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In this paper, we will demonstrate a new method of using knitted meshes to act as
a formwork and to reinforce thin and hollow spatial clay structures. Currently,
ceramic elements in the building industry are formed using extruding, pressing,
or casting methods. This new approach can increase the usability of digitally
fabricated lightweight elements, by spraying clay onto mass customised knitted
meshes. Compared to fabrics that are used to shape concrete as a stay-in-place
formwork, knitted meshes are available in various densities and changing
patterns. They also offer the possibility to use a non-flexible thread as an elastic
mesh. Knitted meshes are formed in a predefined shape by stretching them
without the use of elaborate scaffolding. A specific liquid clay mixture is applied
by spraying multiple layers onto the mesh by an industrial, six-axis robotic arm to
precisely achieve variable wall thicknesses. Due to the complementary qualities
of clay, which absorbs compressive forces and the threads, which absorb tensile
forces, structures can be designed with a material optimisation scheme. To
demonstrate the potential of such composite materials and the building process
itself, a 1:1 lightweight module was constructed as an architectural prototype.
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STATE OF THE ART
Fine meshes, which are referred to as fabrics in the
following references, have been used in the past to
efficiently cast concrete into organic shapes. Inter-
est has recently emerged regarding the possible in-
dustrial applications for these meshes (Chandler and
Pedreschi 2015). Recent research projects, such as

the MARS Pavilion (Sarafian et al. 2017), KnitCrete
(Popescu 2019) and Fabric Forms (Culver et al. 2016),
were carried out to examine the role of fabric form-
works that are digitally positioned by robotic arms.
Two significant differences in clay design and pro-
cessing as comparedwith concrete introduce certain
restrictions: 1) concrete can be mixed with acceler-
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ators to drastically cut down on drying times (Stark
and Jochen 2000), and 2) the shrinkage factor of con-
crete is lower than that of clay, because concrete so-
lidifies as a result of a chemical process (Stark and
Jochen 2000).

Material mixtures made for thin and light clay
structures rely onfibre reinforcement, whereby thefi-
bres are randomly dispersed within the mixture. Ma-
terials, such as paper fibres, are used to reinforce
clay during the drying process, are flammable and
removed during the firing process. However, fibres
such as high-temperature glass fibres support the
drying process and withstand the firing process, be-
coming a permanent reinforcement structure. Ex-
amples can be found in the fields of traditional clay-
based architecture, where hay is used to reinforce
adobe buildings (Nachtigall and Pohl 2013), as well
as in experimental, contemporary architectural ap-
plications, such as the technique of spraying clay on
inflated formworks used in the project Bioshotcrete
(Bravo et al. 2018) developed at IAAC Barcelona. In
the latter, multiple layers of textiles are used to de-
fine the shape and support the drying process in or-
der to create anunfiredclay-shell construction. Other
research on the reinforcement of fired ceramic ele-
ments has been conducted, including studies on the
use of two types of stainless steel fibres (Llaudis et al.
2016). Applications in which fibres are utilized as a
flat mesh are mostly found as plastic reinforcement
lattices, which have been in use since the 1980s (Nel-
son and Kroll 1996).

Ourproject extends the current researchby com-
bining the concept of fabric formwork for casting and
theuseof fibres as ameansof reinforcement to create
a new niche: the creation of freeform, lightweight,
composite structures consisting of knitted meshes
and sprayed clay.

METHODS
In order to validate the potential of such a compos-
ite material and to developmethods for shaping it to
building elements, experiments were carried out on
different scales. The material experimentation pro-

cess was divided into five phases: 1) finding a suit-
able thread, 2) obtaining a processable clay mixture,
3) testing thematerial compatibility, 4) setting up the
hard- and software for the spraying process and 5) fir-
ing the produced samples. Once all the small-scale
experimentswere conducted, the gained knowledge
was applied to carry out large-scale experiments and,
ultimately, to demonstrate the architectural applica-
tion by constructing an exemplary 1:1 module.

Thread
A series of experiments was performed to evaluate
the most suitable type of thread with regard to its
knittability, temperature resistance, availability and
affordability. The availability and the economical
feasibility of the reinforcing material played impor-
tant roles, as the material value had to correspond
with that of clay. The following fibres in different
thicknesses were acquired from the German com-
panies Siltex and Engelmann: carbon, glass, basalt
and stainless steel. These fibres were obtained as
corded threads to prevent fraying and weak spots in
the whole mesh structure.

Knitability. To manually knit a mesh, the threads
need to be flexible enough for processing. Con-
trary to our expectations, knitting threads that have
high friction resulted in the creation of meshes with
a more defined geometry. These are also more
likely to stay in place when exposed to the air pres-
sure needed for spraying. All samples used for the
small-scale experiments were produced with a semi-
automatic Addi Express Knitting Machine. Conse-
quently, a large number of samples with the same
dimensions have been efficiently produced. A regu-
lar knitting pattern called stocking stitch was used to
create 10x10 cm test samples (figure 1). Other knit-
ting patterns could have caused more anisotropic
stretching and thereby an uneven distribution of the
stresses.

Temperature resistance. The threads needed to
withstand firing temperatures of at least 800 °C with-
out getting brittle afterwards, which would result
in a decreased tensile strength. Firing ensures a
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Figure 1
Knitted material
samples made of
various materials.
From left to right:
carbon, glass, basalt
and stainless steel

durable andweatherproofmodule andalso increases
the structural properties of clay. Certain materials
have varying combustion temperatures, depending
on the amount of oxygen present during the firing
process, according to the manufacturer of the ob-
tained threads. As a consequence, it was neces-
sary to examine whether spraying a clay coating led
to higher heat resistance by shielding the threads
from oxygen during the firing process. Two knitted
meshes were prepared: one lacked any coating, and
theother one fully coatedwith clay. Furthermore, the
elastic modulus is crucial while determining whether
a thread is suitable for reinforcing clay or not. Both of
the composite parts need to have the same thermal
expansion, while tolerating the shrinkage that occurs
during the drying and firing processes. A significant
advantage of using knitted meshes as a reinforce-
ment is that a single thread does not have to be elas-
tic as long as the entire mesh allows for movement
while the clay is shrinking during its drying and firing
process. Still, somematerials are too stiff or cause too
much friction to allow the movement of the threads
within the mesh.

Claymixture
The viscosity of the sprayed material is strongly re-
lated to the diameter of the spraying nozzle used, the
number of layers that need to be sprayed to achieve
a certain material thickness and the overall appear-
ance of the surface quality. To obtain a viscosity that
is suitable for spraying, mixtures were prepared with
varying ratios of clay powder and water, ranging be-
tween 2:1 and 1:2. Initially, clay powder from the

company Goerg & Schneider, type 209, was used. No
significant differences were noticed when spraying
a mixture containing microsilica as a flux. Viable re-
sults were obtained while using a 1:1 mixture with-
out any additives - referred to as the first liquid clay
mixture (LCM1). To ensure that no clumps remained
in the mixture and to guarantee a constant viscosity
throughout the spraying process, it was important to
blend themixturewith an industrialmixer shortly be-
fore spraying. After the drying phase, the preliminary
LCM1 test pieces appeared to be fragile and were
more likely to crack during handling.

Consequently, a high performance liquid clay
mass called SaphirKeramik, obtained from the Aus-
trian ceramics manufacturer Laufen, was used in fur-
ther experiments, as it has shown low shrinkage in
previouswork. The secondmixture, called LCM2, was
created by adding 20% of water to the obtained liq-
uid clay mixture to achieve a viscosity similar to that
of LCM1. When comparing the shrinking behaviours
during drying, LCM2 turned out to be more suitable
for large-scale applications, as it was less likely to
crack, had a lower drying time and a smoother sur-
face quality than LCM1 (figure 2).

Spraying
A six-axis ABB IRB 6660 robot was used to carry out
the spraying procedure. Toolpaths were designed
and simulated in Rhinoceros 3D, Grasshopper and
HAL. The geometry of the test samples and the fi-
nal module, was computed by simulating the phys-
ical behaviour of knitted meshes when clamped in a
frame. In order to define the robot’s movement, tar-
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Figure 2
Cracking behaviour
of different clay
mixtures during the
drying process.
From left to right:
LCM1 (picture 1, 2),
LCM2 (picture 3,4)

getswere placed at a certain distance andperpendic-
ular to the computedgeometry of thenode (figure 3).
The generated code was then tested in RobotStudio
to avoid collisions and sent to the console.

Figure 3
Robot targets for
spraying procedure
computed in
Rhinoceros 3D

Initially, a high pressure airless spray system consist-
ing of a WIWA Profit 3010 feeding pump with an op-
erating pressure of 8 bar and a WIWA 300 automatic
spray gun was used. The filter of the spraying sys-
tem was removed, as it tended to separate clay and
water. The opening and closing mechanism of the
spraying gun was regulated by another pressure cir-
cuit, which was controlled by a separate command
in the code generated for the robot. Standard noz-
zles that are usually used for spraying paint with a
diameter of 0.38 mm were too small and clogged
when used. Consequently, custom-made nozzles
from acrylic glass with diameters ranging from 0.10
to 1.25mmweremade for spraying larger amounts of
clay in a conical area. In addition, nozzles with multi-
ple holes were tested; the opening-grid of the nozzle
consists of 44 holeswithin an area of 100mm². Open-
ings between 0.1 and 0.5 mm were too small, result-

ing in the nozzles clogging, while larger openings led
to a high-velocity spray beamwith insufficient atom-
ization. With regard to atomization, no suitable con-
figurationwas foundamongairless spraying systems.
Finally, a low-pressure air-assisted spray system was
used (figure 4). This has the benefit that it dispenses
the material by an airflow with a pressure als low as
0.5 bar, while the air controls the material atomiza-
tion simultaneously. The opening and closing of the
airflow, and thereby thematerial flow, was controlled
by the code. Another pressure regulator was posi-
tioned prior to the spraying gun and set manually to
not exceed a maximum of 1 bar.

During the spraying process, the nozzle had a
constant distance of 7 cm to the mesh resulting in
a spraying width of 2 cm. The speed of the robotic
arm was set to 150 mm/s. The first three layers of
clay were applied, each requiring a consequent dry-
ing time of 10minutes. The following layers included
drying periods of 30 minutes, as the weight of the
clay would otherwise begin to influence the geom-
etry.

While materials with a rougher surface, e.g. car-
bon threads, soakupa large amountof coating, stain-
less steel threads are composed in such a way that a
liquid clay mass simply rolls off. The more material
that adheres in a single spraying session, the quicker
a certainmaterial thickness canbeachieved. To reach
a wall thickness of 3 mm, seven layers needed to be
applied. Since the automated spraying process of-
fers high precision and reliability, for spraying the fi-
nal module, it was possible to apply more material
(5 mm) to areas with a higher structural load, while
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Figure 4
Six-axis robotic arm
(first, from left), air
assisted spraying
gun (second),
spraying width of a
single path (third),
spraying procedure
(fourth)

other parts remained lighter (2 mm). This would not
have been possible by applying material manually.

Firing thematerial
One design constraint was the inner measurements
of the ovens that were used to fire the prototypes.
A Nabertherm Toplader 60/R was used for the small-
scale experiments, whereas the larger ones were
fired in a self-made oven with inside dimensions of
70x80x105 cm.

To gain ideal material properties of clay, the fir-
ing should be carried out at a peak temperature of
1250 °C after 11 hours of preheating, according to the
company Laufen. However, to achieve sintering of
the material, a temperature of 800 °C is sufficient. It
was aimed to keep the temperature and the firingdu-
ration as low as possible to avoid damaging or weak-
ening the threads. Any temperatures lower than 800
°C would not guarantee the formation of a weather-
proof surface.

To observe the quality of the threads after fir-
ing, an Olympus SZX16 light microscope was used
to compare unfired and fired threads. No visible dif-
ference was detected between clay-coated and un-
coated threads, which indicates that a clay coating
would not sufficiently detain oxygen. Tests have
shown that easily flammable threads create voids
that can be later filled with another reinforcing ma-
terial, while materials such as glass fibres melt when
fired at 1250 °C within the ceramic and create a solid
filling (figure 5). However, this research was specif-
ically carried out on fibre materials that retain their
integrity after firing.

After all the samples were knitted, sprayed and
fired (figure 6), stainless steel threads led to a con-
sistent cracking pattern throughout the whole test
sample, due to different thermal expansion of the
materials. Furthermore, the threads became brittle.
Basalt threads with a diameter of 2 mm were iden-
tified as the most viable solution when using LCM2,
as insignificant changes occurredwhen compared to
the other materials fired at 800 °C. However, firing
basalt threads at 1250 °C will drastically change their
integrity.

Figure 5
Microscopic image
of clay-coated glass
threads fired at
1250 °C

MODULE PROTOTYPE
If we contextualize this research regarding its pos-
sibilities for future implementation, we can see that
the developed building principle has potential to be
used in building large-scale freeform structures and,
more precisely, shells and gridshells. A gridshell is
perceived as themost suitable structural system that
enables spanning large footprints, because of the ce-
ramics’ ability to absorb compressive forces. Its stiff-
ness arises from the use of hollow, thinly coated ele-
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Figure 6
Sprayed and fired
material samples
made of various
materials. From left
to right: carbon,
glass, basalt and
stainless steel

ments (i.e. bars). Due to restrictions associated with
a robotic arm, such as its reaching capacity, size, and
the difficulties of bringing such heavy apparatus on-
site, we concentrated on the development of a sin-
gle module. The module can be combined with sim-
ilar ones, enabling an overall modular prefabrication
process to be carried out. To show the architectural
potential of the developed method, an exemplary
module with a diameter of 100 cm and containing
three intersecting bars was produced.

Design parameters
To design a gridshell, we needed to perform com-
putational form-finding. Many methods are appli-
cable for this purpose (Veenendaal and Block 2012),
such as the linear constrained force density method
(Šamec et al. 2019), which can be used by apply-
ing a tension-compression analogy. This analogy
presumes the presence of a hinge connection be-
tween the bars, enabling their self-positioning into
the equilibrium position under the assigned load of
their weight (i.e. a hanging position results due to
tension-only forces). Once a satisfying geometry has
been found (this canbemanipulated to achieve a cer-
tain bar length or internal forces), the connections
between the bars are held in a fixed position. It is
then turned upside down to form a compression-
only structure. In future large-scale applications, the
geometry of the module will be altered during the
construction to match the one defined by the com-
putational form-finding.

While considering knitted meshes as formwork
materials, possible fabrication steps and future mod-

ular assembly methods, it is easier to design a mod-
ule as a single knitted piece consisting of the node
together with the connected bars. Furthermore, we
presumed that the connection between the mod-
ules will occur where the bars contact one another
and, in fact, a proper connection needs to be assured
at these points. Computational form-finding is car-
ried out to avoid bending; however, small residual
moments can appear at the nodes. Therefore, we
needed to ensure that the node’s cross section was
high enough to prevent the formation of a hinge
that could potentially lead to structural failure. Addi-
tional stiff elements were needed to ensure that the
cross section in the intersecting area was sufficiently
high, as well as to ensure that the knitted mesh was
stretched over the bars under adequate tension to
prevent the material from sagging under the load of
wet clay.

Construction of the nodemodule
The knitted mesh structure was manually produced
using 150 m of a basalt thread. The stocking stitch
knitting pattern was taken for the module. However,
a larger knitting scale was used in an independent
orientation for the triangular surfaces in the center to
allow a uniform pattern transition on all three sides.
To clamp the knitted mesh structure prior to spray-
ing, a wooden framewas built. The supporting struc-
ture allowed themesh to be stretched in a controlled
manner to define the geometry in advance. In addi-
tion, to maintain a tube-like geometry, various filling
materials such as styrofoam and expanded clay ag-
gregateswere tested. In this research, nofillingmate-
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rials were used to avoid random surface deformation
in the mesh geometry.

The geometry of the triangular intersectional
areawas defined by circular elementsmade of acrylic
glass. These elements were placed inside the mesh
and close enough to each other to prevent the mesh
from sagging under the weight of the applied clay in
the central area. The same elements were placed at
the ends of the bars to ensure a precise geometry at
the connector. By loosening or tightening the bot-
tom or top screws attaching the outer acrylic glass
pieces, the angle could be adjusted on each side in-
dividually to match the positions of the neighbour-
ing modules. In this way, it would be possible to
respect the geometry defined in the computational
form-finding in a future application.

CONCLUSION
Knitting a formwork allows the use of non-elastic
threads as an elastic mesh. Depending on the scale
and the area of application, different fibre materials
can be knitted to further develop a wide geometri-
cal range of building components. This can be ex-
ecuted either by hand or by semi-automatic or fully
automatic knitting machines. Using temperature-
resistant fibre materials enables the knitted mesh to
reinforce the structure once the elements have been
fired, therefore basalt fibres were chosen for this re-
search. However, the manual knitting procedure is
a highly labour-intensive process, which has to be
conducted by a professional. Furthermore, the study
findings show that not all fibre materials are suitable
for manual knitting.

Spraying presents an alternative to conventional
ceramic-shaping methods, such as extruding, press-
ing, casting, or dipping methods. Industrial produc-
tion seems feasible for objects with a large number
of sprayed layers, while the production of single el-
ements takes a considerable amount of time due to
the drying time required between each iteration. As
themodule was fixed in its position during the spray-
ing and drying process, the shrinkage did not de-
form the overall geometry and dimensions (figure 7).

Therefore, a highly precise production tolerance was
possible without any post-processing steps. In addi-
tion, as opposed tomaterials used in the concrete in-
dustry, the excess materials used in this process can
be stored and reused. Before firing, the material can
also be washed off the mesh with water and reused.
Currently, the largest limitation is coordinating the
times required for spraying and drying, as well as the
availability of ovens with appropriate dimensions.

Figure 7
Spraying procedure
of the module

FUTUREWORK
During this study, additional research directions and
questions were identified. The next stepwill be to in-
troduce a Brother Electroknit KH-930 automatic knit-
ting machine into the workflow. This will enable a
more precise control over the process and ensure re-
peatabilitywhen creatingmesh structures. The inclu-
sion of this machine will allow a larger range of knit-
ting patterns, which can achieve different behaviours
once the mesh is clamped and stretched. Varying
knitting patterns within one geometry is a possibil-
ity that requires further detailed study as well.

Once the process is fully automated, it will be
possible to produce a 1:1 mockup of a pavilion-like
structure consisting of a variety of different mod-
ules. Therefore, redesigning the support frame is also
planned. A circular aluminium frame will allow the
use of a larger amount of bars positioned at arbi-
trary angles. The creation of this prototype mockup
can pave the way to use this production method
as a competitive method to create other gridshell
constructions, such as the on-site construction of
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lightweight steel elements.
Another potential emerging from this research is

shaping unfired clay through the method described
in this paper and using it as a formwork for casting
concrete. Once the concrete is hydrated, the com-
posite formwork canbe removedbywashing the clay
off with water.
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