consolidating the textile structure.

CONCLUSION
The project operates between and utilizes the in-
herently different domains of binary and biological
computation. Conventional binary computation en-
abled adigital parametric formfindingprocess based
on empirical experimental data and intrinsicmaterial
properties. The material biological transformation,
however, is initiated by a living organism hence fol-
lows a different information system. As all living be-
ings, itsmeans of informationprocessing and replica-
tion follows the regime of chemical DNA “software”.

Figure 11
Bioreactor
functional diagram
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Working with living, active organisms opposed to
conventional non-living materials offers a new per-
spective on materiality. Living systems, by nature,
display active, reactive and responsivebehaviour and
stand in constant exchange with their environment
through their natural metabolism. Bio-active materi-
als can harness their unique and intrinsic co-creating
agency and inherent biological complexity.

Figure 12
Textile
bio-solidification
composite
process.Macro,
meso and micro
scale

The incorporation of biological agency within ma-
terial systems furthermore offers to potentially har-
ness intrinsic biological characteristics such as self-
healing or self-generating structures as well as adap-
tive and responsive properties based on biologi-
cal metabolism. In contrast to electronic or me-
chanic means of actuation, these biological sys-
tems operate on micro and nano-level and draw
their energy directly from their environment through
metabolic processes. The project exemplifies that for
innovation to happen we must abandon our disci-

plinary boundaries and foster an active knowledge
exchange.The project established a novelmulti-actor
design process encompassing the fluid interaction of
human craftsmanship, digital fabrication and com-
putational analysis and simulation as well as bi-
ological formation processes to generate a multi-
hierarchical material system resulting in a unique ar-
chitectural artefact
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Figure 13
Self-supporting
bio-calcified
composite knitted
column. Result after
treatment
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