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Abstract 

Building on a large scale with Additive Manufacturing (AM) is one of the biggest manufacturing 

challenges of our time. In the last decade, the proliferation of 3D printing has allowed architects and 

engineers to imagine and develop constructions that can be produced additively. However, questions 

about the convenience of using this technology, and whether additive large-scale constructions can be 

feasible, efficient and sustainable are still open. In this research 3D printing is considered not as a 

question, but as an answer to the increasing scarcity of material resources in the construction industry. 

This paper illustrates the overarching process from concept to the realisation of the Trabeculae 

Pavilion, a load-responsive architecture that is entirely designed and optimized for 3D printing, using 

Fused Filament Fabrication (FFF) - one of the most cost-effective additive techniques of production. 

The research methodology is based on a multi-scale computational workflow that integrates several 

aspects, such as material testing, bio-inspired design algorithms, multi-criteria optimization, and 

production management. The work culminates in the construction process of a full-scale architectural 

prototype; an anticlastic shell that features a cellular structure with increased material and structural 

efficiency. 

 

Keywords: Load-Responsive, Fused Filament Fabrication, Additive Manufacturing, Digital 

Fabrication, Computational Design 

 

1. Introduction 

Novel fabrication and construction technologies have always been activators for design innovation in 

the field of architecture. The emerging technologies of our contemporaneity not only extend the 

potential of what can be produced and designed but more importantly challenge the understanding of 

the origin of architecture, construction and space. Historically, ‘design creativity’ was mainly 

expressed through the act of drawing, whereas material was considered only a final ‘coating’ of the 

design process rather than its actual driver (Menges, 2012). Nowadays, the increasing interest in 

scaling Additive Manufacturing (AM) for construction has extended the limits of the design practice 

and the concept of architectural materialization, through novel methods for fast and highly controlled 

manufacturing processes (Fig.1).  
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Figure 1: Fabrication process of a cellular component with Fused Deposition Modelling 

 

1.1 Material-Efficient Constructions with Additive Manufacturing 

Within the scope of this research, AM has been considered as the technology with the highest intrinsic 

potential to resolve one of the greatest challenges of our time: the overconsumption of non-renewable 

resources. Processes of industrialization and urbanization at the global level are impacting 

dramatically the quantity of exhaustible materials employed in the construction of contemporary 

cities. The building construction sector is responsible, directly or indirectly, for more than 80% of 

total CO2 emissions, 26% of energy consumption and 28.5% of greenhouse gases produced in the EU 

27, as 56% of the energy used is still generated by fossil fuels (Stark et al. 2017). 

 

The predicted increase of the global population in the next decades implies the need for rethinking 

radically conventional building models and techniques, and establishing new methods for reducing 

significantly the negative impact of the construction sector on the environment (Sobek, 2015). Since 

the impact of digital fabrication processes is negligible compared to the material manufacturing 

process, any saving in material usage corresponds to a reduction in the overall environmental impact 

of the construction (Augustí Juan et al. 2017). In this light, the paper introduces the concept of load-

responsive architecture manufactured through 3D printing as a strategy for a more efficient use of 

material resources. 

 

1.2 Additive Manufacturing in the Building Industry 

AM can be considered a young fabrication technique in the construction industry. In fact, despite 

some early works carried on at the end of the 20th century, only in the last decade have advances in 3D 

printing technologies induced a considerable interest among architects, engineers and builders as they 

encourage innovation and offers new design possibilities. The development of a feasible and reliable 

manufacturing process is the key challenge of most AM architectural research. A large set of additive 

technologies have been explored in a variety of scales and contexts of use, both in academia and in 

industrial applications, ranging from thermoplastics to clay, gantry 3D printers to robotic arms and 

drones. A series of attempts at categorising the various approaches towards AM in construction have 
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been carried out, based on the manufacturing technology or the application (Labonotte et al. 2016; 

Delgado Camacho 2018). For the purpose of this research, we can categorize state-of-the-art AM 

applications in the AEC industry based on their construction approach, outlining three major 

categories. 

 

The first stream of research looks into ways of manufacturing entire structures or large-scale parts of 

buildings, investigating materials and deposition techniques that guarantee structural and performative 

characteristics, from cementitious composites as in Contour Crafting (Khoshnevis 2014), Win Sun 

(Wang 2014), 3D Housing 05 (ARUP, CLS Architects 2018) and binder jetting such as D-Shape (Dini 

2004), to directed energy deposition with metal alloys for bridge construction (MX3D 2018). These 

examples exploit AM geometrical flexibility and technological scalability to build large volumes at 

once, in an attempt to reduce the need for on-site manual labour and production time, hence 

maximising precision and minimising construction costs. 

 

A second field of investigation uses AM for the fabrication of individual building elements to be 

assembled. These building components are either experimental bricks, such as those produced for the 

Quake Column (Emerging Objects 2014) using stereolithography as additive technology, the plastic-

based components of the Vulcan Pavilion (LCD 2015), or small-scale elements that are later 

assembled and jointed seamlessly in an attempt to overcome the dimensional constraints of the 

technology yet maintaining visual and structural continuity, as in SHoP Pavilion (SHoP, Branch 

Technology 2016) and in the Daedalus Pavilion (Ai Build 2016).  

 

While these first two streams of research focus on the use of additive technologies for the direct 

fabrication of construction elements, a third research area aims at taking advantage of AM inherent 

characteristics, i.e. higher design freedom and flexibility, to build in-place formworks to be filled with 

structural or insulating material, such as in the initial phase of Mesh Mould (Gramazio & Kohler 

2012-14), in the Smart Slab (DBT ETH 2018) and in experimental applications of Branch Technology 

(2015). 

 

The wide and growing range of additive technologies employed in the realm of construction 

highlights the absence of a predominant technique. Therefore, each project exploits specific features 

of the selected additive technology in an attempt to develop a more efficient construction method 

compared to traditional techniques, making it faster, cheaper, more precise or allowing higher design 

freedom. However, a common aspect in the aforementioned works is the increasing involvement of 

automation, intended as the use of robotic systems to assist or perform construction works. As the 

level of digitalisation of a project increases, a consequent reduction in manual work in favour of 

automation is observed. Even if state-of-the-art research in AM for constructions still indicates that a 

degree of manual labour is and will probably always be needed in specific phases of the building 

process, this means a shift in responsibility from hard and unsafe, to safer and less labour intensive 

conditions of work (Garcia de Soto et al. 2018).  

 

2. Concept and Design Principles for component-based structures with AM 

An approach that challenges large-scale construction with highly engineered component-based 

structures is introduced using a printing farm, based on delta robots (Fig.2). The project aims to 

combine the resolution of desktop printers, with the convenience of employing parallel production 

processes: a model that opens interesting perspectives in terms of production economy and 

delocalization of fabrication. This printing method offers crucial benefits such as the possibility of 
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high precision, detailing, and component customization, which allow the implementation of several 

optimization strategies, functional integration and ease of handling. Another key feature in the 

development of this component-based construction is the design and realization of an embedded 

joinery system which does not require the addition of external connectors, ensuring structural 

continuity, reversible assembly, and openness to maintenance and transformation. 

 

 
Figure 2: Trabeculae Pavilion installed at Politecnico di Milano campus. Courtesy of Gabriele Seghizzi 

 

2.1 Biological Inspiration 

In their search for innovative structural models, many architects and structural engineers have turned 

for inspiration towards nature which enhanced and refined the processes of matter organisation and 

distribution through evolution over the course of 3.8 billion years (Oxman, 2010). In particular, the 

process of materialization in nature presents a coherent development of form, structure and 

performance. From this perspective, AM gives the opportunity to employ a similar nature-inspired 

morphogenetic approach based on material conservation by avoiding waste of resources and allowing 

freedom in allocating material in space. 

 

The hierarchical structure of bones is used in this research as a role model to challenge current design 

paradigms of lightweight architecture. Bones are made of a composite material, with 95% hard 

calcium-based mineral (hydroxyapatite) marbled with an elastic protein (collagen). Their internal part, 

the cancellous bone, is made of basic cells called trabeculae that vary in porosity and orientation, 

aligning with the main stress trajectories which allows them to withstand both tensile and compressive 

forces (Benyus, 2002) (Fig.3). 
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Figure 3: (A) The section shows trabecular organization within a human femur with varying degrees of porosity 

and orientations based on the external loading conditions; (B) Principal stress trajectories along which the 

bone’s microstructure gets organised  

In the Bone remodelling process, the simultaneous action of two different cells called osteoclasts and 

osteoblasts have the function of measuring and moderating the local strain levels in the bone by 

removing or adding material accordingly. High strains indicate that the bone is getting weaker thus 

necessitating the strengthening of the medium, while low strain levels indicate that the bone is 

unnecessarily over-mineralized which means that material should be removed from a certain region of 

the bone structure and reused efficiently in areas with high strain levels. The combined action of these 

two bone cells allows for an iterative and dynamic remodelling process of structural optimization 

(Turner, 2012), which can be synthesized with an algorithm (Fig.4).  

 

 
Figure 4: Algorithmic representation of the bone remodeling process described by Turner (2012) 
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2.2 Computational Design Workflow 

The morphogenetic logics of the trabecular bone are here translated into a comprehensive 

computational workflow for the design, multi-objective optimization, and fabrication of an 

architectural shelter based on Functionally Graded Cellular Structures that can be produced uniquely 

with the use of AM. This methodology involves the description of tailored algorithms for the 

automatic design of lattice structures informed by a set of physical parameters specific to the 

material/fabrication system used, as well as a computational system which generates options for shell 

design based on minimal surfaces. The main aim of this methodology is to provide a versatile 

approach for material-efficient construction that can be applied to potentially infinite variations in 

form and loading conditions.  

 

In analogy with the bone remodeling process, an iterative mechanical analysis with the Finite 

Elements Method (FEM) is performed in order to compute the optimal material allocation for a load-

bearing anticlastic shell. The outcome of the resulting material organisation is directly translated into 

a lattice structure, which in common with the trabecular bone, is characterized by variations in cells 

orientation, topology and thickness to modulate the structural response which best fits the specific 

shape and loading features. The main input parameters informing this process include data about the 

fabrication setup, material properties, fabrication constraints, geometrical features and loading 

conditions. Variations in any of these will generate outputs with different configurations and specific 

to the described context (Fig. 5).  

 

 

Figure 5: Computational workflow diagram, showing an interdependent multiscalar approach between two 

parallel processes: form definition and structural analysis on one side and fabrication and assembly process on 

the other 
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It is important to point out that the mechanical properties of such cellular structures are undoubtedly 

influenced by those of the raw material employed, but more importantly by the topology and relative 

density of the designed lattice structure. 

 

3. Fabrication and Material System 

3.1 Fabrication Features and Constraints  

Within this research project, the precise description and understanding of the features and constraints 

of the fabrication system, a farm of 3D printers based on commercially available delta robots, is 

essential. While Fused Filament Fabrication (FFF) is typically considered a rather accessible 

technology, machines display different performance and printing quality. Compared to a common 

cartesian machines, delta printers can ensure higher acceleration and speed, a fundamental aspect for a 

large scale project, especially when the printed elements are characterized by discontinuous geometry. 

In the specific case, printers of two different size have been used, based on a cylindrical fabrication 

volume with diameter/height of 400 by 700 mm, and 600 by 1000 mm (Fig.6). Furthermore a filament 

based extruder has been utilized which allows you to control the layer thickness between 1.2 and 1.6 

mm in a single extrusion. 

 

A challenging aspect in producing complex cellular structures is printing without the use of external 

supports, which would compromise the overall material efficiency of the system. That is why a large 

number of tests have been performed in order to define the best settings in terms of printing layer, 

sequence of printing, geometric limitations and control of the specific material behaviour during 

fabrication. As a result, it has been concluded that printing geometries with overhangs between 0° and 

45° from the vertical axis are achievable without compromising the quality of the fabricated 

component; within the range from 45° to 65° the prints display minor aesthetic alterations, while 

prints with overhangs within the range from 65° to 80° present considerably compromised layer 

cohesion. 

 

 
Figure 6: Printer farm composed of multiple Delta Printers 
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3.2 Material Testing and Characterization 

Material selection plays an important role in the realization of lightweight lattice structures. This 

research has taken into account numerous thermo polymers which are typically used in FFF, but are 

rather unconventional for structural purposes in constructions. Therefore a systematic study was 

conducted in order to identify materials which ensure the highest performance with respect to 

mechanical resistance, its thermal behaviour, and capacity to be printed accurately. Material 

characterization was established through tensile testing of custom specimens that resemble the hollow 

struts in the structure, with smallest diameter - 100 mm and 1.4 mm wall section. All the specimens 

were tested with an applied load at a speed of 1 mm/s (Fig.7). Tests have been organized in three main 

phases.  

 

Material Comparison (i) - Ultimate Tensile Strength (UTS) and Elastic modulus of a range of 

polymers and composite filaments have been measured at 20°, 50°, 80° C, to evaluate the mechanical 

behaviour of materials at varying environmental temperatures, an important factor for an architectural 

project that can be subjected to excessive heat in the summer season. 

 

Anisotropy Testing (ii) - The behaviour of printed components at different angles is a critical aspect 

in FFF (Hambali et al 2010) and the complexity involved in the design of non-standard cellular 

structures requires a considerable freedom in that sense. This test aimed at verifying the impact of 

printing at varying angles to simulate the different conditions occurring in a large and intricate lattice 

configuration. A specific intralayer design, discussed in detail in paragraph 3.1, has allowed the 

realization of custom printed specimens, under the angles of 0°, 30°, 45° and 60° from the vertical 

axis, with neglectable differences in terms of UTS (Fig.8).  

 

Material and Printing Refinement (iii) - Once a specific biopolymer was selected as a result of the 

previous testing campaigns, several composite variations of it were further tested, to evaluate the 

influence of the compound variations with different additives. Tensile tests were performed to 

monitor the behaviour of different compositions with respect to a range of printing parameters such as 

temperature, speed, inclination, fan speed, etc. which were also utilized subsequently in the 

production phase. 

 

 
Figure 7: Tensile testing of the custom sample 
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Figure 8: Material Experiment/Mechanical Characterization_02: The image shows specimens after testing and 

various typologies of their fracture depending on the printing angle; from left: 0°, 30°, 45° and 60° 

 

 

 

4. Computational Design Methods 
 

4.1 Multi-scale design 

The design process of Trabeculae Pavilion involves material and structural optimization algorithms on 

multiple and interdependent hierarchical levels (Fig.9). Each scale is related and linked to the others 

in terms of form, material and performance logics through to the development of a computational 

workflow where algorithms of different types are integrated towards the creation of a coherent multi-

scale design.  

 
 

Figure 9: Design process of Trabeculae Pavilion involves interdependent material and structural optimization 

algorithms on multiple scales: (A) Printing Material; (B) Intralayer Design; (C) Cell Design; (D) Component 

Design; (E) Global Design 
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Beyond the scale of material design (A), which is here assumed as parameter obtained from 

collaboration with the polymer industry, the project was developed at four design scales: (B) 

Intralayer Design involving resolution of 0.5 mm material distribution optimization to overcome 

problematic overhanging angles and reinforce overloaded areas, such as nodes and joints between 

components, while preserving precision and resolution; (C) The second hierarchical level concerns the 

design of open cells, which constitute the microstructure of the set-up. The geometry, orientation and 

topology of the cells is defined here. Similarly to the ones present in the bone trabeculae they are 

oriented in the direction of the main compression trajectories and each cell is characterized by a 

different number of struts based on the variable stiffness values that are targeted; (D) The third 

hierarchical level is the scale of the component. This is the base construction unit for the building of 

the demonstrator and it is also the key scale where geometry meets the requirements for the assembly 

and the fabrication process. At this scale a multi-objective optimization process is performed as the 

size of each component is maximized for the printing characteristics and volume of the production 

farm, thus increasing the productivity and fabrication efficiency as much as possible; (E) The last 

magnitude is the one of global design. This is evaluated under the perspective of the overall material 

distribution, understanding the global behaviour of the structure, and the relation between shape, 

stress trajectories and material - the resulting layout for material distribution derived from material 

optimization is used to directly inform suitable thickness variation of lattice struts along the structure. 

 

4.2 Cell Design 

The basic unit of each living organism in nature is the cell (Hooke, 1665). Likewise, the design of this 

lightweight architecture starts with defining the characteristics of a base cell unit, which plays a 

fundamental role in the overall behavior of the structure and its performance. In early design stages of 

the Trabeculae Pavilion a study has been carried out on the lattice cell design and its topology with a 

comparative analysis to evaluate printability, relative density and visual permeability of different 

types of base cells (Naboni and Kunic, 2017; Naboni et al. 2017). 

 

The octahedron cell has proven to be the most favourable for the printing technology: it is highly 

printable as it contains no horizontal elements, it has a low relative density of 0.18 which allows a 

range of variable mechanical and visual features. Further studies have been conducted to comprehend 

the influence of relative density variations on printing settings, mechanical resistance and visual 

permeability (Fig.10). Secondly, mechanical properties of topological variations on octahedra cells 

have been evaluated to understand how strength and elasticity of a structure can be tuned with 

precision (Fig.11).  

 

 

Figure 10: Prototypical components 500 mm wide with different relative density: (A) ρ = 0.04; (B) ρ = 0.05; (C) 

ρ = (0.04 to 0.06)  
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Figure 11: Several variations of octahedron-based cell typology were investigated seeking the most resistant 

configuration; (A) 64 struts, (B) 84 struts, (C) 81 struts, (D) 98 struts 

 

A cellular component based on simple octahedron cells, weighing 185 g, withstands a compressive 

load of about 3200 N, while a reinforced component of 220 g performs three times better with a 

compressive load of 10 000 N (1000 kg), equivalent to 4500 times its own weight (Fig. 12).  

 

 

 

Figure 12: Compression testing of the cellular components - (up) simple octahedron cell, (down) octahedron 

cell reinforced with vertical struts 

 

4.3 Global Design 

Within the established computational workflow shapes of any type can be given as input for the 

structural form-finding. An elegant anticlastic shell obtained as a minimal surface between the four 

given boundary edges has been utilized as a global shape for the demonstrator. This is exposed to a 

distributed live load of 500N/m2 in addition to its own weight (Fig.13). 
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Figure 13: External loads (a) and structure constraints (b) are some of the crucial inputs for the FEM analysis: 

a distributed load of 500N/m2 has been applied over the anticlastic shell 

 

Lattice orientation - The main compressive trajectories emerging from the FEM analysis have been 

considered for the orientation of lattice cells and vertical struts in order to best respond to the specific 

load condition. As the mechanical testing in the laboratory has demonstrated a significant 

improvement in resistance due to additional vertical struts, a set of cell topologies have been 

implemented in correspondence to the material distribution results (Fig.14). 

 

Figure 14: (a) Main compression trajectories; (b) Lattice orientation based on compression trajectories  

 

Parametrization of the Functionally Graded Trabecular Structure - An iterative algorithm for 

material distribution based on the SIMP method for Topology Optimization (Bendsøe and Sigmund, 

2003) is utilized to provide indications on an ideal material layout. The outputs of this evaluation are 

local stiffness values ranging from 0.0 to 1.0 (black and white layout) designating the fraction of the 

overall material that should remain at the end of the optimization process (Fig. 15). Black or 0.0 areas 

represent the less stressed portion of the structure where material is minimized, while the white or 1.0 

areas are characterized by higher stresses and require reinforcements. This mathematical model is 

fundamental in the development of a load-responsive construction system. For this purpose, 

quantitative information and vectors have been interpreted to inform the initial surface with a new 

structural layout. 
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Figure 15: The image shows a sequence of computing iterations of the TO process 

 

Cell Parametrization and Topology Differentiation - The resulting stiffness values and stress 

principal vectors have been used as parameters for the new lattice configuration. The lattice 

thicknesses and number of vertical reinforcing struts have been reparameterized accordingly, adapting 

their orientation and porosity (or relative density) as a response to external loading magnitudes. Areas 

where higher stresses are localized present cells with thicker struts and a larger number of vertical 

elements, contributing to a larger section; while less stressed areas have thinner struts elements and 

use base octahedron cells, which have a more elastic behaviour (Fig.16; Fig.17).  

 
Figure 16: The scheme shows distribution of four types of cell topology along the structure based on the results 

obtained from stress analysis 
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Figure 17: Final lattice structure varies in its porosity (varying cell thickness), orientation and topology 

(varying number of added vertical struts) based on the results obtained from stress analysis 

 

4.4 Component Design 

 

The anticlastic shell is discretized into construction components, which meet the dimensional 

requirements of the printers employed. The tessellation is based on a principle similar to the one in 

brick masonry, i.e. components of one row are shingled in order to provide a connection discontinuity. 

Each component is built upon a planar base, a fundamental requirement to ensure a successful 

printing routine (Fig. 18). 

 

 
Figure 18: Tessellation of Trabeculae Pavilion: each of 352 components’ bottom face is planarized to lay on the 

printing plane 

 

Besides the size requirements that are to be considered a priori, the use of multi-objective 

optimization through genetic algorithms was employed to further define the tessellation system and 

structure details (Fig.19). In particular, several design parameters are taken into account in seeking 
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the optimum lattice configuration and tessellation design. The first parameter is the overall 

subdivision: number and size of the components. The components’ dimensions were primarily 

influenced by the size of the fabrication space of each printer, optimizing the printing process. 

However, not all the components have the same size. Their size distribution follows a differential 

function where the components closer to the base are much more compact and short, while the ones 

on top become larger. Component dimensional differentiation can have an infinite number of 

variations. The number of components and their size differentiations are related to the lattice 

configuration, cell size ranges (max, min, avg) and cell inclination angles (max, min, avg). 

Furthermore, the cell subdivisions within one component directly influence lattice density and so light 

permeability and lattice length. These, naturally, affect the weight of a single component (or the 

overall pavilion) and finally, the resulting amount of material that is to be used for the fabrication of 

the structure. 

  

 
 

Figure 19: Multi-criteria Lattice structure optimization through genetic algorithms. The gradient defines the 

percentage of struts with inclination angle exceeding critical angle of 65 degrees 

 

The lattice configuration (cell sizes and inclinations), density, length and amount of material to be 

used are set as main evaluation criteria for running the genetic algorithm. The main goal of the 

optimization process was firstly to obtain component sizes that fit given printing areas; secondly, to 

reduce the number of struts exceeding the critical printing inclination angle of 65° from the vertical 

axis; thirdly, to keep relative density inferior to 0.3 (cellular solids) in order to not lose the mechanical 

resistance of the structure. The final generated solution resulted in a system with relative density 

ρ=0.034, an average cell size proportion of 0.8, inclination angle ranges from 15° to 65°, with only 

10% of the struts exceeding the critical angle (Fig.20). 
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Figure 20: Final optimized lattice structure (a) as a result of multi-criteria genetic algorithm (b). The gradient 

defines the percentage of the struts with inclination angle exceeding critical angle of 65 degrees 

 

The system of connections in a component-based lattice structure is crucial as it has to provide a 

seamless structure with a continuous force flow. The joinery system of Trabeculae Pavilion is 

completely 3D printed and integrated within the lattice nodes, which have internal geometries to 

reinforce the nodes and allow a continuous force transmission. 

 

4.5 Intralayer Design 

 

Material and structural optimization in this project extends until the level of the individual layers. The 

thickness of the printed shell is not used equally along the various parts of the structure, but different 

concurrent optimizations are provided. The main reason to do so is to tackle the anisotropic nature of 

3D printed parts. Anisotropy is not to be considered necessarily as a problem. However, the FFF 

method has the constraint of printing with horizontal parallel layers, which would require the overall 

structure to be oriented in diverse ways in order for layers to correspond to the main stress 

orientations, which is substantially impossible.  

 

To compensate for the fact that in certain parts of the structure the layer orientation might be 

inconvenient, a correction of the layer thickness depending on the inclination of the printed parts has 

been introduced (Fig.21). This helps to improve the quality of printing when geometries are oriented 

with deviation angle from the vertical direction and, moreover, it reinforces the tensile and 

compressive capacities - essentially compensating the anisotropy of the material, as comprehended 

from anisotropy tests. 

 

In node areas where joints are connected, an increased shell thickness is provided to make them more 

rigid and resistant. Additionally, an internal set of reinforcing shells which act as supports are inserted 

in the jointed areas to provide continuity to the stress flow. ACCEPTED M
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Figure 21: The scheme shows a correction of the layer thickness depending on the inclination of the printed 

parts 

 

5. Computational Production and Assembly 

Fabrication - The overall design to fabrication process is designed and managed through algorithmic 

programming. For each single component a G-code is generated after aligning the planarized bottom 

side with the XY (printing) plane, and fitting it automatically within the assigned printer dimensions. 

The printing paths are specifically studied to reinforce specific geometries, and are transferred to a 

printing farm producing approximately seven components per day, at an average extrusion speed of 

60 mm/s (Fig.22). The parallel production processes have been run for a continuous production of 

4352 hours in total. 

 

 
Figure 22: The printing farm consists of five delta printers capable of producing up to seven components in a 

day 
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Assembly - A total number of 352 components have been printed in an organised sequence to be 

directly assembled in a set of clusters designed to be easily transportable (Fig.23). These are then 

assembled in three sequences: firstly by anchoring the initial clusters to the base, secondly as two side 

walls and finally as one saddle placed in the end, leaning on the two side walls (Fig.24). The overall 

structure is fixed to a wooden construction through a set of bolted connections in the bottom lines of 

the components. 

 

 
 

Figure 23: The scheme shows a set of pre-assembled clusters and their characteristics in terms of weight, 

printing time, extrusion length and surface area 

 

 
 

Figure 24: Assembly sequence of the clusters 
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6. Results and Discussion 
 

Trabeculae Pavilion is a load-responsive shell covering a total area of 36 square meters (Fig.25), 

shaped additively by a 112 kilometers-long extrusion of a high-resistance biopolymer, specifically 

developed with industrial partners to elevate Fused Filament Fabrication to construction purposes. 

Beyond its technical features, the pavilion is an expression of a tectonic system conceived with and 

for 3D printing, which enables multiple high-resolution optimization logics with the precision of a 

tenth of a millimeter (Fig.26) The synergy of design, material and manufacturing technologies 

allowed the conceptualization of an innovative construction technique based on an additive process 

which builds architectural forms with a load-responsive material organization. 

 

 
Figure 25: Trabeculae Pavilion installed at Politecnico di Milano. Courtesy of Gabriele Seghizzi 
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Figure 26: Close-up view of the lattice structure of the pavilion. Courtesy of Gabriele Seghizzi 

 

The design, development and realization of the complex lattice structure of the pavilion is based on a 

closed digital information loop among the pavilion computational model, Finite Element Analysis and 

FFF printers. A systematic workflow and methodology is developed to interlink multiscalar results. A 

set of experiments have been conducted to define the ideal fabrication set-up with the main goal of 

creating Functionally Graded Cellular Structures, specifically in reference to: printing resolution, 

mechanical resistance and time optimization. The innovative methods involved in the design allow an 

efficient material distribution at multiple scales, which permits an extremely resistant and lightweight 

structure with a variable weight to area ratio of 6 to 10 kg/m2 - about ten times lighter than typical 

construction systems with comparable mechanical performance (Table 1). 

 

CONSTRUCTIO

N SKIN SYSTEM 

Plaster

ed 

brickw

ork 

Curt

ain 

wall 

Balloon 

frame 

construct

ion 

Cellul

ar 

concret

e 

Lightwe

ight 

concrete 

Precast 

concrete 

(hollow 

planks) 

Load-

Responsive  

Cellular 

Structure 

WEIGHT TO 

AREA RATIO 

(kg/m2) 

339 68 73 142 268 36 6-10 

Table 1: Weight to Area ratio values of typical construction skin systems and 3D printed cellular structure 

7. Conclusions 

This research outlines a novel approach towards the definition of a construction system which takes 

full advantage of the accuracy of FFF technology, allowing designers to conceive and realise large-

scale structures with high control of material organization, thus targeting an improved material 
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efficiency compared to conventional construction methods. Trabeculae Pavilion is the first example 

of a fully engineered load-responsive structure based on bespoke construction components that feature 

an integrated joinery system, which permits reversible assembly (Fig.27). The reduced weight-to-area 

ratio, combined with its structural efficiency, highlights the effectiveness of the employed approach 

and the validation of a new construction system.  

The research leverages 3D printing in architecture by developing a design-to-fabrication workflow 

that embeds machining and material characteristics together with design and spatial features, 

challenging current design paradigms of lightweight architecture by optimising material quantity and 

organisation rather than formal articulation of the construction, and by avoiding the typical post-

rationalisation that conventional fabrication techniques often require to meet manufacturing 

constraints. Along the process are introduced design and manufacturing strategies that can be 

generalized for others projects based on FFF, such as compensation of material anisotropy and 

individualized control of shell thickness. 

A fundamental aspect in the employed computational approach is potential adaptation to any material 

and additive fabrication setup. Hence, the methodology of this work can be implemented for the 

design and fabrication of architectural systems of limitless range in shape, typology and scale, with 

beneficial impact in terms of material reduction and weight-to-area ratio.  

Moreover, the presented design-to-fabrication workflow exhibits a high degree of automation, 

spanning from design generation and optimisation to the fabrication routine through a printing farm.  

The long-term perspective is to extend this approach in defining a novel type of architecture which 

can allow automated design generation for complex structures, and integrated structural performances 

through an advanced formal articulation, while minimizing material consumption through Additive 

Manufacturing.  
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Figure 27: Views of Functionally Graded Cellular Structure. Courtesy of Gabriele Seghizzi 
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