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Situated within the art of cutting solids (stereotomy) and the evolution of machine
tools; this research will investigate subtractive fabrication in relation to robotic
carving of stone structures. The advancement of the industrial revolutions in the
mid to late 19th century saw the rise of new building techniques and materials
which were primarily based on structural steel construction. The modern
aesthetic of the time further diminished the place of traditional stonework and
ornamentation in modern structures within the building arts. This paper will
focus on the design and fabrication of three sculptural dry-stone modular
prototypes investigating interlocking self-supporting structures in stone.
Examining the value of robotic technologies in the design and construction
process in relation to collaborative crafting of the hand and machine.
Accommodating for material tolerances which are a major factor in this research.
Interrogating the value of robotic crafting with material implications and
exploring the role of the artisan in machine crafted architectural components.
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INTRODUCTION
Subtractive methods that cut and carve away mate-
rial have been developed throughout history from
Neolithic times. (Garrison, 1999) With the recent ad-
vances in Computer Aided Design and Manufactur-
ing CAD/CAM technologies, the processes can be
achieved with more precision and efficiency, (Brell-
Çokcan, Braumann, 2013). Manual reduction of
large-scale stone structures is often difficult and
labour intensive with traditional knives and blades.
Developments in mechanistic operations due to in-
dustrialisation have amplified and refined this pro-
cess of subtraction. (McGee et al. 2013). Human
engagement within this manufacturing process in-

cludes decision making in the initial design phases,
material choices and final manufactured outcome.

Thispaper extendsprevious research into thede-
velopment of fabrication options using ruled surface
geometry for interlocking wave joints, “Stereotomy
of Wave Jointed Blocks” (Weir et al. 2016) and “The
Culture of Crafting: Exploring the relationship be-
tween the Hand and the Machine in Digital Stone
Sculpture” (Fernando, 2018). The focus of this re-
search, however, will be to question the value of
collaborative crafting and the necessity of the hu-
man within robotic fabrication workflows, for de-
signing and constructing self-supporting structures
within the field of stereotomic practice in the age of
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the 4th industrial revolution. As described by Mc-
Cullough industrialisation made “practices like craft
something no longer to be taken for granted, and
further degraded the stature of the artisan.” (Mc-
Cullough, 1996) However, industrialisation has influ-
enced stone crafting techniques where the ‘artisan’
or stone mason must now acquire new skills to work
with developing automated machine technologies.
Suggesting the cultural shift in the role of the artisan
and methods of crafting.

STEREOTOMIC PRACTICE
There exists a gap in the practice of stereotomy as a
result of the first and second industrial revolutions.
According to the world economic forum, “The First
Industrial Revolution used water and steam power
to mechanize production. The Second used elec-
tric power to create mass production. The Third
usedelectronics and information technology toauto-
mate production. Nowa Fourth Industrial Revolution
is building on the Third, the digital revolution that
has been occurring since the middle of the last cen-
tury.”(Schwab, 2016) Although this description pro-
vides a simplified explanation into the formation of
the fourth industrial revolution, it does not articulate
what occurs in subtractive manufacturing fields and
the value of crafting.

Schwab later in the article suggests, “Engineers,
designers, and architects are combining computa-
tional design, additive manufacturing, materials en-
gineering, and synthetic biology to pioneer a sym-
biosis between microorganisms, our bodies, the
products we consume, and even the buildings we in-
habit.” Whilst additive manufacturing processes of
creating concrete and sandstone have become in-
creasingly developed over the last few years, the re-
search into their chemical composition and sustain-
ability can be further studied. An alternative solution
is subtractive manufacturing using material that al-
ready exists. Therefore, the field of stereotomy (the
art of cutting solids) has re-emergedwith evidenceof
dry stone structures fromNeolithic times which have
survived centuries.

The return of stereotomy is largely due to the
improvement of representational tools, with the ap-
plication of these representational tools the mate-
rial problems of the stone mason has become the
pathway to revive the stalled tradition of stone ar-
chitecture. ”Once a slow and painstaking process
of cutting each stone by hand, now stone masonry
can proceed rapidly with computer-guided cutters
that can fashionmore complex shapes than a person
working manually with hand-held tools. And com-
puter graphics enable architects to explore sophisti-
cated forms while subjecting them to static analysis
for safety’ (Etlin, 2008).

Hand andMachine Craftingmethods
Historically master stone craftsman and sculptors
had acquired the instructional skill through the con-
stant refinement of their craft which was then com-
municated through models or inscription onto the
stone material itself usually at 1:1 scale. The ‘master
builder’ who would be involved in making decisions
about the application of geometry and selection of
material. The material itself give much meaning to
the final result as the formal design method used.
For example in the selection of stone to carve the
statue of David from 1501-1504 during the Renais-
sance period, Michelangelo obtained a large block
of Carrara marble quarried forty years earlier in the
Apuan Alps of northern Tuscany. The marble had to
be of “good quality, white and beautiful, andwithout
faults,”(Wallace, 1994). To an architect or sculptor’s
eye, some “visually attractive features of stone blocks
are flaws, leaving them structurally fragile”(Fernando
et al, 2015). Thus the carving away of a block of stone
also requires knowledge into the material properties
and many master stone craftsman and masons have
this knowledge through years of acquired skill.

Whereas previously manual cutting stone to
precise measurement epitomized a laborious task
(Burry, 2016) the integration of automatedworkflows
early in the design process enables efficient machin-
ingpractices contributing to changes in the construc-
tion industries and adding value to digital crafting
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Figure 1
Left: 7 axis robotic
carving with the
saw blade, Middle:
Robotic milling of
marble at
Garfagnana
Innovazione, Right:
Abrasive wire saw
cutting sandstone
at Gosford Quarries

methods. This is due to the recent advancements in
software technologies from 3Dmodelling and script-
ing environments tomachine code. Material integra-
tion with structural analysis and advanced subtrac-
tive fabrication techniques of cutting stone modules
are being explored by several research groups such
as the Block Research group, New Fundamentals Re-
search group, Carrara Robotics, Odico andMatter De-
sign Studio. The focus of this research, however, is on
the design and fabrication of three sculptural proto-
types in relation to fabrication workflows and craft-
ing.

INTERLOCKING STRUCTURES
Interlocking assemblies in the construction indus-
try have gained acceptance for their versatility and
reduced labour costs in comparison to traditional
brick and mortar methods. The ease of assembly
and disassembly make using these mortar-less in-
terlocking blocks for arched and vaulted spaces ap-
propriate. As described by several researchers (Fal-
lacara, 2019)(Vella & Kotnik, 2016)(Estrin, 2014), the
relationship of stereotomy to topological interlock-
ing blocks was developed in the flat vault struc-
ture (Abeille’s vault) invented by Joseph Abeille in
1699. Estrin explains that the “medieval design
known as the Abeille’s vault, which is based on what
we would now call topological interlocking of trun-

cated tetrahedra....(‘Abeille-like’) and osteomorphic
blocks (‘Truchet-like’), are highly tolerant to local fail-
ures.” (Estrin, 2014) The use of interlocking wave
joints (Weir et al, 2016) are used for the following ex-
plorations in stereotomic crafting of self-supporting
stone structures.

STEREOTOMIC PROTOTYPES
In the context of stereotomic practice, advanced fab-
rication of interlocking wave geometry with wire-
cutting, waterjet and CNC milling processes has
opened new possibilities for crafting stone modules
with precision and efficiency. In relation to the spe-
cific prototypes produced during the digital stone
project workshop, the artists have “repurposed soft-
ware and machinery designed for the aerospace and
automotive industries to the humanistic purpose of
art.” (Isherwood, 2017)

The machines utilised to cut and craft the mate-
rial to the model specifications included a 7 axis ABB
Foundry robot arm with various end effectors. These
end effectors included a saw blade (Figure 1 and 2),
and diamond coated CNC milling tools (Figure 1), to
different sizes and thickness. The 7th axis was the
turntable in which the block of marble was mounted
with timber and plaster bases. The saw blade was at-
tached at the roughing stage of the block followed
by the carving CNC milling tools. Whilst the geome-
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try was modelled as ruled surfaces which can be fab-
ricated by an abrasive wire saw (Figure 1), the avail-
able machine was the CNC 7 axis milling robot which
produces more waste than the abrasive wire saw.
However, it was observed that the remaining mar-
ble dust from the machine goes into another facil-
ity whichmanufactures synthetic or composite stone
types. The following will describe the process of the
design and fabrication of three sculptural prototypes
basedonwave jointedblocks developed to ‘Catenary
Tales’ and ‘Archi-Twist’.

Design and Fabrication of Wave Jointed
Blocks
Thewaveform prototype joint designwas developed
through a process of iterative drawing which was
then parametrised in RHINOCEROS and GRASSHOP-
PER.Oneof themost significant aspects of this geom-
etry is that it is made from ‘ruled surfaces’ to accom-
modate fabrication methods with robotic wire cut-
ting. As a comparison study into EPS foamblocks and
natural stone blocks (Fernando et al, 2017), two simi-
lar geometries were fabricated with Gosford quarries
(Figure 2). This prototype demonstrates both poten-
tial for column and cantilever structural conditions.

These two blocks of interlocking wave geome-
try were simplified from the initial three blocks pro-
posed in the 3D model have a very similar work-
flow to the following prototypes ‘Catenary-Tales’ and
‘Archi-Twist’ in that a sawblade and CNCmillingwere
used as the main machines to process the sandstone
block. The model as shown (Figure 2) initially com-
prised of 3 blocks to be cut and carved, however, due
to machine time limitations, this was cut to 2 blocks.
Each block at scale 1:2 weighed approximately 12-15
kg and took 4 hours with 3 tool changes each. Mini-
mal hand sanding was applied at the final stage as a
finer abrasive diamond tool was used specifically for
the finishing stage.

Figure 2
Left: 3D model
render, Middle:
Fabrication of 2
modules with the
saw-blade, Right:
Exhibited
sandstone
prototype at the Tin
Sheds Gallery,
Sydney

Design and Fabrication of ‘Catenary Tales’
The concept for the development of ‘Catenary
Tales’ (2015) stemmed from an exploration of self-
supporting structures in natural stone. The sculp-
tural prototype is made from interlocking wave join-
ery in varying sizes of modules which engages with
the tensile strength of stone. The production process
involved the design in Sydney using 3D modelling
software RHINOCEROS and manufactured as part of
the Digital Stone Project workshop at Garfagnana In-
novazione in Italy using 7-axis robotic carving ma-
chines.

Figure 3
Left: 3D model
render, Middle:
Fabrication order,
machine and
assembly method,
Right: Final
exhibited Sculptural
prototype at the
Marble Codes
Exhibition in
Florence 2015

It aims to reform the value of ‘crafting’ through inno-
vative manufacturing technologies and sustainable
natural stone. A combination of machined and hand
finishes were applied (Figure 3) to the sculptural pro-
totype. The overall dimensions are 38 x 36 x 80 cm
and weighing at 60 Kg in total. The marble type is
similar to the colours chosen for ‘Archi-Twist’ which
include Bianco Acquamarina, Venato Orto di Donna
and Bardiglio Imperiale. The darker colours at the
basewhile the lighterCarraramarble at the topwhich
further contributed to highlight the complexity of
the geometry and material.
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The exhibited prototype ‘Catenary Tales’ was
successful in that through the collaboration of the
handand themachine, the realisationof the initial 3D
modelwasachieved. The specific factorswhichmade
it successful include the skill of the craftsman in order
to remediate themachine inconsistencies andperfor-
mance with the material. The skill of the fabrication
team and technicians to realise the 3D model into
physical reality involved many attempts especially if
there were cracks and fractures in the material. The
workflow of both the modelling and fabrication pro-
cess could have further integratedmethods of mate-
rial surveying and scanning. However, the focus was
on developing the skill of crafting and carving away
material from natural stone.

Constraints included a limited 25-hour machine
time for each prototypewhich affected both the final
scale andnumber ofmachinedparts. The initialmod-
elling process, however, could have benefited from
amore systematised approach to both the structural
analysis andmodellingwhichwas based on topolog-
ical modelling of scaled interlocking blocks. It can be
argued that the sculptural qualities and irregularities
which make the final product so interesting were at-
tributed to the inconsistencies in the model and ma-
chining process, together with material flaws. The
very controlledmodelling process of the ‘Archi-Twist’
prototype also included these machine and material
inconsistencies.

Design and Fabrication of ‘Archi-Twist’
The concept of the ‘Archi-Twist’ prototype designed
andmanufactured as part of theDigital Stone Project
is a twisted catenary arch comprised of innovative
modular interlockingwave joinerybasedon catenary
curvature. The method of geometry generation was
developed in an entirely parametric environment. In
contrast to using sinusoidal or interpolated curva-
ture (used in the initial wave jointed block geome-
try), catenary curvature for the interlockingwave am-
plitude has a higher contact surface area thus facil-
itating a better interlocking capacity. Furthermore,
the 180-degree twist of the bases of the arched struc-

ture was modelled for both aesthetic and structural
reasons due to the extent of the twisting capacity
of ruled surface joints. It not only tested the poten-
tial capacity of the wave joint contact surfaces but
also provided a stabilising mechanism for the overall
macro geometry of the arch (Figure 4).

Figure 4
Left: 3D rendering
of model, Middle:
cut blocks of stone
ready for hand
finishing and
assembly, Right:
Exhibited Sculpture
at the Digital Stone
Project exhibition
‘Metamorphic
Resonance’ in
Pietrasanta 2017.

Due to limitations in machine time which were
25 hours per project within the workshop setting,
the scale and number of blocks to be fabricated had
to be reduced from 7 parts to 5. Each part (Figure
4) was machined in approximately 5 hours includ-
ing tool changes. However, this was still not enough
as a final finished module as there was usually 1-
2 cm extra material left to sand by hand using the
power tools, grinders and hand sanding paper pro-
cesses (Figure 5) similar to processes used by tradi-
tional marble sculptors. The overall dimensions of
‘Archi-Twist’ were14 x 66 x 56 cm, weighing at 38kg
in total.

Toolpath generation in crafting process
With the introduction of six-axis robotic fabrication
methods, customised parts in complex shapes, semi-
automated fabrication of modules, and the serialisa-
tion of structurally efficient joints become affordable
and feasible. Factors such as robotic toolpaths can
further be explored in relation to crafting techniques.
Whilst the toolpaths for wire cutting were based on a
two-pass sequence to cut the block of stone or foam
based on efficiency and minimal wastage of mate-
rial, CNC milling toolpaths varied. In fact, the tool-
paths generated for many of the prototypes during
the Digital Stone Project workshop were integrated
as part of the design aesthetic to express the char-
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Figure 5
Hand Sanding,
finishing and
detailing processes
with professional
sculptors after the
machine cuts

acteristics of the toolpaths. In the specific cases of
the prototypes ‘Archi-Twist’ and ‘Catenary Tales’ the
robotic toolpaths were generated to allow for max-
imum machine and material tolerances to minimise
fractures in themoredelicate and thinner areas of the
model. These toolpaths become part of the ‘crafting’
method of the machine and the modeller. The use
of the machine tools is of assistance to the workflow
and process of crafting rather than being a replace-
ment for handcrafting techniques.

MATERIAL TOLERANCES
Tolerances are a major consideration to implement
in the early design phases. As the modules are ag-
gregated and assembled, their material and struc-
tural properties become relevant in themanner of as-
sembly and stability. It was found that the assembly
of just 2 blocks into a column or part cantilevering
structure was quite complex and dependant on the
material strength, density and geometry. EPS foam
has a higher tolerance than natural stone for mod-
ules to fit together. One observation was that sand-
stone processing took slightly less time than marble
at the same scale of CNCmilling 1:2 scale blocks. This
is due to the lower values in density and compres-
sive strength. The machine and method of cutting

further implicate tolerances in gaps between contact
surfaces. Generally, a 1-2cm tolerance gap was mod-
elled in before fabrication to allow for the final finish-
ing and fitting stages.

The advantage of this construction system is that
the modules are small enough to be lifted by a hu-
man. Many of the stone sculptures produced in the
Digital Stone workshop required the assistance of a
forklift to manoeuvre the stone, whereas the smaller
modular sculptures canbe transported relatively eas-
ily by hand. Hand finishing and detailing were an
important step in the crafting process where there
were professional stone craftsman and sculptors to
assist (Figure 5). One of the factors to consider in the
transportation of these modules was how fragile the
edges were. The sharp or thinner sections within the
contact surfaces and outer edges of the structure can
potentially chip away. This occurred also during the
machining stage where small fractures in the stone
were repaired using glue. In order for the parts to
fit together, the use of the carbon copy method (red
chalk on stone) by sculptors was employed to find
gapswithin the contact surfaces. Power tools such as
drimmels, sanders and small grinderswere utilised to
finish the prototype which was then polished for the
exhibition.
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The significance of the hand finishing process is
heightened as the need for the blocks to fit together
is of primary importance for these prototypes. The
freshly cut machined parts did not automatically fit
together as therewasextramaterial to accommodate
for machine andmaterial errors. The collaboration of
the hand and themachine is what makes this project
retain its artisanal qualities with the skill of hand fin-
ishing marble (Figure 5). Professional sculptors were
on hand to both teach and assist in the final finishing
stages so that the less experiencedartists anddesign-
ers can learn their craft of hand finishing and final de-
tailing. It also enabled the artists more time to ‘feel’
the stone and understand how it behaves and reacts
to certain conditions.

CONCLUSION
To reflect on this work, the initial aim of this re-
search was to generate new knowledge manifested
in the crating of a specific geometry of interlock-
ing modular arch structures in natural stone utiliz-
ing robotic technologies. The specific geometry in
the form of a wave block module was then aggre-
gated to formanarchitectural structure and/or space.
The success of the outcome was determined by the
relevance and usefulness of the generated knowl-
edge through structural constraints, material effi-
ciency and strength. A series of material prototypes
were created and exhibited both locally and inter-
nationally. The paper discusses the importance of
human labor and the artisan’s role in the field of
stereotomy during the fourth industrial revolution.
The argumentation is based on a collaborative ex-
perience between the human hand and machine at
the production of three prototypes sculpted with a
seven-axis robotic arm. A finalized prototyping re-
port of the three prototypes is outlined and its reflec-
tion on the contribution of human labor in an auto-
mated sculpting process.

This research has established the design criteria
andconstraintsof thedesigned interlockingmodules
including artisanal qualities anddesign intentions re-
lated to stone crafting. “Artisans of pre-industrial

times were not engineers; hence they did not use
mathematics to predict the behaviour of the struc-
tures they made. When they had talent they learned
intuitively, by trial and error” (Carpo, 2017). This
statement raises the question of how to integrate ar-
tisanal knowledge into emerging robotic fabrication
techniques formed by the 4th industrial revolution.
This research has shown that collaborative workflow
between the hand and themachine is required for ef-
fective, crafted and valued architectural outcomes.

FutureWork
The use of interlocking structures in the construction
industry has the potential to shape the design and
fabrication process due to efficient assembly and dis-
assembly techniques. This is, however, variant on the
geometry and framework of the method. An algo-
rithmic approach to the generation of interlocking
structures as proposed by Wang et al, 2018 is based
on representing “part relationships with a family of
base Directional Blocking Graphs and leverage effi-
cient graph analysis tools to compute an interlocking
arrangement of parts.” This facilitates a more com-
plex arrangement of parts which can be applied to
various materials such as timber. However the is-
sue of tolerances discussed in the prototypes above,
still apply and have to be accounted for. The exten-
sion of this research to be applicable to other mate-
rials such as timber further highlights the relevance
of stereotomic practice in architecture within the 4th
industrial revolution.
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