
Liquid Stereotomy - the Tamandua Vault

Pedro Azambuja Varela1, José Pedro Sousa2
1,2Faculty of Architecture, University of Porto + DFL/CEAU/FAUP
1pvarela@arq.up.pt 2jsousa@arq.upt.pt

A renewed interest in stereotomy, narrowly entwined with digital technologies,
has allowed for the recovery and proposal of new techniques and expressions in
this building approach. A new classification scheme for stereotomy research
allows for the framing of various aspects related to this discipline, including a
newly developed fabrication system specially tailored for the wedge-shaped
voussoirs. This fabrication system is based in a reusable mould which may
assume an infinite number of geometries, avoiding the wasteful discarding of
material found in subtractive strategies. The usage of a mould also allows for
more sustainable materials to be employed, catering to current challenges. The
strategies subject for demonstration in this project rely on various bottom-up
approaches, which involve particle physic simulations such as a hanging model
to compute an optimal stereo-funicular shape, or spring mechanisms to find
optimal coplanar solutions. The proposed mechanisms work in a parametric
algorithmically environment, able to handle dozens of uniquely different
voussoirs at the same time. Together with the automatic translation to fabrication
data, the proposed shape complexity would hardly be built with classic tools. The
Tamandua Vault project has the purpose of exemplifying the possibilities of an
updated stereotomy, while its design demonstrates current strategies that may be
employed in the resolution of complex geometrical problems and bespoke
fabrication of construction components for stereotomy.
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INTRODUCTION
A great array of the most admired historic build-
ings found in Europe are built of precisely cut stone.
The discipline which allowed for the precision and
materialisation of these lithic geometrized blocks is
stereotomy, a name which originates in the words,
from the greek, στερεο‘ς, stereo, solid and τομη’,
tomia, section (Fallacara 2014). Initially known as

Coupe des Pierres, stereotomic knowledge was dis-
seminated in a large number of treatises allowing
for architects to gain an important independence
fromstonemasons, contributingdecisively to the cre-
ation of the renaissance ideal of the architect role.
Stone construction, together with its brick counter-
part, dominated the building techniques until the in-
troduction of new materials and processes brought
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Figure 1
Global view of the
algorithm created
in Rhino
Grasshopper with
the various stages
labelled in blue.

by the Industrial Revolution. These novelties, epito-
mised by steel and reinforced concrete, present the
possibility of building larger spans with lower rises,
allied to the lowered cost factor due to standardisa-
tion and mass production. The art of building stone
arches and vaults to cover spaces became a rare ex-
ception in a world covered in steel, be it in the form
of metallic profiles or reinforced concrete.

Despite falling out of favor, qualities inherent
to stereotomic construction are still - or even more
- valid today, namely: prefabrication; dismantling
and rebuilding; usage of local materials; bigger lifes-
pan and acoustic and aesthetic qualities, among oth-
ers. Recent researches have resurfaced the interest
in stereotomy, which has become more interesting
due to the possibilities brought by new digital tech-
nologies. From the digitalisation of stereotomic tech-
niques (Fallacara 2003), passing on to a reinterpreta-
tion of design and fabrication processes (Rippmann
et al. 2016), stereotomy is being experimented with
a variety design and building approaches, as well as
differentmaterials, calling for a reinvention of the dis-
cipline, called Stereotomy 2.0 by Fallacara (2018).

The large amount of directions in which experi-
ments and actual constructions are being tested (e.g.
materiality of the voussoir, fabrication technique, sta-
bility principles, joint geometry, centering technique,
amongothers) is highly disruptive of the great source
of knowledge on stereotomy: the classic treatises
like those of de l’Orme (1567) or Frézier (1738). In
an attempt to bridge this apparent gap, the author
has published a draft for an Expanded Semantics of
Stereotomy (Azambuja Varela 2019) in which a wide
range of concepts related to stereotomic design and

construction are classified in an ordered structure
with a clear naming convention, which will be used
in this article. One of the possibilities of innova-
tion in stereotomy is in the voussoir fabrication field,
where masons hand labour is being replaced by au-
tomated machinery. The author has researched in a
moulding process in which very limitedwaste is gen-
erated with the production of bespoke multiple var-
ied geometry blocks (Azambuja Varela 2017, 2018),
reducing machining time and widening the array of
possible materials to be employed in a stereotomic
construction. This novel materialisation system for
voussoir production reached satisfactory results in
the form of a variable mould system, which was used
to produce a variety of voussoirs for four prototypes
whose main purpose was to validate that specific re-
search agenda. This moulding system will be put to
test in the following project, whose goal is to vali-
date a complete flow for stereotomic design under
the paradigms announced in this work, using digital-
based strategies without which its design and con-
struction would be very difficult to the point of not
being a feasible endeavor.

DESIGN
The Tamandua Vault project has the purpose
of exemplifying the possibilities of an updated
stereotomy, while its design demonstrates current
strategies that may be employed in the resolution of
complex geometrical problems and bespoke fabri-
cation of construction components for stereotomy.
The proposed location for the vaulted structure is
a garden with a lawn, where its visitors may find a
pleasant shelter. This structure is placed in the lawn
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Figure 2
Ground plan of the
Tamandua vault,
showing the
scalene triangle
with supports
marked. These were
offset slightly,
rendering an
irregular hexagon;
b) Perspective view
of hanging model
of the Tamandua
Vault.

as a pavilion-like those found in English gardens.
Stereotomic building fosters a construction made
of non-perishable materials, with low demands for
maintenance, adequate characteristics for an open-
air construction.

Design andMacro Shape
The proposed vault base shape is a scalene triangle,
whose three sides present a different number of foot-
ings each. In the first side, there is only one wide
opening with no central supports which may be un-
derstood as the main entrance; the second side fea-
tures one central support resulting in two low arches,
and the third side evokes an analogy with a portico
for its sequence of four total supports. The interior
of the vaulted roof is crowned with an oculus that
naturally frames the skydome. The dimensions of
the pavilion are subject to human scale, and they
are adjusted during the form-finding process with
proportion as a goal. As described above, the gen-
erating shape of this structure is a triangle which,
together with the location of the supports, is the
only manually controlled shape in this project, as
the whole remainder resorts to algorithmic calcula-
tion. The whole algorithm is presented in Figure 1,
where the various design and materialisation stages
are highlighted. The first design step is to resolve
the macro-shape of the structure which, in order to
more dramatically express the language of a com-
pressive bound stereotomic dry construction, closely
follows an ideal thrust surface for a constant thick-

ness shell; for this, it is devised a hanging model
based in particle physics using the Kangaroo library
created by Piker (2013). The hanging model takes
shape of a zero thickness elastic surface subject to
gravity forces and the aforementioned supports -
while pre-computer architects were forced to use
elaborate string models with weights attached and
observe the final result in a mirror or in an inverted
photograph, current simulation tools allows using a
force opposite to that of gravity, generating the in-
verted model from the start. Despite the continuous
nature of the surface, mathematical simulations are
based in the finite element method (FEM), hence the
need for a discretised topological network. A polyg-
onal mesh is built using a given width for the sup-
ports, where all inner andouter vertices arepurposed
with weight and every connecting edge simulates
elastic strings attached to these vertices in the near
neighborhood, thus ensuring topological preserva-
tion. The computational model for the hanging sur-
face is run and the result is evaluated, as illustrated
in Figure 2. Two constraints are evaluated: vertical
free space below the entrance arches, and the gen-
eral proportion of the building. By adjusting the po-
sition of the initial support points and the magni-
tude of the vertical force, a form similar to the ini-
tial sketch is achieved. In the faceted classification
(Azambuja Varela 2019) proposed in a previous arti-
cle, thismacro-shape is aHangingModelwhose label
is “EAABA” (Equilibrium: Macro-Shape: Generation
method: Bottom-up: Hanging model). Regarding its
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Figure 3
Five evolutive
iterations of the
process where the
subdivision of
thrust surface in a
triangular mesh
whose edges tend
to a common
length, while
having these
lengths reduced in
parts where the
curvature is higher.

continuity, it is a “EABB” (Equilibrium: Macro-Shape:
Continuity: Continuous). Still, in the field of Equi-
librium, its Structural Functioning is a “EBA” (Equilib-
rium: Structural Functioning: Compression only).�

Surface subdivision strategy
The subdivision of the thrust surface in discrete cells
- reminding the meaning of the word discrete as
“consisting of distinct or separate parts; not attached
to others; unrelated; made up of distinct parts; dis-
continuous” - is tightly related to the generation of
the voussoirs which, in turn, constrain and are con-
strained by the materialisation process. In order to
maximize the usageof the baseboardswhich are part
of the flexible mould which shall be the basis for all
voussoirs fabrication, a subdivision that promotes a
similar cell perimeter regarding its size and topology
is chosen. As such, regular patterns are evaluated as
an initial approach. Acute angles in the edges of a
stone voussoir leave the tip of material unsupported
and dependent in the capacity of material to avoid
disaggregation. In the same line of thought, obtuse
angles promote a much stronger cohesion between
the different parts of the material. Taking this classic
stonecutting rule of thumb into account, the tenden-
tially hexagonal tessellation is thus selected as the
most suitable. A possible approach to tackle the sub-
division of a target complex surface involves its flat-
tening, solving the problem two-dimensionally, and
remap the solution to theoriginal target surface (Hor-
mann and Greiner 2000). This strategy creates an
uniform tiling - topologically and general dimension
wise - in the target surface. However, the cells follow

the surface and are curved, a configuration not com-
patible to the mould system, which presupposes flat
intrados. As such, the planarization of these cells de-
taches them from the thrust surface and some ver-
tices become unaligned, a normal characteristic of
convex tessellations of flat cells in anticlastic surfaces.
In order to reduce this phenomenon, a valid strategy
is to reduce the size of the cells in the highly curved
surface areas (Figure 3), so that the difference be-
tween the points of the planar cell and its correspon-
dent point in the thrust surface is reduced.

Voussoir geometric definition
This part of the design process is where the shape
evolves from its mathematically zero thickness (sub-
division cell) abstraction into a volume (voussoir) be-
coming inextricably associated with stereotomy. The
volume of a stereotomic structure comes from the
thickness of its voussoirs, which is roughly the dis-
tance between intrados and extrados. In an arch,
the resultant of compressive forces lies within a line
called the line of thrust. Stable structures contain this
line within its mass. Similarly, in a three-dimensional
system, one canfinda thrust surfacewhere forces op-
timally flow, being wishfully in the innermost posi-
tion within the section of the vaulted structure. The
volume is created towards both sides, intrados and
extrados, tomaximize the incorporation of the thrust
surface inside the structure’s mass.

This stereotomic construction does not feature
any kind of interlock and ideally no mortar, relying
only in the direction of the contact surfaces (and
eventually in some friction between voussoirs) to
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avoid slippage; for this, the contact face should be
as normal as possible to the thrust vector. Since ev-
ery contact face connects each pair of intrados and
extrados perimeters - because this project features
“VBBBA” (Voussoirs: Intrados and Extrados: Perime-
ter: Correspondence: Analogous) - it is possible to
use these perimeters to model the contact face. By
placing a vector normal to the thrust surface in each
of the endpoints if a cell edge - see Figure 4 - it is en-
sured that a ruled surface containingboth those skew
vectors is normal to the thrust surface in at least those
initial points, and tendentially very approximate in
the remaining part. These vectors are collinear to
the voussoirs contact edges, and the extrados and
intrados are parallel to the planar cells, each in half
a distance of the full thickness of the voussoir. The
intersection of an intrados plane with these vectors
produces the vertices of the intrados and its corre-
spondent perimeter in the form of a polygonal curve;
the same applies for the extrados. The voussoir ge-
ometry is obtained by creating the missing contact
ruled surface, either by connecting each pair of in-
trados and extrados edges, or each pair of consec-
utive contact edges. For the application of the vari-
ablemould described in a previous article (Azambuja
Varela 2018), the voussoirs contact facesmust be pla-
nar to be compatible with the flat aluminium bars
whichwill compose the lateral side of themould. Fol-
lowing the faceted classification, it is a “VCAB” (Vous-
soirs: Contact Surface: Geometry: Planar). As seen
above, the perpendicularity of the contact edges to
the thrust surfaceusually generates skew lines, hence
the ruled surface connecting them. Because of the
materialisation planar characteristic, a procedure for
the planarisation of these faces must take place (Fig-
ure 5), as discussed in other works (Rippmann et al.
2016). A particle physics procedure is once again
used to achieve an equilibrium under the conditions
needed. In this case, each group of vertices con-
tained in each contact face of the voussoir is assigned
a CoPlanar goal, while collinear contact edges are
tendentially kept in the original place. This algorithm
will deform the contact faces to flat faces, thus alter-

ing thepropositionof strictly normal geometry to the
thrust surface. However, this difference is negligible
and, usually, the pair of contact edges self compen-
sate each other creating a planar surface whose nor-
mal is the average of the previous no planar iteration.

Figure 4
Generating volume:
a) Visualisation
showing normal
vectors to the
thrust surface in the
vertices of the
voussoir cells; b)
Generation of a
voussoir: the
vectors represent
lines with the
normal direction,
which depart from
the cell vertices (big
dots).

3D printedmodel
Before any construction endeavors are taken, a func-
tional model is constructed. This model is composed
of 177 individually voussoirs at a 1:20 scale, seen in
Figure 6. Their production is done in a Makerbot
Replicator 2X Experimental 3D printer, which takes
sensibly 15 hours in batches of 12 ABS plastic vous-
soirs, each 60 minutes. The small scale of the blocks
is intended for a complete assembly with all partic-
ipating members of the structural flow of forces at
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Figure 5
The black outline
represents the
planarization final
result, while the
coloured geometry
represents the skew
contact faces, in
which purple is
closest to its final
position, and blue is
farthest.

Figure 6
a) All the 177
individually
voussoirs at a 1:20
scale laid out in a
table; b) Model
undergoing
assembly; c, d)
Assembled model.
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play. This is possible because compression-only dis-
crete structures are scalable, allowing for a reliable
prediction of the stability of corresponding models
and buildings (Heyman 1997). This complex shape is
dependent of a centering in order to inform the ex-
act angle and position of each voussoir in adjacency
to the next. This centering was milled out of a sin-
gle block of EPS, leaving imprinted the exact con-
tours of the intrados. The small scale of the vous-
soirs, the printer’s low resolution and the lightness of
each piece denies the possibility of a complete mor-
tarless assembly of the model, which is put together
with small points of hotmelt adhesive. The complex-
ity of the designed shape calls for a more insightful
analysis than a regular vault (such as a barrel vault,
or fan vault), and the access to rapid prototyping al-
lows for the creation of a model which is able to give
this output. This duality between the needed anal-
ysis and the possibility of rapid prototyping is part
of a symbiotic relationship often found in the osmo-
sis between new technology and novel expressions
in architecture. If on one hand rapid prototyping al-
lows for the accessible creation of a model of such a
complex shape, on the other hand, this design is also
only possible because we have the tools to evaluate
it. Besides evaluating structural aspects of the con-
struction, themodel is also instrumental in analysing
the design, easily observable from various perspec-
tives.

Voussoir prototype
The fabrication of the voussoirs (Figure 7) follows all
the same principles used in the reinforced, reusable,
reconfigurable molds for cast voussoirs presented
in the article of the same name (Azambuja Varela
2019). Recapitulating the main principles, the fab-
rication used the variable mould system with the
large aluminium planar bars as contact face mould
parts, and narrow rectangular iron bars as supports.
These supports areheld in their accuratepositionand
angle by insertion into angled holes milled by a 6
axis robot or 5 axis CNC. This mould’s components
are reusable, promoting the production of voussoirs

without waste and avoiding the need for 3D printing
systems precise enough (<1mm) and capable of han-
dling construction final material. For the insertion of
the support bars, specially angled holes mimicking
the angles of the voussoir contact edges are milled
with a robot. Regarding the proper casting of the
voussoir, the procedures in thework sitemimic those
of a previously built tri-arch.

There, special mixes were tried until an optimal
mix of cementwater and foam is chosen. The process
startedwith themakingof a simple cementpaste (2,5
kg of cement and 1,0 l of water), to which foam (pro-
duced by mixing a foaming agent (AG-1) with high-
pressure air through a specialized nozzle) was added
(2,0 l). The foamwasmixed with the cement, making
it a very lightmixture thatwaspoured into themould,
previously coatedwith vaseline, a demouldingagent,
to ensure that the less dense concretemixturewould
not adhere to the mould surface. The voussoirs were
produced one by one, and after each demoulding,
the voussoir was carefully removed and left to cure
in order to achieve its full strength. A run of trials and
errors allows to reach the conclusion that 48 hours is
theminimum time for a successful foam concrete de-
moulding to take place. Due to the large size of this
prototype voussoir, it was left to cure for 36 hours be-
fore demoulding. The synthesis of the process is doc-
umented in figure 7, where the various stages can be
evaluated.

CONCLUSION
This article discussed the design and materialisation
processes of the Tamandua Vault (Figure 8), a self-
proposed demonstrative project whose main fea-
ture is the reusability of the molds used to fabri-
cate its building blocks. It documented the various
processes essential to control a stereotomic design
in a shape with a strong level of complexity. The
processes discussed include computer simulation of
hanging models, strategies for creating an informed
subdivision of a surface, and the geometric control
of the angles in the formulation of voussoirs as struc-
turally performative volumes. It was also presented
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Figure 7
Various stages of
the Tamandua Vault
voussoir prototype
fabrication: a)
Milled baseboard;
b,c) Mould filled
with concrete; d)
Contact face bars
removed, exposing
contact faces; e)
Contact edge bars
removed, exposing
full block; f )
Finalised block.
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Figure 8
a) Simulation of the
Tamandua Vault as
built; b) Inner view
with the contact
faces in first plane
and oculus in the
second plane.
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a complete 3D printed structural scaled model of
the vault, as well as the fabrication of a represen-
tative voussoir at full scale and in the final mate-
rial, foam concrete. The developed processes for the
Tamandua Vault were guided by a holistic approach
in various design stages and the materialisation pro-
cesseswhich illustrate currentpossibilities for anaug-
mented stereotomy.
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