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This paper describes the theory and practical experiments on the development of
a system for the deployment of stereotomic voussoirs. The recent availability of
digital design and fabrication tools has enabled architects to embrace
stereotomic thinking, allowing for the efficient spanning of spaces with low
tensile capable materials such as stone. The proposed fabrication system is an
evolution of an on-going research which creates a direct link between the
geometrical and material needs of a stereotomic structure with materialization
tools that enable the swift creation of multiple customized blocks.
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INTRODUCTION
Context
The possibilities oﬀered by digital fabrication have
refreshed the architecture vocabulary beyond industrially standardised construction elements, fostering
research and experimentation on novel and classic construction techniques. One such technique is
stereotomy, a classic architecture theme in which
carefully cut stone blocks are used to build arches
and vaults, so that the shape created by their adjacency stands in compression equilibrium. These kind
of structure present various beneﬁts, ranging from
ecological to intrinsic longevity (Rippmann, 2016).
Stone cutting in unique shapes brings an added cost
to a project, mainly distributed between its extraction, transportation, precision cutting and resulting
material waste. These steps often amount to heavy
expenditures, playing a decisive part in the decision
making process of a construction process. This research explores an alternative to cut stone, leading to
a cost-eﬀective and accessible way of implementing

stereotomic principles to construction.
In the pursuit of obtaining precise geometry construction blocks and avoiding cutting and its inherent
negative impacts, it is acknowledged that molded
materials present advantages such as its large availability, low energy usage and accessible usage. However, stereotomic design is closely related to one-oﬀ
customized elements, while molding typically resorts
to as few variations as possible so that the mold may
be used multiple times, generating return of the investment. In order to challenge this assumption, the
approach of a reusable, variable geometry mold has
been tackled before with concrete surface forming
in mind (Pedersen and Lenau, 2010; Schipper and
Janssen, 2011; Gramazio and Kohler, 2011), resulting
in methods unable to describe the volume of a voussoir, namely its contact faces.

Previous work
Taking cues from stereotomic experiments that cut
contact faces from slabs (Kaczynski , McGee and Pigram 2011; Azambuja Varela and Merritt 2016; Ripp-
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mann 2016), an original molding system, mainly preoccupied with the contact faces part of the voussoir,
was devised (Azambuja Varela and Sousa 2017). Using a ﬂexible rubber band wrapped around carefully
placed support shafts in place of the contact edges
(Fig. 1), each side describes a ruled surface, successfully creating the sides of a mold. The ease of placing
shafts in cylindrical holes in diﬀerent positions dictates the ﬂexibility of the system, allowing for eﬀective mass customization of cast stereotomic blocks.

tion of mortar between voussoirs, leading to added
labour, materials and changes in aesthetics causing a
general detraction of the whole system. Possible solutions to prevent the mold deformation would cater
with stronger bendable materials, like steel cables,
or sheetmetal, but materials ﬂexible enough to wrap
around the support shafts will always be prone to deformation at some point, avoiding the application of
the system for large scale voussoirs, for example.

PRACTICAL EXPERIMENT

Notwithstanding the successful assembly of a vault
and its stability, geometry accuracy did not completely reﬂect the model. A convex deformation in
the ﬂexible membrane becomes apparent due to the
horizontal thrust created by the weight of the cast
material. In order to avoid this eﬀect, hardening
the ﬂexible membrane by means of direct application of plaster in the membrane was experimented,
achieving satisfactory end results; however this process relies in a two phase casting preventing material
uniformity and process swiftness. Stereotomic design, by deﬁnition, is a mostly mortarless construction type. As its structural stability relies in the ability
of force transfer between blocks through their contact faces, this is only bound to happen if geometrical accuracy allows. This principle is key to understand the importance it must be given to the contact
face bulging of the previous iteration of this system.
Although a great amount of attention was given to
the speciﬁc elasticity of the rubber, and its extreme
stretching, it became clear that normal variations in
the center of the contact face would amount to 2%
of the largest face dimension. This geometry variation could be slightly circumvented with the applica-

In order to enhance the accuracy of this fabrication system, the relative ineﬃciency of using a pure
ﬂexible material must be overcome by means of an
auxiliary component that counteracts the outwards
bulging eﬀect or negates it completely.
The experiment to be carried is a direct upgrade
of the previous iteration, departing from the same
apparatus principles. As such, a base plate is to be
drilled creating holes to insert the supporting shafts
that will pivot a membrane all around. Instead of relying solely on the membrane stretching to resist normal thrusts, addition or changes in the envelope are
tested as follows.
The main reason for the bulging out eﬀect is a difference in pressure between the inner and outer side
of the membrane. This diﬀerence may be avoided
by having a second pourable material (aggregate) on
the outside of the membrane, hopefully bringing the
momentum to negligible levels. (Experiment 1 and 2
- E1, E2).
Another possible solution to reliably avoid any
outward movement of the membrane is to place rigid
elements so that this movement is negated. Following the possibilities forecast by the stretched membrane geometry, a ruled surface is recreated using
thin rods as generatrices. These rods should prevent
any bulging deformation of the enveloping membrane (E3, E4, E5 and E6).
A ﬁnal set of experiments uses rigid reinforcement elements as the envelope themselves, discarding a second material to be used as container surface
(such as rubber). This strategy introduces changes in
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Figure 1
Voussoir
terminology
(Azambuja Varela
and Sousa, 2016)

the geometric conﬁguration of the moulding surface,
rejecting the smooth curvature of a rubber band. On
the other hand, it reduces the number of diﬀerent
types of elements back to one, possibly simplifying
the whole process (E7 and E8).
Table 1
Summary of
materials used in
experiments E1
through E8.

material. This material has the advantage of being easily accessible and pressed at will to achieve
the ideal pressure on the outer side of the membrane. While casting the plaster inside the mould, no
deformation in the membrane of movement of the
earth was observed. The demoulding process started
by removing the bounding material, which was not
practical as the earth very easily spread away. After
removing the rubber band, it was also observed contamination between the earth and plaster (Fig. 2).
Although the main objective of controlling the outward bulging eﬀect was not fully achieved, a greater
degree of accuracy was obtained.

Figure 2
Earth as
reinforcement.
Contamination and
micro
deformations.
Figure 3
Gravel as
reinforcement.
Notice the inwards
bulge.

Experiments
E1, E2 - Aggregate as reinforcement. The principle
behind this experiment is the equilibrium of forces
acting in the membrane. The space inside of the
membrane is ﬁlled with the ﬁnal castable material
and the space outside of the membrane, limited by
a bounding box, is ﬁlled with a reinforcing material.
If the casting material was poured inside and
outside of the mould at the same time, reaching
the same level, the sum of the forces exerted in the
boundary membrane would be zero. The main reason for using the same casting material on both sides
of the membrane is the guarantee of same density
materials, resulting in the desirable null sum of forces.
This is obviously less than ideal because of the waste
of material, so a reusable material that could be easily
poured and recovered was considered.
A container bounding box was built around the
base plate which holds the shafts and wrapped membrane. Ideally the aggregate material would be
poured at the same time as the plaster but, for practical reasons, the aggregate was poured ﬁrst.
A ﬁrst experiment (E1) used earth as bounding

A second experiment (E2) tried to tackle the practical issues on the demoulding process of E1, as
well as prevent contamination. A 10mm gravel was
chosen for its easy manipulation and similar density
compared with wet plaster. Although the outwards
bulging was avoided, other deformations appeared,
namely an inwards bulge (Fig. 3). This was probably
caused by either or both of two conditions: the outer
material was not poured at the same time as the inner material, and the low ﬂuidity of the gravel particles restrained their movement and adaptation to the
sum of the parts of the system.
Although this set of experiments helped controlling the main unwanted outwards bulging eﬀect, visible micro deformations potentially jeopardize the accuracy needed for mortarless construction.
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E3, E4, E5, E6 - Rods as reinforcement. Following
the idea of placing a rigid element outside the membrane as to constrain its outward movement, a possible approach is to follow the geometrical principle of the rubber band ruled surface, and use thin
round rods parallel to the generatrices of the afore
mentioned surface. Each rod is circular in section so
that its surface contains a line tangent to a generatrix of the membrane ruled surface, creating multiple
continuous lines of support that follow geometrically
and accurately the initially proposed surface.

These rods are ﬁtted between two pairs of supporting shafts, and intertwined as in a log cabin, creating
a supporting back wall. Resting between this rod wall
and the casting material, a membrane would be responsible for the smoothing of the surface that pro-

duces the ﬁnishing in the cast voussoir. While the diameter of the rods is directly proportional to the gap
between rods, a small diameter would cause bending, leading to the choice of 6mm as a balance between the two. The length was calculated using the
longest voussoir face to be fabricated, so that the
same rigid elements may be used for various lengths,
ensuring a lasting reusable system.
The assembly system of overlapping rods is illustrated in Fig. 4. The complete casting system depends on the membrane to avoid spillage between
rods, forcefully set after the shafts had been inserted
in the base plate and before the rods are stacked together as in Fig. 5 . This experiment (E3) yielded results geometrically much more accurate than E1 and
E2; although some undulation is noticeable in the
spacing between the rods, the generatrices of the
ruled surface are rigorously respected in the plaster
surface. The result of the experiment was promising enough to change the mold geometry to one of
the voussoirs of the intended ﬁnal vault of this set
of experiments. This second experiment with rods
giving reinforcement to a rubber membrane (E4) was
very similar in results and, although the undulation
might be acceptable if understood as a design feature, this deformation is much more noticeable in the
stretched sections of the membrane and less in the
more relaxed ones. This heterogeneity is caused both
by the limited ﬂexibility of the material and because
of the diﬀerence of perimeter of the intrados and
extrados, causing diﬀerent stretching requirements.
Another negative aspect of E3 and E4 is the inward
bulge caused by the seam area of the overlapping
rubber that creates the collar membrane.
In an eﬀort to avoid the negative eﬀects of the ﬁnite stretchability of rubber, a diﬀerent approach was
tested in E5. Using a material not stretchable, but easily wrap-able would keep ﬁdelity to the straight lines
of the ruled surface while not creating compromises
in diﬀerent top and bottom perimeters. A plastic ﬁlm
was tested, wrapping around the shafts continuously
three times. After securing the system with the rods,
a thin skin which would not go beyond the rodded
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Figure 4
Rods reinforcement
placement scheme.

Figure 5
Rods reinforcement
mold assembly
procedure and E3
results.

space was created. The plaster block revealed a very
rough ﬁnish because of the diﬃculty of handling the
thin plastic ﬁlm. This diﬃculty of handling was challenged by replacing the plastic ﬁlm with a lycra collar (E6). This ﬁxed perimeter collar was ﬁt around
the shafts, easily expanding to ﬁt the proposed block
perimeter. The ﬁnished block presented a regular
ﬁnish, prominently similar across the surface except
for two issues: the bottom part of the contact surface presented much more protruding undulation
because of the larger weight in the bottom section
of the plaster cast, and the collar seam area caused
an inward bulge, similar to E3 and E4. A summary of
these three experiments is show in Fig. 6.
The consistent surface inaccuracies in the development of the contact surface of these blocks is due
to the ﬂexible nature of the membrane material, be it
rubber, ﬁlm or lycra. Having acknowledged this, the
ﬁnal set of experiments departed from using a membrane altogether.
E7, E8 - Rigid envelope. The E7 experiment tries to
understand the possibility of not using a membrane
in a variable geometry reusable mold. Following the
possibility of creating ruled surfaces with reusable
elements, the same metal rods were stacked without any space between them, creating independent
walls in a windmill conﬁguration. Holding the rods
in place demanded required additional vertical supports to create a proper slot. Pouring the liquid plaster in this all metallic mold produced almost no spills.
The geometrical accuracy of the rigid metallic 6mm
cylinders created a seal accurate enough to avoid the
usage of a membrane skin. Demoulding also did not
pose problems, as the rods are polished enough to
not create bonds between them and the plaster. The
ﬁnished block is exceptionally accurate, recreating
exactly the expected geometry, as can be seen in the
top of Fig. 7 . This result is only possible due to the
rigid nature of the mould surface, not allowing for
any deformation during the casting process. The resulting texture (peaks created by the ends or half circumferences juxtaposed) is strikingly expressive, but
not ideal for a mortarless construction as it does not

provide a perfect ﬁt. Although mortar could not also
solve this problem but also beneﬁt from it, the aim of
this work it to build a dry stereotomic structure.
In the pursuit of achieving a contact surface that
allows for an accurate ﬁt with no compromises, a
system composed of diﬀerent elements was devised
taking cues from the previous experiment. The E8 experiment would produce blocks with a smooth surface due to the smoothness of its mould. A 2mm
sheet metal was cut in 50mm wide strips and stacked
together in the fashion of the E7 rods. The available
material in the laboratory allowed for a block sealed
in three sides with a rod system and in one of the
sides with the tentative sheet metal system. The sealing was nor perfect as the sheets were cut using a
manual saw, and a slight outwards bulging appeared
due low rigidity of the thin sheet metal - Fig. 7. However, the ﬁnish was near perfect and suitable for the
ﬁtting of stereotomic blocks against each other, as an
eﬃcient ﬂow of forces would be transferred through
the totality of the contact surface.
The observations made to the ﬁnal block E8 give
clues to the creation of a system based in rigid metallic bars. This rigidity potentially negates the possibility of torsion and thus of using a skew ruled surface
in favour of a planar surface. Using planar surfaces as
contacts faces has been explored before (Rippmann
2016), reducing slightly the freedom of design of a
stereotomic structure. Depending on the structure,
the usage of a planarizing algorithm might introduce
oﬀsets in intrados and extrados surfaces as small as
1mm for a 400mm diameter block. The adoption of
such strategies allow for the adoption of planar bars
as reinforcements, which also allow for a planar shaft.
These strategies were tested in the ﬁnal prototype.

Prototype
Design. The ﬁnal prototype was designed according
to the fabrication method used in the experiment
E8. The main diﬀerence in the design relative to the
previous construction (Azambuja Varela and Sousa,
2017) is the shift of contact faces geometry from skew
ruled surfaces to planar surfaces. This change was ab-
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Figure 6
Experiments E4, E5
and E6. Notice the
consistent
inaccuracies
produced by the
surface material
and/or the gaps
between rods.

Figure 7
Experiments E7 and
E8. The bottom
experiment E8 is
relevant in what
respects to the right
side face of the
ﬁnished block, the
only one molded
with the smooth
metal sheet.
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Figure 8
Example of
simulation for
reinforced,
reusable,
reconﬁgurable
mold.

sorbed in the design algorithm with a sub-algorithm
that uses particle physics engine Kangaroo to force
contact faces to be planar, while maintaining the vertices position in the UVW space of the vault. These
goals strength is carefully tuned to achieve an equilibrium in which while contact faces are sub millimetrically planar, some intrados or extrados edges are
oﬀset in distances smaller than a millimeter; all this
is negligible regarding the construction dimensions.
The planar contact surface is recreated in the
mold by means of aluminium bars 5mm thick and
50mm tall. In order to ﬁll the triangular holes created
by the diﬀerence between contact edge angle and
aluminum bar right angle, these is a shift from steel
circular section shafts (20mm diameter, 314mm2), to
solid rectangular iron bars (5x20mm, 100mm2). This
optimization in mould lost area is one of the reasons
for using surface bars not extending to the full height
as these would require a larger support iron bar; on
the other hand it also promotes the ﬂexibility of the
system.
For accurately securing the bars in a speciﬁc
plane by simple locking at least three vertical supports are needed. In the form of 5x20mm iron bars,

these supports are to be positioned one inside each
corner, and one in the middle of the outer side - Fig.
8.
Fabrication. The digital fabrication needed for this
experiment consisted in milling the holes for inserting the support bars so that these would be placed
in XY in the base plate as well as respecting the designed polar angle which is key to the curvature of
the vaulted structure. An important aspect of this
molding technique is the reduction of waste material to the minimum, including that of the base plate.
For this to be as eﬀective as possible, the maximum
number of blocks should be cast in each base plate so
that the minimum amount of base boards is needed.
An algorithm to optimize the location of these holes
was built in the particle physics engine Kangaroo so
that each set of holes relating to each voussoir would
maintain its relative positions, and each hole would
have a repulsive force towards other holes; the evolution may be seen in Fig. 9. This particle physics
method revealed itself much more eﬃcient than the
previously tried genetic algorithm as the ﬁtness is not
only evaluated but a driving agent; the result was a
fabrication scheme 78 rectangular (5x20mm) holes

Figure 9
Self-organization of
voussoir sets of
holes so that
collisions are
avoided by means
of physics repulsion
simulation.
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in one 500x500mm base plate, eﬀectively allowing
for the usage of only one base plate for 9 voussoirs
- ranging from 4 to 5 sides each.

These were all drilled and labelled in one sole fabrication action - Fig. 10.
The fabrication steps for each voussoir go as follows:
1. Robotic milling of holes in the base plate (Fig.
10).
2. Cover the intrados area so that liquid plaster
will not ﬁll pre-drilled holes.
3. Insert vertical supports with the help of a
hammer (Fig. 11).
4. Insert side bars to enclose the mould space.
5. If needed, reinforce each three supports so
that they grip tightly the side bars.
6. Fill any gaps with wax and/or tape.
7. Prepare plaster mixture and pour in mould.
8. Allow for proper setting (30 minutes in case of
plaster in 23ºC).
9. Remove outer vertical supports with the help
of a wood fulcrum and lever, side bars, and interior supports (Fig. 11).
10. Remove cast block and allow for additional
setting (Fig. 11).

A 4mm mill was attached to the robotically controlled
spindle to precisely carve the 15mm deep holes.

Covering the base plate (step 2) was experimented
with diﬀerent strategies, ranging through plastic ﬁlm,
tape and self-adhesive vinyl, of which the latter presented the best results. The usage of a lever for removal of the vertical supports (step 9) is an important upgrade from the previous system as it allows
for easy and controllable removal of these metallic elements which are ﬁrmly hammered into place; this
is possible because the lever acts on a bolt inserted
in a drilled hole in the iron vertical support. The
demoulding process became much easier once the
metal elements started to be lubricated with low viscosity oil.
Another digital fabrication procedure dealt with
the centering production. Since this prototype can
be interpreted as three semi-arches meeting at one
common apex point, the centering strategy relied in
assembling each arch in its own centering element,
consisting of a pair of parallel proﬁles. These were
cut in the same material as the base plate by the 6-
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Figure 10
Robotically
controlled spindle
milling the holes.

Figure 11
Some of the steps
in assembling and
casting the mould.

Figure 12
The white centering
supports the
voussoirs while the
ﬁnal position is not
achieved.

axis robotic spindle, allowing for angled cuts which
met the intrados planes.
Assembly. Once the voussoirs were all solid and stable, the assembly was prepared. The decentering
would be achieved by lowering the centering and
allowing for the blocks to set against each other.
This lowering was eased by building the structure on
top of 30mm supports. The centering was put into
place with the help of a simple triangulation and the
blocks put into their ﬁnal place as in Fig. 12. Finally
the 30mm supports were carefully removed from under the centering allowing it to lower. The heavy
voussoirs automatically follow gravity and bound together against each other in air, creating a pure mortarless stereotomic structure.
Figure 13
Detail of planar
contact face
voussoirs in
mortarless
compression.

CONCLUSION
The base architecture design for the ﬁnal prototype
of this set of experiments is the same as the one used
in the ﬁrst iteration of variable moulds for cast voussoirs so that changes in the process and result could
be more easily be detected. The main change is the
elimination of deformation in the contact faces related to the membrane normal deformation. This upgrade is very importante as the ﬁnal accuracy of the
contact face is one of the most important guarantees
of correct load transfer between blocks - this was perfectly felt in the decentering as the blocks acted as
one due to their strong ﬂat connection. This level of
accuracy was only achieved by using rigid elements
to conﬁgure the moulding surface, albeit geometric
freedom of contact faces was downgraded to planar
faces. The circumvention of this issue may probably
be explored in a future experiment by using thinner,
more ﬂexible metallic side bars as long as outer vertical supports are positioned in such a way that outwards bulging is not allowed.
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intrados side of
vault .

Work co-ﬁnanced by the European Regional Development Fund (ERDF) through the COMPETE 2020
- Operational Programme Competitiveness and Internationalization (POCI), national funds by the FCT
under the POCI-01-0145-FEDER-007744 project, the
SFRH/BD/93438/2013 PhD scholarship and by the
Digital Fabrication Laboratory (DFL) at CEAU-FAUP.

REFERENCES
Fallacara, G 2009 ’Toward a stereotomic design: Experimental constructions and didactic experiences’, Proceedings of the Third International Congress on Construction History, p. 553
Kaczynski, MP, McGee, W and Pigram, DA 2011, ’Robotically Fabricated Thin-shell Vaulting: A methodology for the integration of multi-axis fabrication processes with algorithmic form-ﬁnding techniques’,
ACADIA 11: Integration through Computation [Proceedings of the 31st Annual Conference of the Association for Computer Aided Design in Architecture, 11, pp.
114-121

FABRICATION | Design & Application - Volume 1 - eCAADe 36 | 779

Figure 15
View of ﬁnished
mortarless
construction.

Pedersen, TH and Lenau, TA 2010, ’Variable Geometry
Casting of Concrete Elements Using Pin-Type Tooling’, Journal of Manufacturing Science and Engineering, 132(6), p. 061015
Rippmann, M 2016, Funicular Shell Design: Geometric approaches to form ﬁnding and fabrication of discrete funicular structures, Ph.D. Thesis, ETH Zurich, Department of Architecture
Schipper, HR and Janssen, B 2011, Curving Concrete:
A Method for Manufacturing Double Curved Precast
Concrete Panels using a Flexible Mould, Hemming
Group Limited
Seibold, Z, Tseng, LL and Wang, Y 2014 ’Robotic Fabrication of Components for Ceramic Shell Structures’,
Journal of the International Association for Shell and
Spatial Structures, pp. 237-242
Azambuja Varela, P and Merritt, T 2016 ’CorkVault
Aarhus: exploring stereotomic design space of
cork and 5-axis CNC waterjet cutting’, Living Systems and Micro-Utopias: Towards Continuous Designing, Proceedings of the 21st International Conference
on Computer-Aided Architectural Design Research in
Asia, pp. 767-776

Azambuja Varela, P and Sousa, JP 2017 ’Fabricating
Stereotomy - Variable moulds for cast voussoirs’, Fioravanti, A, Cursi, S, Elahmar, S, Gargaro, S, Loﬀreda, G,
Novembri, G, Trento, A (eds.), ShoCK! - Sharing Computational Knowledge! - Proceedings of the 35th eCAADe
Conference - Volume 2, Sapienza University of Rome,
Rome, Italy, 20-22 September 2017, pp. 193-200

780 | eCAADe 36 - FABRICATION | Design & Application - Volume 1

