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The application of curved facade designs in contemporary architectural practice
has become adamant in combining the digital tools with the material properties.
By expanding the focus to manufacturing as well, the topic of waste is introduced.
In order to avoid the generation of waste material during fabrication, in this
research a workflow is introduced which describes the design of freeform surfaces
out of expanded polystyrene blocks (EPS), while producing zero waste. The main
premise is that a piece cut out of an EPS block has a piece that is left inside the
block, its complement. Following the premise, it is only necessary to design one
half of the freeform surface over a desired facade area and the other part would
align to it. After the freeform surface is generated, a tessellation process is
described, prepared for robotic hotwire cutting, following the limitation of the
EPS block dimension and the inclusion of the minimal insulating layer.

Keywords: freeform surface, ruled surface approximation, minimal insulating
layer, complements

1. INTRODUCTION
In contemporary architectural practice, a myriad of
architectural design solutions strive towards the ap-
plication of freeform surfaces as building envelopes,
incorporating digital design, techniques and fabri-
cation to achieve dynamic design features (Pottman
2007). Such an approach is highly related to ma-
terial choice, establishing it as an integral part be-
tween the design phase and the fabrication phase
(Gramazio and Kohler, 2008). The implementation
of foamed polystyrene as a material, has proven its
applicability in the architecture of volume (McGee et
al., 2013) going beyond its insulating purpose, and
focusing on the material treatment (Brander et al.,

2016) and its load bearing and aesthetical proper-
ties. However, merely focusing on the latter without
implementing sustainability principles is insufficient,
given the limited resources that exist and the im-
pact that the construction industry has on the world
(Juan&Habert, 2017). The research indicates that the
relative sustainability of the projects is influenced,
amongst many, mostly by the area of material waste
management. The word “waste” normally empha-
sizes something around us which should be recy-
cled, reused, reduced or even eliminated (Singh et
al., 2017). While fabricating the RDM Vault (Verde
et al., 2011) out of Expanded Polystyrene (EPS), the
focus was placed on exploring the fabrication con-
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Figure 1
a) shows an
existance of a cut
out part shown in
red and its
complement that is
left inside the block,
shown in blue; b)
the depiction of the
red and blue parts
inclusion in the final
freeform surface as
complements

straints becoming design drivers (Feringa & Sonder-
gaard, 2014), while generating a lot of wastematerial
in the process. Even though there are provenways of
recycling EPS, the desire is to eliminate the produc-
tion of waste material altogether.

The term zero waste is introduced to outline an
approach with aims to “eliminate” rather than “man-
age” waste (Curran and Williams, 2012). The term
zero waste manufacturing (ZWM) is introduced, rep-
resenting an approach that encourages the manu-
facturing of building elements without producing
waste. Striving towards such an approach is repre-
sented by nesting the fabrication parts for laser cut-
ting or CNC milling after the design phase to min-
imize the free space left by the fabrication process
(Koo et al., 2017). Even though the waste material
is minimized, it still exists. In the field of freeform
concrete casting, the application of ZWM is recog-
nized in the usage of wax casts (Oesterle et al., 2012),
reconfigurable molds (Raun et al, 2011) and precast
membranes (Belton, 2012), to completely eliminate
the waste that custom made falsework can produce.
If ZWM is introduced as a design driver early on, it be-
comes possible to fabricate interesting design solu-
tions out of flat sheets of wood without contributing
to waste [1,2].

The aim of this paper is to generate a work-
flow that incorporates ZWM as a driving factor for
freeform facade design, but for volumetric fabrica-
tion i.e. for robotic hotwire cutting of EPS. Gener-
ating ZWM EPS freeform facades can contribute to

the aesthetical appeal of the building, while at the
same time, performing its main function as an insu-
lating layer of the building and eliminating waste.
The workflow includes:

1. generating a specific freeform surface
2. tessellating it into parts that can be:

• cut from whole blocks of EPS without waste
• prepared for robotic hotwire cutting
• aligned to approximate the freeform surface
as accurately as possible given the time/ap-
pearance ratio

3. fabricating the parts using robotic hotwire cutting

All theaforementionedareas are integrated in thede-
sign process early on, however, in this paper the em-
phasis will be on the first two.

2. GENERATING A SPECIFIC FREEFORM
SURFACE
The freeformsurface cannotbegeneratedat random.
Following the tessellation criteria - the fact that each
part of the freeform surface is cut out of a whole EPS
blockwithoutwaste (Fig. 1a redpart), it is safe to con-
clude that each cut out part has its complement that
is left inside the EPS block after the cutting process
(Fig. 1abluepart). Therefore, onepart of the freeform
surface corresponds to its complement (Fig. 1b). This
fact allows for thedesignphase tobe focusedongen-
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Figure 2
a) the depiction of a
bounding box with
symmetry axis; b)
generating the two
curves a and at in
the box sides that
are perpendicular
to the facade area
and parallel to the y
symmetry axis; c)
the insertion of
inner curves b and c
; d) choosing two
box sides that are
perpendicular to
the facade area and
parallel to the x axis;
e) generation of
additional surfaces
which intersect the
first set of curves
producing a set of
points, shown in red
and the end points
being translated
along the x axis
direction towards
the middle of the
bounding box,
shown in green; f )
the generation of
second set of
curves from
previosu points; g)
the generation of a
freeform surface
half; h) the final
freeform surface

erating only one half of the freeform surface, since its
complement is generatedat the same time. In the fol-
lowing sections, the emphasis is placed on determin-
ing the process by which the aforementioned con-
dition can be uphold, while allowing for the explo-
ration of different freeform surface designs in facade
settings without fenestration.

2.1. Designing a Specific Freeform Surface
on a Facadewithout Fenestration
The freeform surface is constructed as a network sur-
face from two sets of guideline curves placed in mu-
tually perpendicular planes. Before the curves are
generated, the facade area to cover needs to be de-
fined. A facade area is required to be a planar quad
with a right angle between adjacent edges. Follow-

ing the condition that only one half of the freeform
surface needs to be generated, the next step is to
determine one half of the quad in reference to one
symmetry axis (symmetry axis y in Fig 2a for exam-
ple) and construct a box over that area, by extruding
the quad half (shown in bolded lines in Fig2a). The
introduction of the box aids in explaining and deter-
mining the placement and orientation of the guide-
line curves. The extrusion amount of the box deter-
mines the bounding box of the freeform surface and
the extremes of the guidelines curves in respective
planes. After the box is generated, the box sides that
are perpendicular to the facade area and parallel to
the symmetry axis y are chosen (Fig 2b). The side lo-
cated at theperimeter of the facade area is chosen for
drawing the director curve a (shown in red in Fig 2b).
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In order to fulfill the condition of complementary sur-
face halfs, curve a is translated perpendicularly from
the current box side to the other one and rotated by
180 degrees around the translation axis forming the
curve at(shown in red in Fig 2b). Afterwards, a de-
sirednumberof curves, following the sameboundary
condition, are placed in parallel planes in between
the curvesa andat, (shownas curveb and c in Fig 2c).
In order to avoid a largedeviation close to thebound-
ary of the surface i.e. large curvature changes, inner
curves are placed at the same distance from one an-
other. These curves represent the first set of curves.

Lofting these curves into a surface would only
satisfy theC0 continuity amongst the complements.
In order to generate a more smooth transition be-
tween the complements, i.e. a C1 continuity, a sec-
ond set of curves is introduced, whose tangent vec-
tors at start and end points are parallel to the sym-
metry axis x. In such a manner, the surface transition
is smooth at the connection between the comple-
ments. In order to generate such a curve set, two box
sides which are perpendicular to the facade area and
parallel to the symmetry axis x are chosen (Fig 2d).
A desired number of parallel planes are generated in
between (shownasα1, α2, . . . , αn−1, αn in Fig 2e).
These planes intersect the first set of curves and gen-
erate a set of points for each of the planes (shown
in red Fig 2e). In order to obtain the C1 continuity
between the complements, for each set of points on
a given surface, two points are added by translating
the points located on curves a and at along the sym-
metry x direction towards the middle of the surface
area, respectively (shown in green vector on Fig 2e).
Using the updated point set for each surface as con-
trol points polygon, a NURBS curve is generated (Fig
2f ), forming the second set of curves. By generating a
surfacenetwork fromthese twocurve sets, a freeform
surface half is generated (Fig 2g). Since the surface
generationprocess can cause certain areas of the sur-
face to protrude outwards from the bounding box, it
is necessary to scale the surface perpendicular to the
facade area if such a situation occurs.

The surface half is then translated along the sym-

metry x axis direction and rotated by 180 degrees
around the same axis to fit in the other half of the fa-
cade area (Fig 2h). However, since the facade should
satisfy both aesthetical and insulating properties, it
is necessary to determine how both can be incorpo-
rated in the design phase.

2.2. Incorporating the Insulating Layer in
the Freeform Surface Design Phase
Even though the freeform surface half is generated
so that it automatically has its complement, in order
to increase the applicability and the functionality of
such facade designs, a minimal insulating layer is in-
troduced. The minimum insulating layer thickness,
which represents the minimum amount of material
between the freeform surface and the facade area is
governed by the dimensions of the EPS blocks (the
width and the length) available on the market. Usu-
ally, these dimensions are 100x50cmwith a thickness
that varies. Hence, the amplitude of the guideline
curves is limited, which can be seen through a sim-
ple formula:

c = b− 2 · i (1)

where c represents the curve amplitude, b represents
the block width and i represents the insulating layer
thickness. The hotwire cutting kerf width is omitted
here due to the large scale of the surface.

The amplitude limitation is further emphasized
through the condition that the block width value b
can only be a factor of the available dimension of
100cm or 50cm, meaning that the amplitude is not
something that can be freely adjusted, but merely
chosen, given the size of the EPS block (Table 1). As
can be seen in Table 1, for aminimum insulating layer
thickness of 12cm, as is the domestic standard, the
freeform surface amplitude is set to either 26cm or
9.3cm, excluding the values from 100 or 25cm block
dimensions as too large or too small, respectively.
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Figure 3
a) shows the initial
freeform surface
half; b) shows the
approximated
freeform surface
half with ruled
surface ribbons; c)
shows the
approximated
freeform surface
half with ruled
surface ribbon
patches

Table 1
The relation
between the
thickness of the
insulating layer on
the left, shown in
bold, the dimension
of the EPS block on
the top, shown in
bold, and the
available amplitude
shown in regular
font

In order to allow for a certain influence of the am-
plitude value, it is possible to preinstall an insulat-
ing layer of a particular thickness (in reference to
the available EPS block thicknesses that exist), which
when coupled with the parts generated in this ap-
proach, can produce the desired solution. For exam-
ple a preinstalled insulating layer of 5cm requires an-
other 7cm of minimal insulating layer, meaning that
the amplitude can now be 19.3cm or 11cm, which
creates more design opportunities.

Once the freeform surface has been generated,
it is necessary to tessellate it according to the EPS
blocks that are chosen for the tiling process.

3. THE TESSELLATION PROCESS
The usual practice when fabricating freeform sur-
faces is to approximate the surface to a certain de-
gree, either through planar faces or ruled surfaces

whichdeviate fromthe initial curvature, butmake the
fabrication process easier and time efficient. In this
research, the approximation of the initial freeform
surface half (Fig 3a) is done in two phases. The first
phase serves to produce ruled surface ribbons, which
can be cut by a straight hotwire cutting tool (Fig 3b).
Themain parameter here is thewidth of each ribbon,
which is in reference to the thickness of the EPS block
available on the market (10cm, 5cm, 2cm and 1cm).
The second phase is necessary to further subdivide
the ruled surface ribbons into patches that correlate
to the size of the EPS block, mainly to the width and
the length of the block (Fig 3c).

In the following sections, both phases will be ex-
plained in detail.

3.1. Tessellating the Freeform Surface into
Ruled Surface Ribbons
As stated before, the process of subdividing the
freeform surface into ruled surface ribbons is influ-
enced by the thickness of the EPS block. Approx-
imating the freeform surface with thicker blocks,
for example 10cm, requires a smaller number of
blocks when compared to the 5cm thickness. This in
turn produces an overall shorter cutting path length,
which means less fabrication time. However, the ap-
proximation of the freeform surface with wider ruled
surface ribbons can lead to a certain degree of dis-
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Figure 4
a) one of the ribbon
directrices in red
used for calculating
the total cutting
path length; b) the
depiction of the
discrepancies
between the
freeform and the
approximated
surface with a
colored gradient

crepancy between the approximated and the initial
freeform surface. Given that these two factors - the
cutting path length and the approximation discrep-
ancy are mutually conversely monotonous functions
(one increasing the other decreasing), it is important
to test their relation. Since the data acquired from
a single freeform surface design can be inconclusive,
100 examples are generated for each EPS block thick-
ness.

The test is carried out in the following manner.
The facadeareaof 100cmx260cm is chosen for gener-
ating the freeform surfaces. Such an area represents
a large enough portion for acquiring the necessary
information, while at the same time representing a
significant portion of commonly used facade areas.
By following the procedure explained in section 2.1.,
a myriad of diverse freeform design solutions is de-
signed fairly quickly by changing the amplitude of
the guideline curves and their shapes. The ampli-
tude of the guideline curves is set to be from 10cm
to 30cm, since values lower than 10cm offer a small
amount of space for adequate surface curvature de-
piction, while anything more than 30cm can be too
much for facade application. Such surfaces are then
approximated by ruled surface ribbons of predefined

thickness (as stated in section 3).
For each surface design, two data sets are ex-

tracted from these ribbons - the total cutting path
length and the highest discrepancy value between
the approximated and the initial surface. The total
length is calculated by adding the length values of
oneof the ribbon’s directrices (shown in red in Fig 4a).
On the other side, in order to calculate the discrep-
ancy, a grid of points is generated on the ribbons, at a
distance of 1cm in the isoparametric directions. Clos-
est points to this grid are found on the initial surface
and the distance between the two sets is measured
(shown in gradient colors in Fig 4b). The peak value
is extracted for the entire ribbon set.

With the total length and the discrepancy peak
value determined for each of the 100 surfaces, an av-
erage value is calculated for each factor in order to
use the data for graph drawing in reference to the
block thickness (Fig 5).

As the graph in Fig. 5 shows, there are two trend-
lines. The red trendline shows a gradual decrease of
the total cutting path length as the thickness of the
EPS blocks increases. The data shows that 280m is an
average cutting length for thinnest blocks, while al-
most 10 times less is necessary for the thickest blocks.
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Figure 5
A graph depiction
of the surface
discrepancy change
and the total
cutting length
change in reference
to the various
thicknesses of the
EPS blocks

On the other hand, the blue trendline shows a sig-
nificant discrepancy increase as the EPS block thick-
ness increases, showing that the averagediscrepancy
for 100mm thick blocks is almost 13mm. The highest
peak value recorded in this test is 32mm, for the sur-
faces with the highest amplitude, meaning that us-
ing thickest blocks for approximating freeform sur-
faces with 30cm amplitudes can cause a discrepancy
of over 3cm which can be significant. By observing
the two trendline’s intersection, it is possible to con-
clude that the application of 50mm thick blocks pro-
vides the best compromise between the necessary
cutting length and the approximation discrepancy.
After interpreting the best block thickness choice for
a specific freeform surface approximation, it is neces-
sary to determine the size of the ribbon patches that
can be cut out of whole EPS blocks.

3.2. SubdividingRuledSurfaceRibbons into
Smaller Patches
The second tessellation phase entails that the en-
tirety of the ruled surface ribbons (Fig 6a) should be
subdivided into smaller patches so that each patch
can be cut out of an entire EPS block and in compli-
ance with the data from Table 1. For example, if a
50cm block width is used, its length is 100cm, mean-
ing that the ribbons have to be subdivided in refer-
ence to this specific length. The second tessellation
can be done in two approaches - the aligned and the
staggered stack.

The first approach entails that each ribbon
should be subdivided into patches so that the joints
from adjacent ribbons are aligned as much as pos-
sible (Fig 6b). The aligned stack enables the con-
nection of multiple parts in a larger panel, for ex-
ample 100cm x 100cm, which makes it easier for fa-
cade application. This means that each ribbon is iter-
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Figure 6
a) ruled surface
ribbons; b) the
aligned stack; c) the
staggered stack,
with primary parts
shown in red,
secondary parts
shown in green and
tertiary parts shown
in blue

atively subdivided by the specific length. If the spe-
cific length is not a factor of the total height of the fa-
cade area, for example the length is 100cm, while the
facade area is 260cm high, it means that only a cer-
tain part of an EPS block is cut, not the entire length,
(leaving a block part of 40cm length). If the entire fa-
cade area were to be done in such a manner, a lot of
EPS block parts would be left with a length smaller
than the specific length thus limiting the future fab-
rication to using blocks of such size. In order to avoid
such a scenario, the left out parts, and their specific
length are further used for cutting the patches out
of. Fig 6a shows the primary cut out parts in red,
the secondary cut out parts in green and the tertiary
cut out parts in blue. The primary parts indicate that
the pieces were derived by cutting the initial specific
lengthblock intoparts of equal or smaller length. The
green parts are derived by cutting the primary left
over parts into pieces that fit in the tessellation, while
blue parts are derived by cutting the secondary parts
into even smaller pieces. Using the above described
methodona facadeareaof 100cmx260cm,with a rib-
bon width of 10cm, the total amount of parts would
be:

• 20x100cm primary parts
• 6x60cm primary parts
• 4x40cm secondary parts
• 4x20cm tertiary parts.

In the second approach, the focus is placed ongener-
ating staggered joints (Fig 6c), which can offer a bet-
ter connection consistency when compared to the
aligned joints. However, this stack makes it difficult
to produce smaller, easy to navigate and assemble
panels as the previous approach, taking into account
the jagged panel edges that can occur or the ne-
cessity to join large pieces before facade application.
The benefit is that this approach mitigates the exis-
tence of tertiary parts. The procedure is done simi-
lar to the prior approach - by iteratively dividing the
ribbon in reference to the specific length. However,
once the cut out part is left, the difference is carried
out to the adjacent ribbon before continuing with
the application of the general specific length. The
entire process is repeated for the entire designated
facade area. In the case of the same facade area of
100cmx260cm, with a ribbon width of 10cm, the to-
tal amount of parts would be:

• 18x100cm primary parts
• twoof each - 20cm, 40cm, 60cmand80cmpri-
mary parts

• two of each - 20cm, 40cm, 60cm and 80cm
secondary parts.

As can be seen, both approaches generate the same
amount of parts. The length of cutting path is the
same, since the height of all ribbons adds to the same
value. Given that the ribbon patches are determined
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by choosing either of the two approaches, the pro-
cess of designing and tessellating a ZWM freeform fa-
cade is thus concluded.

4. CONCLUSION
In this research, the aim was placed on generating
a freeform surface out of EPS blocks while produc-
ing no waste during fabrication. The important as-
pectwasusingan integrateddesignapproach,where
the surface generation and tessellation are closely re-
lated to the block size, the thickness of the insulating
layer and the facade dimensions.

It is concluded that only one half of the freeform
facade should be generated, since the other half
is simultaneously produced as its complement. By
using a bounding box as the starting point in the
freeform facadegenerationprocess, the amplitudeof
the freeform surface is limited to a predefined value.
The utilization of two sets of guideline curves with
specific properties for freeform surface generation,
allows for the surface to have a C1 continuity tran-
sition between the complements.

The generation of various freeform surface de-
signs on a facade area of 100cmx260cm and with
an amplitude between 10cm and 30cm and approx-
imating it with ruled surface ribbons proved to be
best when done with EPS block thicknesses of 5cm.
This enables the best compromise between the cut-
ting path length and the discrepancy between the
initial and the approximated surface.

Utilizing either of the two secondary subdivision
tessellating approaches, the aligned and the stag-
gered stack produces the same amount of parts. The
aligned stack allows for smaller panels to be joined
together before applying it onto a facade, while
staggered stack enables better connectivity between
the parts, but compromises that with larger sizes or
jagged connection edges.

5. LIMITATIONS AND FUTUREWORK
Given the limited thicknesses of EPS blocks available
on the market, 10cm, 5cm, 2cm and 1cm, the facade
area is constricted to have a width of an even inte-

ger number. For example, the facade area with a
widthof 106cm requires agenerationof its halfwhich
is 53cm. In this case, it is not possible to tessellate
the freeform surface half into ribbons of the same
width. Instead, the application of a combination of
different block thicknesses can solve the ribbon tes-
sellation issue here - for example ten ribbons of 5cm,
one ribbon of 2cm and one ribbon of 1cm width. On
the same note, secondary subdivision of the ribbons
can produce left over parts of smaller specific lengths
that cannot be used for the current fabrication pro-
cess. If the example used in section 3.2 had a facade
area of 60cmx260cm, the total ribbon height would
be 1560cm, which means that 15 whole EPS blocks
would be applied, while the 16th would only be cut
for the 60cm length, leaving a part of 40cm for possi-
ble future fabrication.

Future work includes generating aworkflow that
focuses on generating a freeform surface on a fa-
cade with fenestration, fabricating such parts by us-
ing a robotic hotwire cutting process and assembling
it and applying on a real facade setting.
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