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Summary: Three-dimensional modelling, structural analysis and optimization, as well as computer aided manufacturing greatly simplify the design 
and production of structural surfaces. Still, information exchange between these advanced tools for design, engineering and production is typically 
discontinuous as it requires conversion of information. Therefore, this compartmentalization of the process reduces the effectiveness of CAD-CAM 
systems. This paper presents an attempt to produce an integrated and continuous workflow for design and manufacturing of structural surfaces that 
combines form-finding, surface tessellation and panelization with robotic assembly. The aim of this approach is to increase the efficiency and 
feasibility of reinforced ceramics structural surfaces. The paper describes background research, concept, form-finding and construction process, 
methodology, results and conclusions. 
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1. INTRODUCTION 

Within the field of digital design and fabrication, structural surfaces 
have a gained prominence as field of inquiry since they constitute a 
realm that threads formal exploration, structural optimization and 
innovation in construction. Powerful computational environments push 
forward the design and calculation of structural surfaces, while digital 
fabrication offers precise tools to translate three-dimensional forms into 
physical reality.  

Significant research is being conducted on a variety of topics, some 
studied as digital precedents for this research. These include: form-
finding tools for compression-only structural surfaces by Philippe Block, 
panelization tools by Evolute, structural analysis tools by Panagiotis 
Michalatos, robotic formwork by Adapa and robotic fabrication by 
Gramazio and Kohler, see Fig. 1. These initiatives are focused on 
specific topics and the goal of the research presented in this paper is to 
test possible integrations of these techniques to the specifics of 
reinforced ceramics shells.  

 

Fig. 1. Examples of ongoing research in form-finding, tessellation, 
structural analysis, and robotic fabrication 

This investigation was developed following two main lines of research. 
The first approach aims to introduce construction variables into digital 
models, in order to embed the material and assembly information needed 
for the fabrication phase. The importance of this was extensively 
discussed by Gramazio and Kohler [1]. In this direction, this research 
develops a tectonic system by actively engaging with material and 
fabrication explorations on ceramic materials and assembly of shells. 
The second approach focuses on the development and testing of an 
integrated design-to-fabrication process that can be tailored for the 
specific requirements of this building technique.  

The paper first presents a brief survey of ceramics structural surfaces, 
then explains the proposed reinforced ceramic material system and 
describes the digital workflow. Finally, the paper ends with a description 
of material experimentations and the conclusions reached though this 
research. 

2. REINFORCED CERAMICS SHELL STRUCTURES 

Structural surfaces have always been admired due to their lightness, 
elegance and material efficiency. For certain scenarios, the use 
reinforced ceramics can be more suitable than concrete shells. This 
technique has lower weight and subsequently reduced need for 
reinforcement, as well as the unique quality of its finishing. After a 
period of development, with milestones in the work of Rafael 
Guastavino and Eladio Dieste, ceramic structural surfaces became 
unaffordable and their use is today almost non-existent [2] [3]. The main 
reasons for their current disuse include the necessity for expensive 
formworks, in the case of Dieste, and intensive and skilled hand-labor in 
both Dieste and Guastavino [4].  

Contemporary use of ceramic structural surfaces exists -albeit very 
infrequent- in locations where hand-labor is more affordable. The case 
of Solano Benitez in Paraguay is particularly compelling in its use of 
panelization strategies that simplify the use of formwork and 
scaffolding.  

 

Fig. 2. Example of the work by Guastavino (a), Dieste (b) and Solano 
Benitez (c) 

In this scenario, the use of advanced digital tools in close association 
with specific fabrication methods can produce feasible design and 
construction systems, which can contribute to understand and overcome 
some of the current limitations of structural surfaces. Applications of 
digital tools for structural assessment of tile vaulting proved useful in 
recent studies by Ramage, Ochsendorf and Block [5], and in the 
development of form-finding tools and fabrication experiments with 
masonry at ETH. However, these studies cover only isolated aspects of 
the design and fabrication workflow, they deal with compression only 
surfaces and they rely on intensive hand-labor. 

In addition, this research is in line with current move of architectural 
language beyond rationalistic and straight lines. Today, as formal 
sensitivity reappraises complex curved geometries, digital tools for 
design and fabrication are capable of reducing the technical limitations 
and make structural surfaces feasible again [6].  
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3. TECTONIC TESSELLATIONS 

This research develops an integrated digital workflow that combines 
form-finding surface tessellation and panelization with robotic assembly 
as a method to enhance the design and fabrication of structural surfaces. 
As an application, the research studies reinforced ceramics and tests if 
the proposed workflow can overcome the specific limitations of this 
building technique, particularly the requirements for expensive 
formworks and extensive on-site work. . In the past years, the use of 
digital tools to assemble identical modules into complex formations has 
achieved significant results for loadbearing walls. Expanding this line of 
research, the proposed fabrication system carries module-aggregation 
fabrication into the production of structural surfaces.  

 

Fig. 3. Tectonic Tessellations’ integrated and continuous workflow.  

The investigation proposes a new construction process for ceramic shells 
that reduces the necessities of complex formworks and on-site 
manufacturing, while taking advantage of the lightness and unique 
interior finishing of ceramics. Fabrication of reinforced ceramic panels 
in a controlled environment using precise CNC equipment diminishes 
the requirements of skilled hand labor. On-site assembly is therefore 
significantly simplified, lowering the number of elements involved in 
the process from thousands to dozens, and minimizing the complexity of 
scaffolding. 

4. MATERIAL DEVELOPMENT 

4.1. Module 

The research starts with the study of ceramic structural surfaces from the 
small scale of the ceramic components, aiming to design a piece that 
solves as many tectonic issues as possible. The whole system uses only 
two triangular ceramic pieces that provide structural resistance, refined 
surface finishing, and formwork for a thin reinforced-concrete layer. 

 

Fig. 4. Design of the ceramic component (a) and its basic      
proliferation (b) 

The modules were designed to create a continuous ceramic surface on 
the interior side and to provide space for steel reinforcement and 
concrete mortar on the exterior side. Accordingly the pieces have an 
overlapping lip detail which allows for rotation and relative 
displacement between pieces while accommodating for surface 
curvature when the pieces are proliferated. The interlocking detail of the 
two pieces accepts a rotation of +/- 22°, see Fig 4, and its grouping 
allows for surfaces with different types of curvature from flat to 
anticlastic.  

Regarding their manufacturing, two fabrication techniques were 
explored: slip casting and clay pressing, which is more suitable for 
industrial production, see Fig. 5. 

 

Fig. 5. Two production methods for the ceramic components: Slip 
Casting and Soft Mud Pressing 

4.2. Proliferation 

By using the overlapping lip detail described in section 4.1, the modules 
can proliferate in a triangular pattern over the base surface that 
accommodates the ceramic components of the system. Fig. 4b shows a 
typical arrangement of the pieces. Afterwards, the surface is subdivided 
into panels and each of them is individually assembled in a shop. To 
make panels out of the triangular pieces, rebars are added in-between the 
two different units and concrete is poured on the top of them to fill the 
gaps. The use of robotic assembly determines the need of a minimum 
and none necessarily expert hand-labor. Hence, panelization strategies 
reduce the requirements of formwork and on-site work.  

4.3. Assembly 

Once panels are finished, they become self-supporting components that 
can be placed on their final position on-site using simple scaffolding and 
light machinery, since the weight of each panel is less than 200 kg., see 
Fig. 6. 

 

Fig. 6. The assembly sequence of the panels requires simple scaffolding 
and machinery 

Two strategies for connection of the panels provide structural and visual 
cohesiveness to the shell. First, the seam between panels follows the 
same detail as between pieces, creating a continuous surface to one side 
and securing the space for concrete casting. Second, rebars on each 
panel extend to fit into the adjacent panel. Fig. 7 illustrates this 
procedure.  

 

Fig. 7. Connection between panels is achieved with overlapping 
reinforcement and on site casting 
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The panels are assembled on-site using minimum scaffolding, consisting 
of simple supports under each vertex of the panel. Once they are in 
place, concrete is poured along the joint edges to create a continuous 
structural surface, see Fig. 8a. 

Finally, in the cases in which post-tensioning is needed, a second thin 
layer of reinforced concrete is cast on site, see Fig. 8b. 

 

Fig. 8. Connection between panels for compression only surfaces (a) and 
for shell structures (b) 

 

5. DIGITAL WORKFLOW 

The proposed system required customization of several digital tools. The 
complete design-to-fabrication process was integrated in a single digital 
workflow, based on McNeel Grasshopper for Rhinoceros. For this 
purpose, several components were specially written using Microsoft C# 
modules. 

5.1. Form Finding 

The design and fabrication sequence starts with the parametric definition 
of a base surface and the study of its structural performance. The project 
looks at compression-only surfaces, in which form-finding has been 
more widely tested by Killian and Ochsendorf as a a digital version of 
hanging models [7]. For this purpose, a particle-spring system 
component was programmed to estimate compression-only forms and 
the resulting surface served as base for geometric tessellation and 
robotic placement of the triangular ceramic pieces, see Fig. 9.  

 

Fig. 9. Form-finding for compression only structures using hanging 
models 

5.2. Structural Analysis 

A preliminary study of the structural performance was incorporated to 
the digital workflow and served as a first verification and as hint for 
tessellation and panelization strategies. Calculations were done using 
Millipede™, a Mc Neel Grasshopper component developed by Sawapan 
(Panagiotis Michalatos and Sawako Kaijima). This set of tools is aimed 
to the analysis and optimization of structures using a library of very fast 
structural analysis algorithms for linear elastic systems, see Fig. 10. 

 Fig. 10. FEA using Millipede™ for McNeel Grasshopper. 

5.3. Tessellation 

The resulting surface, subdivided into a triangular pattern, 
accommodates the ceramic components of the system. Throughout an 
iterative process and by applying different optimization strategies, not 
only the side length difference is reduced to the minimum, but also the 
irregular triangles are distributed in a more predictible way, see Fig. 11. 

 

  

Fig. 11. Optimization of the tessellation in order to reduce the 
irregularity of the triangular mesh 

5.4. Panelization 

The tessellated surface is discretized into panels, which simplifies the 
assembly of the structure on-site. Following different strategies, various 
patterns were tested regarding of structure performance and assembly 
feasibility, see Fig. 12. 

 

Fig. 12. Optimization of the tessellation in order to reduce the 
irregularity of the triangular mesh 

5.5. Robotic Fabrication 

The geometrical information of each panel provides the input for a 
customized McNeel Grasshopper script that generates the ABB Rapid-
Code for the robotic configuration of the formwork and the pick-and-
place of the pieces. 

5.5.1.Formwork 

These complex-geometry panels are fabricated in a controlled shop 
environment using a CNC robotic arm. The assembly sequence involves 
a two-step fabrication: off-site panel manufacturing and on-site 
assembly. Because the ceramic pieces are already the finishing surface, 
the formwork does not require being smooth –as needed with reinforced 
concrete. 

In order to materialize the unique formwork for each panel, recyclable 
materials were tested, including CO2-sand and EPS, using robotic 
milling to shape them. The execution of a small pick-and-place tests 
showed satisfactory precision for both methods. Nonetheless, the 
amount of energy, time and wasted material involved in the recycling 
process guided this investigation to search for more efficient methods. 

The research was focused on reusable formworks. First, a Pin Mold 
developed in a previous GSD research was adapted to create an 
adaptable support for the panels by the pressing action of the robot over 
the linear elements. Currently, another customizable magnetic and 
telescopic system is under development with prospect of being more 
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efficient in terms of time and initial cost. The robotic arm will place the 
pins according with the position of the module' vertexes and then lift 
each telescopic element to reach the desire position. The pins create the 
panel support surface. All the formwork alternatives are shown in Fig. 
13.  

 

Fig. 13. Formwork tests: Sand milling, EPS milling, adjustable pin-mold 
and magnetic adjustable support 

5.5.2. Pick and Place 

The instructions for the robotic placement of the ceramic pieces over the 
formwork are created directly from the three dimensional model using a 
custom script. The robot picks up the pieces and places them in their 
correct position, placing first the pieces with the lower lip and then the 
pieces with the upper lip, using a suction cap, see Fig. 14.  

 

Fig. 14. Robotic pick and place of the ceramic components 

Once the pieces are laid over the formwork, the panel is ready to receive 
small reinforcement bars and cast the concrete mortar between the 
pieces. Fig. 15 shows the fabrication process from the pick and place to 
the final connection of two panels 

 

Fig. 15. Robotic pick and place, reinforcement and concrete casting 

6. PROTOTYPES 

Several prototypes of ceramic pieces, panels and assemblies provided 
material information for the development of this research project. As a 
first proof of concept, a full-scale prototype tested the complete design 
and fabrication workflow. This prototype tests the assembly of two 
panels within a large shell. Figure 15 shows the assembly sequence 
including the milled formwork, robotic placement, laying of rebars, 
casting of first layer of concrete, panel interlocking and second layer of 
concrete. Figures 16 reveal the delicate finishing achieved in the final 
prototype, as well as its self-supporting capability. That figure also 
includes a variety of ceramic pieces, which were developed to add 
variations to the interior space, providing texture and light entrances.  

 

Fig. 16. Prototypes of ceramic components, assembly method and full-
scale mock-up that combines two panels  

7. CONCLUSION 

This approach is grounded on a set of computational methods that allow 
designers to understand, describe and generate geometrical complexity. 
Correspondingly, analysis and simulations enables to anticipate the 
relationship between formal expression and the behavior of materials 
and spaces, while digital fabrication facilitates the production of precise, 
non-standard components. When these methods are interwoven in a 
continuous workflow, fabrication information can retrofit the design of 
tectonic systems to produce a wider range of design possibilities and a 
faster pace of fabrication. 

As specific research, Tectonic Tessellations shows initial feasibility for 
an integrated digital design and fabrication workflow for reinforced 
ceramic structural surfaces. Panelization and CNC fabrication proved to 
be useful to reduce the need for skilled hand-labor and on-site workload, 
main obstacles for structural surfaces. Additionally, the research 
proposes two reusable alternatives to EPS formwork: sand and pin-
molds, both tested on a smaller scale. The final prototype proves that the 
proposed workflow is feasible and that the unique finishing of ceramics 
is a viable option today. 

On a broader perspective, this investigation proposes a framework for 
the development of new efficient, adaptive and feasible structural 
systems, attainable only through integrated use of digital design and 
fabrication. Instrumentally, the set of tools and workflows developed for 
this project can contribute with the development and reinvigoration of 
different tectonic systems, expanding beyond the design procedure for a 
specific case study. 

8. ONGOING DEVELOPMENT 

This project, which started as a student work, constitutes a first proof 
that a continuous digital workflow can improve the efficiency in the 
production of reinforced ceramic shells. However, the larger ambition of 
the project is to achieve a fully operational system capable of aiding the 
design and production of efficient ceramic structural surfaces. In this 
direction, significant further developments are essential. 

A team led by Professor Martin Bechthold (Harvard GSD) and Andreas 
Trummer (TU Graz) is currently investigating crucial aspects: detailed 
structural analysis both at the scale of the surface and the scale of the 
ceramic piece, industrial production of ceramic pieces and on-site 
assembly. As a working prototype, a full scale pavilion was designed 
and is intended to be built in the backyard of Gund Hall, Harvard GSD, 
Cambridge, MA, USA. Its construction will require around 120 ceramic 
pieces, which will be four times bigger than the ones presented in this 
paper. 

Additional research areas include: procedures for bending and lying of 
rebars and pouring of concrete, on-site assembly sequence, which 
includes transportation, placement and scaffolding, panelization 
strategies and reusable formworks. 
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