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Abstract. This investigation aims to develop and establish digital fabrication and
design techniques and protocols to process volcanic materials that have caused
significant environmental and social damage, using them to reconstruct new and
improved structures to replace those destroyed, palliating the negative effects of
volcanic eruptions and contributing a new economic resource to affected
communities. The study recovers underused material and explore its qualities,
recovering lost stonemasonry skills though advanced CNC and robotic
manufacturing.
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1

Introduction

As we have witnessed the progressively increasing frequency of natural disasters that
devastate both natural landscapes and man-made urban territory, we have realized that
volcanic eruptions are among the greatest threats. Chile is located on the Pacific Ring of
Fire (PROF), which concentrates ninety percent of the seismic activity on the planet and
eighty-one percent of the volcanic phenomena. In fact, the Chilean territory presents one
of the highest concentrations of volcanic presence in the world, with over 160 registered
volcanoes and around 90 estimated active volcanoes permanently monitored. We have
experienced a number of eruptions in the past decade, often with devastating results, in
terms of both human distress and suffering and material and territorial loss, as on average
there is a volcanic event every 3.5 years in our territory. According to the Volcanic
Threats Map of Chile [1] out of the 15 Regions of Chilean territory, only two of them are
exempt from volcanic activity currently being monitored. These threats are scattered all
over the territory along the Andean mountains (Fig.1), particularly concentrating in the
15th and 2nd Regions in the north, and in the Metropolitan through 10th Regions in the
center-south. For the purpose of this study we have chosen the Villarrica Volcano due to
its convenient accessibility, known and stable current status and personal on-site
experience. Its proximity to populated areas and its active behavior in the past years
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makes it both a suitable case study and a fresh source of pyroclastic material. Located at
the border that separates the 9th from the 14th Region, Villarrica Volcano has registered 50
eruptions (90 estimated but less documented) and has erupted in recent years (1984, 1985,
2015) [2], endangering surrounding populated areas and causing around one hundred
casualties just in the 20th century. Damage, evacuation and relocation of settlements and
smaller rural localities have also resulted from Villarica’s eruptions. Beyond this
particular case study though, the ultimate goal is to develop methods that could be adapted
and deployed to specific conditions and locations on a national scale as required by
volcanic events or social demand, since they are so widely spread over the territory.

Fig.1. High risk volcanoes map. Source: SERNAGEOMIN

1.1

Objectives

This research focuses on the advantages of combining underused material with CNC and
robotic technologies to produce a construction component and system; the design focus
centers on creating sound components and assemblies that allow for connections between
(preliminary at this stage of the research) perpendicular and/or coplanar structures. Taking
into account the unpredictability of site locations and the critical and complex logistical
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variables within a post-disaster reconstruction process, and therefore the implementation
of these methods in relation to disaster recovery strategies and reconstruction strategies,
our three main objectives are:




To assess developable capacities for working and/or handling the material in
non-industrialized environments. Turning a detrimental and wasted material into
a productive resource.
To evaluate material properties and technical properties of assembly systems.
Confirming mechanical quality of components and systems.
To enhance structural and material qualities of reconstructed structures and
dwellings in relation to pre-existing structures. Refinement of structural
assemblies and improvement of material qualities through finishing. Adding
value to raw material.

We understand and are fully aware that we have left out an important aspect of the
architectonic strategy, at least to this point: Spatial and Formal explorations given the new
materials and systems. We are focusing for now on setting the basic parameters and
confirming the material properties of both components and basic assemblies. We intend to
pursue different paths in terms of architectural expression and explorations at a later stage,
once we have firmly established these initial foundations.
1.2

Historical Context

While volcanic rock was quarried in the past, particularly during 19 th and early 20th
centuries in areas close to PROF, and was used as walling and building material (Nathan,
Hayward, 2013) [3], it was a time when labour was cheaper and stonemasonry was still a
relevant building technology and trade. Stonemasonry is one of the oldest building
techniques, but it is time and labor intensive and has limitations as a construction system
due to the weight of the parts, low insulation capacity and spanning dimensions. The
availability and inexpensiveness of timber eventually lead to a loss of skilled labor in
relation to stonemasonry [4]. While vernacular construction often utilized volcanic rock as
a construction material, with the emergence of industrialized and standardized materials in
modern and contemporary markets, the use of stone, and in particular of volcanic rock,
has moved to façade or veneering applications, or to ornate and decorative elements.
Off the Portuguese coast, in the Azores, traditional construction methods make use of
volcanic materials as a means of adapting to local conditions. Located along the Terceira
Rift (where the Eurasian and African plates meet), the nine islands making up the Azores
are of volcanic origin. An important feature of the region is Pico Volcano, at 2351 meters
high. Seismic and volcanic events occur frequently among the islands and have given rise
to strategies that make use of volcanic rock as a construction material, whether for main,
structural purposes or for complementary techniques. Under these conditions, construction
criteria have been established using masonry with stones or with reinforced concrete for
vertical components. Records from before the most recent earthquake that occurred in the
middle of the island (affecting Faial, Pico and São Jorge) showed that more than 50% of
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local buildings on Faial (vertical structures or load-bearing walls) were built of stone,
while 30% were made of a combination of reinforced concrete and stone, both of which
were complemented with roofs structures built of lighter materials such as wooden
trusses. With the irregular shapes of the stones, whose width averages 60 to 70 cm, the
strategy is to use volcanic debris bound with clay and mud to even out the differences
(Fig. 2). A variety of clayey materials are also used to finish these structures, stucco-like,
in thicknesses of no more than 2 cm [5].

Fig. 2. Types of external stone masonry walls, Azores. Source: [5]

New robotic technologies and digital fabrication techniques allow for more efficient
processing of the raw materials, development of parametric joints and assembly systems,
automating manufacturing processes and in addition obtaining a finishing quality that
greatly surpasses previous results adding value to solutions and new aesthetics
possibilities to designers. Our focus on a particular type of volcanic rock, scoria, which is
highly porous and therefore lightweight, reduces weight issues for transportation,
processing, structural concerns and final assembly. It also increases the insulation
properties of the built structures. Finally, by controlling the finishing of the pieces ranging
from completely raw and abrasive appearance through coarse but planar finish all the way
to a highly polished and reflective surface, a residual material can be turned into a
performative and elegant structure.
2

Methods

This ongoing research proposes a novel approach that emerges as a reflection on the
current state of disaster relief strategies, but that can potentially expand much further by
focusing on material tactics that incorporate and use the solidified molten rock and
pyroclastic flows that were majorly responsible for the damages caused to populations and
settlements in the first place. A combination of robotic manufacturing algorithms and
parametric design of modular systems transform highly abrasive volcanic rock into a
smart, lightweight, insulating and structural system that can be used to reconstruct the
housing units of those who lost everything under that same fluid volcanic material.
Volcanic rocks have widely different characteristics depending on their location,
composition, type of volcanic event, and other factors. Among them, the depth at which

446 - CAADFutures 17

the original material is found and the way in which it is melted, expelled to the surface
and formed will define the different properties this material will have. Basalt stones are
made up of materials of high density and strength, depending on their level of open
porosity. Alternatively, pyroclastic rocks are formed by fragments of materials with
different characteristics, such as grain size and textures and with high levels of porosity
and low densities. This paper studies a basaltic type of pyroclastic rock [6] because of its
compressive strength and light weight due to its open porosity.
2.1

Tooling / Machining Setup



2.2

Multicam Classic Series D 3 Axis CNC Router. Range of movement at X axis:
1 – 2440mm, Y axis: 0 – 1200mm, and Z axis: 0 – 110mm. Flat tip diamond drill
bit Ø1/4” (6.35mm). Routine programmed in RhinoCAM v.2.0.
Kuka KR 180 R2500 robotic arm. Maximum length 2500mm. On a linear axis
3860mm long. Bosch angle grinder with 4.5” flange-mounted diamond disc.
Routine programmed in Rhinoceros v.5.0 / Grasshopper v.0.9.0076 / Kuka|prc by
Johannes Braumann.
Experimental Test Setup

To determine which tool is best adapted to working with the material and to compare the
two, a cutting/grinding routine is performed to assess best work speeds and optimum
finishing levels for each batch (Fig. 3). Once these parameters are established, the most
appropriate combination of variables for the proposal is determined for each tool. The
work (milling) area to be tested measures 10mm wide x 50mm long with a depth of
10mm. That is, we associate the work area with a socket component of the assembly
system. A similar milling strategy is established for both diamond tools, which is to
generate a set of lines that are parallel to each other and cover the work area. The distance
between the lines varies according to the width or diameter of the tool, which is 6.35mm
for the drill bit and 2mm for the disc.

Fig. 3. Socket component test setup. Socket area to test + Routine path.
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Although there are studies that have tested stone-based materials in cutting and milling
routines [7-8] in order to establish certain characteristics of how the tool has interacted
with the material in the past, determining progress speed, cutting depth, etc., it is difficult
to validate previous results with the material being studied in this research due to its
composition. That is, the average grain size or porosity may be determined but, due to the
anisotropy of the material, it is impossible to anticipate how it might react, for example, to
the amount of pressure the tool exerts on the material. From this criterion, and based on
observations of the mechanical behavior of the material as the tool moves along its path, it
has been determined that the diamond disc has a better time/definition ratio; that is, it is
faster and has a better level of detail. Regardless of the fact that, given its diameter, the
drill bit can cover a larger work area, the vibrations generated by the tool on the material
require that both the speed and cut depth be reduced in order to generate less mechanical
stress that could produce fissures and/or cracks in the block, or uneven disaggregation of
the material, that is, the expulsion of particles (grains) of varying size that do not allow for
well-defined joints.
Table 1. Average progress configuration

Tool
Flat tip diamond drill bit ø ¼”
Diamond disc 4.5”

R.p.m
1.000*
11.000*

Cut Depth (mm)
0.5
10

Cut Speed
1% of 2000mm/m
5% of 1m/s

*Minimum configuration **Default (and only) configuration

2.3

Processing Phases

The methods that we developed to produce the blocks that constitute the construction
system, start by defining a digital design and fabrication strategy involving proportions,
shapes of each recovered volcanic rock to be turned into brick components, kinds of tools
to use, mechanical aspects of the material, and specific anisomorphisms on the material
stock. After determining which tool is most appropriate for working with the volcanic
material, processes must then be designed to transform the stone from a raw material, one
that is irregular in both shape and porosity, into a construction component. To attain this
goal, we have established three stages of material handling, starting with a process whose
purpose is to obtain optimal sizes for future processing. This first phase involves
laminating (Fig. 4) the basic shape to reduce the degree of intervention with the stone and
standardize the process with the new shapes.
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Fig. 4. First cutting test.

In the second stage, each brick to be used in construction is produced, focusing on how to
streamline the steps in the milling process by using intelligent outlining that will then be
followed by the tool to complete the work. Finally, the material is polished to give it a
finish that enhances the texture of the stone, contrasting its raw, irregular face with a
sophisticated, elegant surface. These phases are developed from an understanding of the
form to be built, that is, the components of the vertical structure. The design varies
depending on the role of each component (brick) in the structure and how they interact
with each other. As a design exercise, a determination is made of what blocks and/or
bricks are to be used to build coplanar and perpendicular structures using side and frontal
joining. This parameterization in designing the wall determines the formal relationship
among the different components while providing information for the subsequent
manufacturing process. Finally, a simulation is done to determine what mistakes might be
made by the robotic arm or to observe and correct outlines in the different cutting
processes.
2.4

Digital Design and Fabrication Strategies

Given the constraints assumed in the objectives of this research, a digital strategy is
developed using a design based on two variables: optimizing materials and generating
simple geometries which will ease construction and assembly time.
2.4.1 Digitalization and Nesting
One of the factors to take into account when working with a material whose process, both
in formation and in extraction, cannot be repeated and/or equaled, is the geometric
consistent result of each of the samples prepared. That is, due to environmental (natural)
variables that influence the formation of the material, or to the process used in extracting
the material to transport it to the work space, it is very difficult to know ahead of time the
base block format (size and/or proportions) that one will be working with. Therefore, a
strategy is established to optimize or adapt the variables mentioned above and to make the
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most of the properties of the block extracted (Fig. 5). The first decision considers how to
split a geometric form without an orthogonal perimeter; that is, the optimization strategy
seeks a minimum loss of material, considering the initial geometry to be extracted from
the base block.

Fig. 5. Digitalization process.

Each block is photographed from above to obtain its vectored perimeter. The photographs
were subsequently digitalized, enabling us to enter the shape of each base block into the
computer. There, the information from the resulting digital outline will then be translated
into cutting routines for the robotic arm.
The organization, or subdivision, of the base block must take on the shape of the brick
that is ultimately sought and that will form part of the structure to be built. The reference
for this first subdivision is the total height of the brick. A series of mutually parallel lines
are then projected onto the area whose perimeter was obtained from the digitalization of
the aerial images. This is done through digital iterations drawn in Rhinoceros 5.0 and
Grasshopper 0.9.0076 which makes it possible, in real time, to rule out options with less
material optimization and to identify those with reduced levels of loss.
2.4.2

Joints Design

Unlike the process described above, which performs a uniform pattern, cutting lines
(axes) throughout the length/area of a certain irregular geometry, that is, unidirectional
lines, the joints design is developed to work on surfaces and with multidirectional
geometries (Fig.6). The latter constitute a challenging aspect for the join system protocol
which, in a subsequent process, will have to be precision mechanized. There are formal
aspects to keep in mind based on the knowledge of the tool to be used, such as what type
of geometry can be obtained with a specific type of diamond coated aerated disc
(regardless of its diameter), that is, a design based on the manufacturing process. This is
used to determine the rules of design in order to optimize the process.
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Being a unidirectional work tool, the joint components must have orthogonal
geometry.
The geometries must consider the circular shape of the tool and avoid both
interior orthogonal and concave outlines such as, for example, a socket
component that does not extend the entire length of the brick.

Fig. 6. Types of bricks. End wall. / Intermediate. / Perpendicular joint.

2.4.3 Digital Fabrication Strategies
A fabrication methodology is established based on the simple designs pursued. The
methodology is organized in three scale levels, starting with working the rough block,
with no previous handling and/or intervention other than the extraction process. This is
followed by the interior machining of the bricks, that is, the joints that build the selfsupporting structure and, finally, the finishing of the interior and exterior of each item.
2.4.4 Cutting Process
Given the formal characteristics of the stock to be worked with, that is, the lack of
previous knowledge of the size and shape of the material, what is proposed, in this first
stage of milling, is a sandbox/molding that can adapt to the rough block on a horizontal
plane. Given the texture and/or roughness of the material, this avoids placing the block
directly on the work table and thus avoids the rocking inherent in the block during the
cutting routine due to the vertical pressure exerted by the disc.
Once the base block to be worked has been stabilized on the horizontal plane, cuts are
made following the pattern of parallel lines drawn during the design phase, extracting
layers of material. During this cutting process, it is important that the work tool, the
diamond disc, have a radius larger than the thickness of the block to be cut due to the need
to perform the cutting routine on only one side. This avoids having to turn the block since,
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knowing its irregular format, it is highly improbable that a precise record can be generated
that keeps the cutting axis the same on both sides.
2.4.5 Roughing Process
When the areas to be milled have been determined in the design phase, it is important to
take into account factors that will subsequently have an effect on the self-supporting
aspect of the structure. That is, despite the fact that the system can be complemented with
a binder at a future stage, the outlining and/or path that the disc will follow must consider
the tolerances among the joint system components and avoid excessive friction between
the vertical planes that make up the dovetail system of each brick at the time of final
mounting. Among the possible consequences are the fracture and/or cracking of the
material, or an excessive tolerance between the parts making up for an unstable joint
propagating this instability throughout the structure.

Fig. 7. From brick design to roughing path.

The area to be milled must be along a path formed by parallel lines whose distance apart
is determined by the width of the tool. However, the separation between the segments
making up the pattern to be followed must be less than the thickness of the disc, thus
avoiding rough areas that exceed the work plane and do not allow the structure to work
properly after the final mounting.
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Fig. 8. Peg and socket joints first roughing test. Front / Back views.

2.4.5 Finishing (polishing) Process
We previously discussed the texture of the base material in terms of the problem of how
to place an irregular shape on a horizontal plane for it to be worked. Once we have
processed the material, milled the base block and machined its joint sections, the purpose
of the finishing phase is to take advantage of its texture, or how the roughness and/or
porosity enhance the final structure by contrasting the irregularities of the original
material with the smooth areas. Exterior/interior conditions are established with a
different surface treatment for each. The process starts with a manual phase in which
porosities must be leveled out in order to create a smooth plane using a marble filler, a
product used in the marble industry to finish blocks with fissures and/or cracks with
which all of the pores disappear.
While the use of robotic arms in manufacturing (on a smaller or larger scale) has a
comparative advantage over manual work, that is, less production time, greater capacity to
automate processes, etc., manual processes have an advantage over automated ones in
procedures that require a certain tactile sensitivity [12]. In its work routine up to the
current state of the experiment, the machine cannot be programmed to provide a sensible
solution or provide sensitivity criteria to determine whether the work was completed
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properly, but can only follow instructions based on previously programmed codes. A
feedback mechanism based on image capturing/processing might apply, but is ruled out
for now and postponed for future work. With the manual process complete, the robotic
arm is adapted to generate a smoothing routine to extract the excess material previously
worked, using abrasive discs that, with increasingly fine grain, prepare the area for the
upcoming polishing process.
Here, the only requirement is the co-planarity of the pores that have been filled and the
surface of the rock that has been worked.
Depending on the final thickness of the filler, and once it is dry, depth criteria is
determined so that each disc can come down and perform its routine.
Finally, polishing takes place along the same horizontal path used by the abrasive disc
(milling). In this phase, a stone-polishing machine has been mounted onto the robot
which, using a constant flow of water and a set of diamond discs used especially to
perform this finishing work and whose grain size varies from 50 to 6000, works in such a
way that the friction generates changes in the sharpness of the block, finishing the process
with a brick that has one rough, untreated side, and another polished side (Fig. 9).

Fig. 9. Polishing setup. / First polishing results.

The final result is a brick that can vary from a rough, coarse, aggressive yet natural
aesthetic, through a porous ceramic component all the way to a mirror-like, marble-type,
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highly refined and elegant architectural material. This is a process that, ironically,
transforms detritus and waste to a structural luxury material within a disaster recovery
housing context.
3

Discussion

Disaster recovery usually implies emergency policies of reconstruction, shipping prefab
structures to site, adding cost, and neglecting structural and material quality of the housing
solutions provided. Our proposal is to utilize material available on site at no cost (which,
in fact would require removal for recovery or even for soil remediation) and to create
structurally sound, energy efficient, and materially generous architectural solutions using
a flexible modular system of interlocking stone blocks (Fig. 10). We have seen a number
of studies emerging in the recent past using parametric design and computer controlled
fabrication [7-11] applied to stone as a return to old techniques with new and innovative
technologies. Here we aim to target an under-studied material, developing custom
techniques to process it, while contributing to the expansion of digital fabrication
knowledge to help serve a social cause.

Fig. 10. Vertical structure prototype. Front / Back views.
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