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This paper introduces a novel approach to sustainable construction through ‘Frustrated
Ceramics’, a self-morphing clay material system, offering an on-site mould-less shaping
method. The system consists of two clay bodies with different shrinkage rates, layered to
form a flat sheet. The shrinkage difference drives a geometrical incompatibility during
firing process that results in the emergence of a complex 3D shape. Through the analysis
of physical experiments, based on the theory of incompatible shells, an understanding of
key material properties of the system is established. Specifically, the determination of
Young’s moduli ratio of the different clay bodies during critical morphing moments at the
kiln is defined. This material property proves essential for the adjustment of an initial
simulation tool to the case of morphing clay, enhancing our ability to predict Frustrated

Ceramics’ morphing results. Further improvements of the simulation also include
meshing and gravity considerations . Both material calibration and the simulation code
support the newly developed design feature of variable thickness ratio, expanding control
and morphological freedom. Combining physical experiments, digital simulation and
physics theory, this study aims at providing architects with a predictive understanding of
this energy-efficient ‘Frustrated Ceramic’ system, promoting its accessibility and future

adoption in the architectural field.

Keywords: parametric-simulation, material-system, material programming, self-
morphing, frustrated material, morphing clay.

INTRODUCTION
The urge to reduce the carbon footprint of
architectural and construction practices (Abergel
et al, 2022) has prompted the re-evaluation of
shaping methods in architectural design.
Carbon-efficient manufacturing processes are
developed for the sustainable fabrication of
complex-shaped building skins. These processes
include 3D printing, adaptive moulds, and other
innovative techniques (Popescu et al, 2016;
Borhani, 2017; Block et al., 2017; 2ujovic' et al.,
2022). Among the fabrication process that rely on

the inherent material properties is the fabrication
of self-morphing architectural elements. Such
elements turn from flat surfaces to their final 3D
shape through external stimuli, causing
controlled deformation of their geometry. This
approach suggests a mouldeless sustainable
fabrication of architectural elements (Ozdemir et
al., 2022; Sahin et al., 2023; Patel et al., 2023).
The concept of self-shaping frustrated matter,
inspired by nature (Dawson et al., 1997; Sharon et
al., 2004; Armon et al,, 2011), has evolved in the
past decade and is being studied in the field of



soft-matter physics. The theory of incompatible
shells (Klein et al., 2007) has shown that the self-
shaping of a thin sheet can be "programmed" to
autonomously adopt intricate three-dimensional
configurations through non-uniform growth. A
material's preferred state is one of local rest. In
this framework, a sheet is characterized by both
its actual and reference geometry. The reference
geometry represents the material's local rest state
after actuation. The sheet's final configuration is
dictated by the difference between the
encoded reference geometry and its actual
geometry, referred as "geometrical frustration”,
which creates internal stresses within the sheet
(Efrati et al., 2009). Depending on the sheet's
material, its actuation is done by various triggers,
such as temperature, humidity, and electric fields.
The capacity to encode a desired shape onto a
surface facilitated the creation of parametric
fabrication of synthetic substances (Arroyo and
DeSimone, 2014; Sydney Gladman et al., 2016).
The potential of frustrated matter to reshape
a flat sheet into a 3D form through internal
material deformations, represents a significant
departure from conventional shaping techniques.
This potential is the core of a novel architectural
paradigm, leveraging it for the design of
sustainable, mouldeless building skins. It suggests
a manufacturing process of a designed skin that

is comprised of two layered clay bodies, with a
different shrinkage factor. During firing, the
superimposed flat layers shrink, and the
geometrical frustration develops, making the flat
sheet bend out of plane. Other morphing ceramic
systems which harness the clay's shrinking
properties to self-morph combine clay with
various other materials such as dough, celery
fibers, and cork; these are in initial stages of
understanding the material behavior (Bargardi et
al., 2016; Gosch et al,, 2022; Bell et al., 2024).

The resulting morphing shape of an FCC sheet
is controlled by variations in the pre-fired clay
geometry. These variations are termed "control
features" in this paper. Basic features that have
been well established in different material
systems and in theoretical research on frustrated
materials, as well in the ‘Frustrated Ceramics’
system, are aspect ratio and thickness of the sheet
(Armon et al, 2011; Blonder and Sharon, 2021).
Another feature was recently introduced

(Arredondo et al, 2022), resulting in increased
curvature by the introduction of grooves in the
clay body of lower shrinkage. However, the
relationship between the sheet thickness and the
resulting curvature has not yet been numerically
defined. Other control features such as cuts and
shape
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Figure 1
Morphological
variations of
'Frustrated
Ceramics' resulting
from complex

starts with an initial analysis of its geometric
properties, to determine its manufacturability
within the self-morphing process and material
system, considering limitations such as curvature
complexity and amount. The global shape is then

tiled into manufacturable units. Each tile is

. . . o control features by
detailed with shop drawings and specific Haaar Ofek
fabrication  instructions. The tiles are 9 ’
manufactured, flat-packed, transported to

construction sites, and the self-morphing process

is activated in on-site kilns.

As part of the search for morphing robust
materials adapted to the applicable world of
architecture, ‘Frustrated Ceramics’ system (FCC),
was introduced (Blonder and Sharon, 2021). FCC

morphological variety as shown in figure 1, are
not yet anchored theoretically or numerically.

To apply the system in the architectural realm,
the tile must be scaled to a useful size that can
facilitate a shingled or tiled architectural skin.



Table 1

The temperature
graph of the
system firing.

While Blonder and Sharon address this topic
theoretically, discussing the impact of gravity on
the resulting shape, a physical scaling-up sample
of the material to a size of 45 x 15 cm was only
recently tested. The morphed resulting shape
differed significantly from the theoretical
expected shape, most likely due to gravity. It
highlights the need to integrate gravity
consideration as part of the design process and
develop control features accordingly. These tiles
demonstrate the potential scalability of the
system to a useful size for architectural
applications, positioning the FCC system as a
promising material system for architectural use.

Given that morphing results are significantly
impacted by multiple inputs, the need for a
computational tool to predict material behavior is
evident. Blonder and Sharon developed such a
tool for anisotropic materials, which is currently
being generalized to accommodate both
isotropic and anisotropic systems. This paper
details the design of a material simulation that
predicts and visualizes the resulting shape of an
isotropic FCC system, integrating calibrated
material parameters that are validated against
scientific theory. The presented simulation, based
on basic control features and a novel layers-ratio
control feature, establishes a calibrated working
base for more complex simulations.

By integrating computational tools architects
can explore a wide range of design possibilities
while ensuring that the final shapes align with
both their creative vision and the physical
properties of the ‘Frustrated ceramics’ system.
Along with widening the possible control features
of the system, this process enhances the efficiency
and precision of architectural design, paving the
way for innovative and more sustainable
construction practices.

The paper will be divided into two main parts.
Part one is applying data from physical samples
to a theoretical formulation, for the determination
of material parameters. Part two introduces the
simulation design and an implementation of

material parameters to it, as well as the impact of
gravity on the simulation accuracy compared to
measured physical samples.

METHODS AND MATERIALS

The physical samples of the 'Frustrated Ceramics'’
system presented in this paper comprise of
Audrey Blackman White porcelain (Valentine clays
website) and Sio-2 ZUMAIA Grey Stoneware (Sio-
2 website).

Sample Manufacturing Process

The manufacturing process starts with kneading
each clay body for homogeneity, followed by
rolling each layer to the desired thickness using
custom spacers. The layers are watered to
facilitate bonding before rolling the sheet to its
final thickness. Finally, the samples are fired in the
kiln according to the firing graph, as shown in
Table 1.

Time (Hours) Heat (Celsius)

1:00 70

0:30 100
1:30 100
4:00 500
1:30 650
4:30 1100
2:00 1220
0:13 1220

Testing Sets

Three testing sets were made, with each sample
repeated in three copies. Setup dimensions are of
pre-fired flat samples; measured curvature is on
morphed fired samples. Testing sets details:

A. Discs of fixed thickness t = 3.5mm and
varying diameter D = 25 to 100mm

B. Discs of varying thickness t = 1.7 to 8mm
and fixed diameter D = 44 mm

C. Rectangular sheet of fixed dimensions
30x150 mm and thickness t = 8 mm, with
a varying thickness' ratio of stoneware to
porcelain to m =a,/a, = 0.125/1 to
7/1.
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Data Processing

After firing, each sample was analysed using
Autodesk ReCap photogrammetry software, each
set of model photos with the resolution of 1500
sq px converted into a computed 3D mesh, with
reconstruction accuracy of 1 pixel. Subsequently,
the computed models were scaled, cleaned, and
analysed using Rhino3D and Grasshopper. The
lateral dimensions of each model such as its
thickness, lateral dimensions and its two principal
curvatures, k; and k, were measured.

Material Simulation

The material simulation was developed using
Grasshopper3D and the Kangaroo physics plugin,
Kangaroo provides a simplified interface for an
advanced simulation tool. It is a Spring System
relying on the Dynamic Relaxation method (Piker,
2013).

RESULTS

This chapter details the process from primary
material findings to simulation design and
refinement. Within the ‘Material Information’
section, we present properties obtained by the
analysis of data extracted from physical
experiments by relevant theoretical principles.
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The ‘Simulation Design and Implementation’
section presents logical structure of the
simulation. The code is calibrated with the
integration of the material properties, as
established in the previous section. Finally, the
gravity sub-section will present the influence of
gravity on shaping, by comparing simulation and
physical results.

Material information

Using the theory of non-Euclidean plates, the
elastic energy of a bi-layered morphing clay plate
of total thickness t, can be written as a sum of two
terms: a stretching term, which scales like t, and a
bending term, which scales like t3. Upon firing,
each clay layer shrinks differently (the porcelain
more than the stoneware) and as a result, a new
non-flat reference curvature is induced, leading to
geometrical frustration. The resulting shape is
dictated by minimizing the elastic energy and a
competition between the two energy terms. The
geometrical parameters of the sheet, such as its
lateral dimensions (diameter or width; w), the
sheet aspect ratio, and its thickness, determines
whether the dominant term is the stretching term
or the bending term. k;and k, are the principal
curvature of the sheet measured to quantify the

Figure 2

The shape
transition between
a single curvature
to positive double
curvature, defined
by a unitless value
of . Yellow
triangles facing up
and green
triangles facing
down show
simulation results
with and without
gravitational force.
Dots show the
physical data:
close orange dots
and open gray
dots calculated
using the newly
defined and
previously
simplified material
properties
respectively. Right
column: (a),(c)-
simulated models
(with gravity),
(b),(d)- physical
samples.



Figure 3

The relation
between relative
layer thickness
times curvature

( - t) to the layer's
thicknesses ratio
(m). Orange dots
show the physical
data results.
Dashed line is a
theoretical fit
according to Eq.
(2) withn = 3.2
and ¢ = 0.078.
Yellow triangles
facing up and
green triangles
facing down show
simulation results
with and without
gravitational force,
respectively. Right:
Image A: digital
simulation; Image
B: physical results.

A Simulation output

B Physical results
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shape transition between a single curvature
(kq /1, = 0) to positive double curvature (k, /k, =
1) and dictated by shape ratio (thickness-lateral
dimensions). to characterize this phase transition
one can define a unitless parameter w (Armon et
al, 2011), where k is the reference (uniaxial)
pronicipal curvature, € is the inelastic strain and A
is a geometrically determined numerical pre-
factor of order unity.
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Figure 2 presents the transition from a double
curve to a single curve configuration in testing set
A, with discs of constant thickness and varying
diameters.

Assuming that the two different clay layers
have the same thicknesses a; = a, and the same
Young's modulus, E; = E,, the values of Aand ¢
was estimated to be A = 3/2 and £=0.2
(Blonder and Sharon, 2021). Using these values, it
was shown that the double curvature to single
curvature transition is widely scattered and occurs
at W~ 7—11 (Figure 2, open dots), while the
theoretical value is calculated at W = 5.

Re-calculation of known material parameters
Aspiring to understand the deviation from the
theoretical prediction, the assumption that the
two different clay bodies in the system have

Young's moduli ratio of n = E,;/E, =1 was re-
examined. To evaluate the ratio between the
materials Young’'s moduli during the critical firing
(between 900°C — 1200°C), the thickness (t),
layers ratio (m) and principal curvature (k) of
testing set C were measured as shown in Figure 3
(orange dots).

A theoretical curve, based on Timoshenko
formula for bending of bimetals (Timoshenko,
1925) was fitted to the data, with n and ¢ as free
parameters :

kt
3 6-e(1+m)? ()
T 3(1+m)? + (14 nm)(m? + 1/nm)

The results determined the ratio between the
Young's moduli of the clay bodies used in the
system to be n = 3.2 + 0.3 and the inelastic strain
to be e = 0.077 + 0.002 as shown in Figure 3.
Substituting these numbers back into Eq. 2 yields
the following relation:

kt
B 0.468(1 + m)? (3)
T 3(1+m)2 + (1 +3.2m)(m? + 1/3.2m)

Therefore, the constant A of the material depends
on the parameter m. If m = Tthen A - ¢ = 0.707. if
m=1 we will need to place our layers ratio in
Equation 3. Those new values of A and & were
used to calculate W for the different samples. The



ratio between the two principal curvatures k, /k,
as function of W is presented in Figure 2. It can be
seen that with the new values of 4 and ¢, the
transition is located at W = 5 (orange dots) and its
scatter is much narrower, comparing to the one
which was obtained using the previous simplified
parameters (W = 8, open gray dots). This test set
not only reveals more accurate material
properties, but also introduces a new material
feature affecting the curvature amount. As Figure
3 shows, we discovered that up to a certain limit,
around thicknesses ratio m = 0.3, we can achieve
larger curvature then in the previously tested
simple m = 1 case.

Simulation Design and Calibration

The presented simulation tool is part of an
ongoing effort to design a general simulation
code for frustrated materials, both isotropic and
anisotropic. The improved code is based on the
fundamental control features of the morphing
clay sheet, such as its aspect ratio and thickness
along with the newly defined control feature of
layer thickness ratio. The simulation is structured
in five stages [figure 4]: (a) Input of initial flat
geometry. (b) Conversion of geometry to mesh.
(c) Input mesh edges as Kangaroo rod objects
(Grasshopper Docs website), a kangaroo2
component enabling to determine the bending
and stretching strength of a collection of
polylines. (d) Running Kangaroo solver -
Calculation of the forces acting on the rods, acting
as an equivalent to a spring system that closely
simulates the material isotropic properties and
output of its best energetic solution. (e)
Simulation output is a collection of re-shaped line
segments.

The geometrical input of the simulation is the
shape of the flat surface, which could be a disc, a
rectangular ribbon, or a free-form shape. With
additional geometric parameters such as the
overall thickness (t) and the relative layer
thickness (a,, a,), a flat geometric volume of two
layers is defined, each representing a clay body.

Both layers are converted into a mesh, each
constructed by top, and bottom meshes,
connected by an inner web [Figure 4b]. All parts
composing the mesh are converted into rod
elements (Kangaroo plug-in) in the simulation.
The material properties of the ‘Frustrated
Ceramics’ system are translated into parameters
of the rod component: a length factor -
representing the shrinkage rate of the clay body
and an axial strength which is equivalent to the
relative Young's modulus.

Material properties are applied to each group
of rods according to the material layer these
represent, porcelain or stoneware. e.g the
shrinkage rate of porcelain (17~18%) and that of
Stoneware (7~8%) are assigned as length factors
(0.83 and 0.93 respectively) that determine the
final length of the rods. The axial strength
simulates the resistance of the rod to stretching
or compression along its length, which can be
approximated as its stiffness, or Young's modulus.
Based on the ratio of the material's Young's
moduli, defined previously as n = 3.2 for our
material system [Figure 3], the value was applied
as the axial strength ratio in the simulation.

The bending strength represents the ability of
the rod to curve along its axis. Since the rod's
structure simulates the material behaviour, each
rod alone should not bend, in order for the whole
web to behave as a uniform material layer.
Therefore, the bending strength of each rod was
defined as a number of two orders larger than the
rest of the parameters.

Meshing.

Simulation testing demonstrates a strong impact
of mesh-edge length on the simulation results.
Mesh edge length was defined as a function of
layer thickness (a). This parameter does not
directly reflect physical properties but affects the
simulation output, its smoothness and accuracy
as well as computational load. Mesh edge length
was optimised with regards to physical samples,
aiming to minimise the difference in curvature



Figure 4
Simulation logical
construct: (a) Flat
geometrical input,
of two layers. (b)
meshing each,
layer (1,3) and an
inner web (2). (a1)
and (a2), represent
the material
thicknesses within
each layer.

(c) rod
components from
mesh (d,e)
Kangaroo solver
and output.

(b) Meshing

(a) Geometrical and
material input

radius between physical and simulated samples.
Edge-length optimisation was done using an
evolutionary code (Galapagos optimization
evolutionary plug-in in Grasshopper), with testing
set of varying thickness (set B) as its reference, see
Figure 2 orange dots and yellow triangles facing
up.

Difference is measured between averaged
principal curvature for each sample (physical vs.
simulation), as a percentage in relation to
absolute radii of the compared samples. Applying
optimised mesh settings proved to be impactful,
as difference between physical and simulated
samples shows an improvement of 7%, reduced
from 26% to 19% difference.

Simulation results of discs are plotted in
Figure 2 and strips in Figure 3 (face-up triangles),
showing a general similarity to physical samples
(filled dots). Although similar, it still presents a
noticeable difference from physical samples, to be
further addressed.

Gravity.

Additional significant difference to be addressed
is between theoretical results, and both physical
and simulated samples. Difference calculated
based on strips experiment sets (set C), plotted in
Figure 3, show an important value of 27.5%
difference between theory and physical samples;
in a parallel way, theory and simulated samples
differ by 16.6%. The substantial difference
between theory and physical data calls for further

(c) Mesh to rode
compoent

(d) Kangaroo solver

Bending strength

investigation. This gap might be a result of a non-
negligible gravitational effect acting on the
physical samples. Gravity is not considered in the
simulation, which might explain its smaller
deviation from theory.

The theory of Non-Euclidean Plates does not
take into consideration the effect of gravity on the
final shape of a frustrated sheet. That is because
it was originally derived for small-scale biological
tissues and laboratory elements. In such systems,
the gravitational forces that act on each element
of the material are usually negligible with respect
to internal stress. However, this is not the case
when dealing with material systems of significant
density such as clay, or when scaling up the
physical dimensions of the sample (Blonder and
Sharon, 2021). Thus, we suspect that the
deviations of the simulated results from the
measured ones originate from the effect of
gravity on the material. Recent work by Kam and
Levin (Kam et al, 2022) demonstrate similar
effects of gravity on self-morphing anisotropic
material system. While still lacking a cohesive
understanding of the quantitative impact of
gravity on the morphing sheet and its relevant
theoretical framework, we chose to introduce
gravity forces in the simulation.

Gravity forces are applied in Kangaroo plugin
as a force in the negative z-axis on nodes
according to mesh vertices, normalised to mesh
density. Gravity was integrated both in strips and
disc simulation tests, plotted in Figures 2 and 3



(face-down green triangles). Gravity-inclusive
simulation results capture both the trend and the
values that were measured. Once gravity is
applied, the difference between simulated and
physical strip samples is reduced to 7%, an overall
improvement of 18%. A smaller impact is
registered on discs, with an improvement of 7.8%.
This is likely to be related to the samples’
proportions, mass, and overall volume.

Figure 5 shows the geometrical output of
simulated strips with gravity besides the physical
results, visually clarifying the resemblance
between the gravitational results as discussed in
this section.

Simulation output Physical sampels
with gravitational force
m=1/3
m=1
m=3
SUMMARY

This paper introduces a working simulation for
isotropic frustrated ceramics system, based on
material properties. A methodical study of
material  properties combining theoretical
practice with physical experiments led to the
definition of important properties of the
‘Frustrated Ceramics’ system. The young's moduli
ratio n =3.2+ 0.3 and the inelastic strain € =
0.077 £ 0.002.

A new control feature of the system was
developed through the impact of layers-ratio
changes on the curvature amount, therefore
enabling further control on the resulting shape,
widening the designed possibilities for architects.

Applying the numerical data from the
systematic research into the material simulation
significantly advances the calibration stage. In
addition, introducing gravitational forces in the
simulation significantly improved its accuracy. It is
worth noting that the magnitude of the
gravitational forces was achieved by trial and
error, and additional research is needed for
comparing it to the physical properties of the
materials. Such research should also include a
comparison to the findings of the theoretical
framework that was introduced recently by Kam
and Levin (Kam et al, 2022), with further
theoretical development or adaptations for our
specific material system.

Unlike other architectural self-morphing
material systems, such as morphing wood, the
FCC system manipulates both stretching and
bending behaviors, achieving double-curved
geometry within a simple tile architecture. This
introduces a higher level of morphological
freedom within the system. The wide shaping
range of the FCC system should be further
explored and developed.

This study introduces the possibility of
customizing our generic simulation code to the
FCC system with its specific material properties
and design features. This methodology should be
further expanded to include other morphing
material systems within a single code.

This paper paves the way for the ‘Frustrated
Ceramics’ system in the architectural realm by
presenting innovative complex computational
data-based simulation, visualizing the non-linear
relation between the clay architecture and its
versatile morphing result. This advancement
positions frustrated clay closer to becoming a
sustainable alternative for shaping complex clay
tiles. There is the need for the development of
both the theoretical understanding of the
material behaviour and the possibility to simulate
a wider range of control parameters.

Figure 5

Physical and
simulated models
of ribbons with
various thickness
ratios between
layers (m),
demonstrate the
refinement of
simulation with
the introduction of
gravitation forces:
Green result with
gravity included in
the simulation.
The sample
curvature marked
in orange curve on
both the sample
and the simulation
images.
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