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additive manufacturing by fused deposition.

Equivalences among unstructured discretization are ordered to connect un-
structured Finite Element Analysis (FEA) values with structured discrete units. 
My research presents and discusses a program of informed performance of 
infill design and validates the generalizability of a method of internalizing and 
automating Finite Element Method (FEM), processing in Fused Deposition 
Modeling (FDM) workflows. It also tests manufacturability of the methods 
through its ability to handle the FDM process constraints of FEM influenced 
intricate geometries. Analysis in the creation of optimized infill structures 
based on regular and semi-regular patterns that comply with the geometri-
cal constraints of deposition. The Stress-Deformation relationship manifested 
in FEA is structured to influence the geometrical arrangement of the com-
plex spatial infill. Three dimensional tessellations of engineered isotropic and 
anisotropic vector matrices tested for geometrical limitations of Additive Man-
ufacturing principles are presented. Continuous fused deposition principles of 
Triply Periodic Minimal Surfaces and spatial fused deposition of Polyhedral 
matrices that allow tensional characterization by FEM influenced infill design 
are tested for Large-scale additive manufacturing.

This research evaluates and compares different design, optimization, and pro-
duction methods. I present a combinatorial code of layer by layer and spa-
tial printing for emulation of trabecular and cortical forms, rethinking lattice 
structures through complexity and proposal of novel structural systems based 
on additive manufacturing limitations and affordances. 
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Verify stability / con-
structability at global 
shape and arxel scale

Determine most ad-
equate architecture for 
stress dissipation

1. Density variation of 
individual arxel based 
on stress thershold

2. Thickness variation 
along invidual struts 
based on stress trajec-
tory

Determine external 
forces that act within a 
space.

1. Discretize in stress 
quantiles

2. Determine stress tra-
jectories

Fig. 4. 10  Form configuration workflow
Own work
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4.1 Towards Robotically fabricated 

composite building structure. Large-scale 

fibrous additive manufacturing 
Robotically fabricated structures not only are designed within the possibilities 
of the technique, but within the logic of the technique. Material information 
enhances the design of tectonic relationships between structure and material 
within the logic of fabrication and robotic technologies (Oxman, R., 2012; 
Oxman, R., Sep 2015). The material principles of the individual unit and the 
relationship with the whole are determined in the process of characterization.

Additive manufacturing is advancing towards design and production of highly 
sophisticated form of highly complex behavior, which may integrate various 
functionalities (Loh et al., 2018). The material characterization of membranes 
can integrate intricate mechanical properties if designed within the parameters 
of robotic fabrication. 

This section studies form as consequence of the computation of forces in equi-
librium information and the geometrical constraints the fabrication method 
imposes.

Due to their intimate relationship of form and performance, membranes in-
volve a precise construction for correct structural performance, and depend on 
their shape to work. Their formworks often make for costly structures (Brad-
shaw, Campbell et al. 2002). Rather than utilizing 3D printed structures as 
reinforcement mesh (Salazar et al., 2020) or complex formwork (Felbrich et 
al., 2018; Hack et al., 2020) to eliminate the need of a formwork, this research 
studies the additive fibrous itself as assembly of individual parts comparable a 
spatial structure into a continuous membrane.

Information extends the modern description of tectonics. Digital tectonics not 
only influence surface and space, but reach material and fabrication, thus, the 
constitution of the model. Digital tectonics determine the individual virtual 
unit that constitutes a part of a whole and the whole in an informed process of 
flow of information from design, materialization and fabrication of membranes 
and spatial structures.

The process of assembling a non-standardized structure has been traditionally 
time and cost consuming. First examples of generative design and computa-
tional design, the Swiss Re Headquartes by N. Foster and the Barcelona Port 
Olimpic “El Peix” sculpture by F. Ghery streamline sculptural design and rep-

Fig. 4. 11  Top view, three di-
mensional tesselation
Own work
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Fig. 4. 12  Detail of stress trajectories in a complex surface segment.
Own work
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resent the epitome the first digital turn’s excess (Carpo, 2016). In these works, 
each of the nodes and connections become unique. 

The construction of mass customized structures demands a material general-
ization of adequate information management so that complexity can be effi-
ciently handled by computationally automated means. Such workflows require 
that designs follow the logic of computation. 

Complexity and precision, possible thanks to additive manufacturing and au-
tomated construction processes, present potential to improve the architectural 
performance of building components informed by simulation routines. This 
section interprets discrete design methods and spatial additive manufacturing 
techniques to propose a continuous —and discontinuous— robotic construc-
tion system, capable of producing a structural shell surface of locally differen-
tiated biomechanical performance by combining trabecular- and cortical-like 
additive manufacturing techniques, maintaining a stable structure during the 
printing and assembly sequence. Global shapes simulated to stress are differ-
entiated in three thresholds based on the stress fields results (Vigliotti & Pasini, 
2013).

Implementing simulation and robotic construction workflows allows building 
components to be architected at the level of material to the extent of designing 
its performance and properties by density variations. The final complex shape, 
which is digitally configured, consists of previously unthinkable level of intri-
cacy in indeterminate number of elements. 

Architectural shells and monocoque structures are formidable and efficient 
form structures because of their impressive ratio of span to depth. The con-
struction of monocoque and shell structures show great improvement potential 
by using additive manufacturing’s capacity of creating intricate and custom-
ized configurations. 

Structural performance and architectural expression of continuous structural 
surfaces qualities can be harnessed with the use of highly precise non-standard 
3D printing techniques for their fabrication (Pasquarelli, Sharples et al. 2017, 
Felbrich, Wulle et al. 2018). 

The additive manufacturing of full-scale construction components is still an 
emerging technology (Tay, Panda et al. 2017). Applications of additive manu-
facturing are increasingly reaching a functional component grade in architec-
ture, particularly by focusing on the aspects that require more information, 
such as nodes (Crolla et al., Apr 2017; Raspall & Banon, May 2018), and by 
the efficient distribution of the “intelligence” of the system (Aghaei-Meibodi 
et al., Apr 2017).

Fig. 4. 13  Top view, Detail of 
stress trajectories in a complex 
surface segment.
Own work
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Fig. 4. 14  Coupling of simulation and optimization environments at material behavior level. Rhinoceros 3D digital 
design environmant with grasshopper / ladybug radiation analysis, subsequent verification in fully digitized fabrica-
tion in NCViewer web environment and Robot Studio desktop environment with fully digitzed DFab - Carnegie Mellon 
University space.
Own work

Simulation

Digitized model strut behavior simultaion and verifica-
tion

Optimization Parameters

Fabrication environments simulation and verification

Fabrication code simulation and verification

Positive Feedback Loop

Design space solutionsSearch

Stability of global shape and through deposition simu-
lation and verification

local optimum
optimal solution



277

Although key advances in fully additive processes are developing quickly, the 
additive manufacturing of large-scale functional forms is challenging in terms 
of custom computational models, custom fabrication techniques required, 
build time and adaptation to the complexity inherent to the construction site 
(Davila et al., 2019).

FEA models provide a sophisticated alternative to modifying material distri-
bution in fused deposition models (FDM), contributing to potential improve-
ments in mechanical behavior. Locally controlling filament deposition during 
FDM by the application of FEA models has shown successful transformation 
of mechanical properties (Gospill et al., 2017; Oxman, N. et al., Sep 2013) . 

This section studies the use of Finite Element Methods (Gospill, Shindler et al. 
2017) and principal stress lines additive manufacturing (Tam, M. & Mueller, 
Oct 2015) as guidelines to introduce stress trajectory information into mem-
brane infill design. 

Forces that configure a membrane are evaluated differencing endogenic in-
ternal stress distribution, associated with growth and internal transformation, 
from exogenic stress dissipation, which is associated with loads from the en-
vironment.

From the analysis, we derive isostatic cloud stress fields with stress distribu-
tion, stress orientation and displacement vectors.

Systematized stress data is coordinated with adaptable geometrical configura-
tions in efforts of optimizing the strength of a completely additive light-weight 
membrane following biomimicry strategies. Stress data is configured for inter-
nal and external forces.

In biological systems, redundancy is used as a strategy to achieve high levels 
of structural performance. Cellular structures as well behave in this way and 
use large numbers of cells to distribute loads, being structurally efficiency yet 
sustaining relatively small stresses.

In this work, we apply a level-by-level hierarchical structure and different me-
chanical involvement to membrane structure formations. The basis of the bio-
inspired method of hierarchical configuration of membranes is the geometrical 
configuration and characterization of fibrous assemblies where each individual 
fiber is modelled as a strut. This allows to understand the mechanics of indi-
vidual members and their performance as a group or as a whole. Fig. 4. 15  Robotic construc-

tion siulated in 3D modelling 
software.
Robotic lattice achieve a high 
level of complexity
Own work

Fig. 4. 16  Complex joints 
manually welded
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Fig. 4. 17  Multi-resolution synclastic and anticlastic cellular membranes configured for digital 3D printing.
Own work
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4.2 Cellular membrane configuration for 

fabrication
Internal stress dissipation is calculated in three scales, presented in this chap-
ter: 

• Density: Non-linear static analysis informs the discretization of a 
membrane in solid regions of a specified number of stress fractions. For the 
purpose of proof of concept the membrane is dividided in volumes of high, 
medium and low stress.

Solid regions are translated into voxelized geometrical configurations of 
controlled volume fraction by variable resolution algorithms. Modulus of 
elasticity and strenght variations are mostly dependant upon this step.

Several geometries are contested. Lattices that weave equilateral or iso-
celes triangles are found to be optimal for deposition due to their capac-
ity to create multidirectional distribution of stress and the open anglular 
dimension relative to the nozzle. 

Invidual units are configured into a variable density lattice at the fiber ar-
chitecture level

• Fiber Architecture: Non-linear and linear static analysis of the lattice 
determine stress in individual struts. The information is translated into dif-
ferentiated struts that also follow stress trajectories to optimize stiffness.

The combination of density and fiber architecture variations are aimed at 
improving the capacity of the membrane of dissipating stress efficiently, 
so that deformations do not incur in buckling of the membrane and shear 
stress in the infill. Deformations of the membrane would create flexural 
stress in the struts, undermining the mechanical capacity of the membrane.

After simulating the stress trajectories, struts are thickened to create stiffer 
arrangements. In their fabrication struts vary along their length in thickness 
easily by manipulating the flow/feed proportion of the extrusion mecha-
nism.

• Material: Multi-material deposition technques allow to easily change 
the properties of the fibrous arrangement. For the purpose of this research, 
we test variations of the most common thermoplastics used in fused deposi-
tion modeling as proof of concept. 
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Fig. 4. 18  Infill configuration process.
Segmentation process for the structurization of a data grid forming a double curvature membrane.
The volumetric domain is filled with indexed data containers to create a digital membrane equivalent that is capable of crossing plat-
forms of design, simulation and fabrication. 
Own work
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Each strut or voxel unit is easily differntiable thanks to its indexed struc-
ture. 

3D printed polymeric lattices were made of either polylactic acid (PLA), 
acrolinitrile butadine styrene (ABS), Glycol modified Poliethylene Tere-
phthalate (PETG). 

This workflow results in a membrane with engineered mechanical properties. 
The assemble of discrete units performs as a continuous complex structure.

The application of external stress of precompression can increase the mechani-
cal capacity of the cellular membrane and present advances towards large-
scale applications. External stress dissipation is calculated in two scales, pre-
sented in chapter 5: 

• Non-linear and linear static analysis of the complete membrane in-
forms prestress path creation based on principal stress lines.

The stress trajecctories are used to configure complex paths for pre com-
pression.

• Non-linear and linear static analysis of the cellular arrangement en-
sures the dissipation of compression stress along the membrane, strenght-
ening areas where forces are applied

All struts in the lattice have a degree of precompression to avoid any com-
plex work, flexural, shear and torsion, of the membrane cellular system 
under normal loading conditions

This research presents case studies of application, introducing two novel com-
ponents: internal stress influenced meso-structure configurations of polyhedral 
tessellation by discrete design methods, suitable for robotic fused deposition 
of spatial lattices, and the large-scale application in automated manufacturing 
of shell structures. 

In this chapter we discuss the additive form configuration hypothesis verified 
in the design and engineering of a synclastic, closed membrane. The design 
tests the internal stress distribution and biomimicry mode for on-site and off-
site construction of a large-scale ellipsoid membrane, to be built during the 
year 2021. Fig. 4. 19  Construction does 

not follow uv isocurves of sur-
face following a digital concep-
tualization based on surface 
definition.
Own work

Fig. 4. 20  Construction of a 
double curvature surface based 
on a segmentation of a struc-
tured data grid
Own work
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Fig. 4. 21  Top view and Frontal view of double curvature shell membrane by discrete methods. In order to simulate 
and determined a continuous toolpath for robotic manufacturing, a solid volume will serve as a domain for computa-
tion, when centroids of the hexahedral mesh are located inside the domain, a shell segment arxel (volumetric pixel for 
architecture) is generated. This cloud point is organized in floors, columns and rows and makes it accesible by index so 
that information of the FEM simulation can be associated with the part of the domain it corresponds to.
Own work
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The next chapter extends the workflow to open or closed membranes. Pre-
compressed membrane segments test external and internal differentiation pos-
sibilities.

4.2.1. Informed shell
(Vantyghem et al., 2020) present FEA workflows applied to beam topology 
optimization. (Suiker, 2018) proposed a mechanistic model to analyze and 
optimize the process of 3D printing straight wall structures; the model distin-
guishes between two failure mechanisms: elastic buckling of the global struc-
ture and plastic collapse at the bottom layer. This model is not suitable for free 
form shapes. 

Alternatively, (Reynolds et al., Sep 2017) presented a set of analytical methods 
that describe the requirements for printable lattice structures (Pasquarelli et al., 
Sep 2017). (Gospill et al., 2017) present benefits of creating custom infill in 
small scale 3D printed tokens influenced by FEA methods. 

This approach assesses whether the rationalization of mechanical behavior in 
graded components can enhance and improve structural performance on com-
ponents manufactured using fused deposition techniques. 

This research focuses on optimizing mechanical performance along princi-
pal stress lines, resulting in a porous cellular object. A method for automating 
infill differentiation that ensures fiber continuity while varying fiber density 
informed by FEA models. Sequence of denting force application and FEM 
results) could potentially yield highly differentiation in mechanical properties 
without recourse to material change. 

Strut thicknesses vary in a 1:3 ratio. The same extruder nozzle is adjusted in 
flow/feed to achieve this variation, without the need of anything but simple 
coded electromechanics adjustments.

The research contribution allows to attribute shells determined with simulation 
tools to large-scale industrial application.

We program a loop that iterates over the structures in order to optimize the cel-
lular structure in each section. Each iteration checks one by one and through 
a matrix of values if the bar is mechanically resisting the stress to which it is 
subjected. In case of compliance, it maintains its section initially defined as 
the minimum additive fabrication technology can manufacture, and if non-
compliance, it will increase its section.
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Fig. 4. 22  VTK Cell discretization is unstructured for the purpose of simulatoin. VTK cells are three dimensional mesh-
es. vtkCell is an abstract class that specifies the interfaces for data cells. Data cells are simple topological elements 
like points, lines, polygons, and tetrahedra of which visualization datasets are composed. In some cases visualization 
datasets may explicitly represent cells (e.g., vtkPolyData, vtkUnstructuredGrid), and in some cases, the datasets are 
implicitly composed of cells (e.g., vtkStructuredPoints).
Own work

Fig. 4. 23  Ordeded Data Set containers based on Multi-Resolution. Areas of the Volumetric mesh and cloud pint gen-
eration Data Sets obtained from non-linear analysis of the volumetric mesh must be restructured and reassociated with 
an ordered mesh.
Own work
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4.2.2. Linear and non-linear characterization 
tools for structural analysis. 
Our first studies were developed using the Karamba for Rhinoceros 3D a soft-
ware for structural calculation. The results offer linear analysis and produce 
efficiency optimization workflows within Rhinoceros 3D.

Karamba facilitates visually the evaluation of cellular structures as columns 
and beams with rigid knots, ideal for determining inference of external forces.

The internal non-linear displacement evaluation necessary to determine local 
stiffness in fiber arrangements requires the use of software outside the 3D mod-
eling environment.

This program also did not allow a detailed approach to the structural behavior 
in the node limited to local computing power. Cloud based static analysis pack-
ages offer high computational power. Open-source processing software like 
ParaView allow to interpret the isostatic cloud point information to visualize, 
process data and export or import to other platforms with Python. For these 
reasons, non-linear requirements are tested in a cloud-based package called 
SimScale. In addition, it allowed us to obtain displacement animations, behav-
ioral details in the lattice nodes, close-ups where the stresses of each fiber can 
be observed.

Simscale is a computer-aided engineering (CAE) software, which allows the 
analysis of structures by discrete volumes, in a set of cells, by the openFOAM 
algorithm. The program calculates with the 3D models used as calculation dis-
tances from point of attachment to point of attachment with rigid knots and 
fuses the material into a single surface.

ParaView is required for the analysis of unstructured cloud point data obtained 
in Simscale  and processing, linked to the modelling software Rhinoceros 3D 
via Python scripts.

Each lattice is drawn as polygons for linear analysis and solid pipes of varying 
thicknesses for non-linear analysis. 

A pipe extrusion following each of the polygons and automated Boolean 
unions were performed. In this way, solid spatial geometries could be obtained, 
which is a requirement of the study of structural behavior with the non-linear 
analysis software. When considering solid spatial surfaces, the program offers 
a detailed analysis of the stresses inside the fibers and the details in the lattice 
nodes.

Fig. 4. 24  Isostatic cloud and 
isovolumes in free-form seg-
ment. 
Digital constitution of complex 
surface by discrete methods. 
Every part, every discrete unit 
is a container of geometric in-
formation. The surface is con-
stituted by contatenation of 
digital construe.
Own awork
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Fig. 4. 25  Sequence of denting force application and FEM result. 
This approach assesses whether the rationalization of mechanical behavior in graded components is able to enhance 
and improve structural performance on components manufactured using fused deposition techniques. This research 
focuses on optimizing mechanical performance along principal stress lines, resulting in a porous cellular object. A 
method for automating infill differentiation that ensures fiber continuity while varying fiber density informed by FEA 
models could potentially yield highly differentiation in mechanical properties without recourse to material change.
(Borunda, Ladrónd de Guevara, Anaya 2019)
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4.2.3. Custom Infill Method: from FEM to g-Code
Recent efforts in additive manufacturing for architecture focus in creating 
functional large-scale components, requiring the development of novel com-
putational methods and adaptations to the standard 3D printing fabrication 
techniques. 

Infill design and the optimization aspects of slicing have been significantly 
overlooked and represents an area of opportunity to engineer complex per-
formances of additive manufacturing components and of introducing novel 
architectural applications. Out of the box tools of computer aided design mod-
elling and standard geometry “slicers” are normally not able to execute effi-
ciently thin strut designs like lattices. Cylindrical solids normally used both to 
represent struts are thin in comparison with the whole, and to create complex 
Boolean intersection. 

Instead, the algorithm takes a linear set of coordinates simplified as ordered 
lists of targets, necessary for 3D printing compatibility, and transforms it to a 
two-dimensional list of electromechanical commands that create either layer-
wise or spatial printing arrangements.

This research coordinates analytical model information with the geometry 
(simplified linear set of targets) it refers to. The “arxel” unit hosts indetermi-
nate amounts of information, where the algorithm will (mechanically in this 
case) characterize, point to point, any given part of the model with its corre-
sponding, differentiated, explicit representation. 

The most challenging aspect of the workflow presented is the capacity and 
computational power assessment of centralizing form configuration in a con-
tinuous algorithmic system. 

The proposal is based in Python, ParaView (Ayachit, 2020) and Rhinoceros 3D 
modelling software (Tibbits et al., 2020). It extracts data from various sources 
and outputs commands for each of the processes, which require:

Non-linear analysis of complex shapes usually creates a very dense and un-
structured point cloud. Firstly, it is necessary to create a restructuration method 
to assure a linearly arrange index set. Secondly, it is necessary to present in-
formation interpretation strategies, and lastly, it is necessary to translate the 
interpretation into sequences of digital commands.

The specific workflow on which the information is coordinated with 3D print-

Fig. 4. 26  Static analysis re-
sults for a single section pro-
cessed in SIM Scale. 
Stress analysis provides a grad-
ed  unstructured field of results 
in a tetrahedral mesh network.
Own work
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Fig. 4. 27  ParaView interphase. Stress tresholds are discretized in quartiles by ParaView. The data is then exported to 
ParaView, which acts as a bridge between SimScale and Rhinoceros, exporting geometrical analyzed samples as 3D-
points, that Rhinoceros can read, and stress values in the form of a CSV file and mesh volumes. 
Own work
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able geometry is a matter to be tailored or significantly adapted for each partic-
ular purpose and scale. As there are no black box, pre-structured packages that 
create continuous FEA methods to fabrication workflows currently available, 
this research presents a method to determine density and architecture of cel-
lular membranes through the geometric or fabrication interpretation of highly 
informed point cloud data sets.

In this research, the information produced outside the modelling software is 
to be translated into organized sets through multi-resolution indexed voids, 
exporting geometrical solid meshes and data csv tables that are processed with 
Python scripts in Grasshopper. The unstructured data cloud from the csv lists is 
compared to its equivalent ordered unit in the Rhinoceros ordered model. The 
average stress is a certain voxel region is used to characterize the individual 
element, and the stress field is simplified to a user specific resolution. 

Very large solid lattices would have to be discretized internally into tetrahedral 
meshes. This process is currently not possible for very large arrangements. 
External stress in large and significantly complex lattices is simulated stress 
directly in the polygon lattice mesh with Karamba linear analysis instead due 
to current computational power limitations of simulating very large solid lat-
tices non-linearly. Multi-resolution automatically orders the tessellations for 
both parametric constrictions of fabrication checking ordered toolpath colli-
sions and the stability of the system in the continuously transforming geometry 
in simplified linear analysis.

In summary, the process consists of the following steps:
1. Point cloud categorization, characterization, and restructura-
tion from Finite Element Methods software (SimScale, Grasshopper 
Karamba plugin) 
2. Point cloud geometrical interpretation in a 3D modeling 
software (in this case Rhinoceros 3D). The output is oriented towards 
the graphical interpretation for design and simulation to optimize the 
geometry and assess the constructability of the cellular configuration. 
The optimization positive feedback loop and the continuous analy-
sis of stability of meso and large-scale fibrous assemblies requires a 
constant negotiation between the FEM software and the modelling 
software (ParaView, Grasshopper Multi-resolution algorithm)
3. Point cloud & adaptive mesh geometrical discretization of 
target coordinates and commands to be executed at each target for 
digital 3D printing. The output is oriented towards electromechanics 
mechanism control in fabrication code platforms such as Arduino and 
RAPID.

Fig. 4. 28  Isostatic cloud point 
subdivided into sisostatic sur-
faces determine stress thresh-
olds. The information is trans-
ferred to 3D modelling software 
through ParaView.
Information will be exported to 
CSV list and isostatic volumes 
to connect through Python to 
Design Environments.
Own work
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Fig. 4. 29  Unstructured implicit 3D Data, scalar and vector results of simulation associated with cells and points
Data must be structured inorder to be associated with indexed particles
(Ladrónd de Guevara, Borunda, Anaya 2019)
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From a holistic point of view, complex geometries are analyzed under FEA 
methods and discretized following a multi-resolution approach that respond to 
certain design criteria. The result of these analyses must inform the design of 
the piece, yielding to a differentiated infill optimizing the mechanical perfor-
mance of the piece.. 

Consequently, FEA methods follows parallel design inputs, such as aesthetic 
values or density variation. An object is first imported to SimScale cloud-based 
FEM for discretization analyses. The data is then exported to ParaView, which 
acts as a bridge between SimScale and Rhinoceros 3D, exporting geometrical 
analyzed samples as 3D-points, that Rhinoceros 3D can read, and stress val-
ues in the form of a CSV file. An algorithm links both, geometrical 3D-points 
with their respective stress values, indexes and structures this information, and 
creates a new infill that ultimately will be exported as code (g-Code, RAPID) 
commands. 

Attribute generation and geometrical configuration results in a highly com-
plex characterized cellular membrane. A tectonic design approach is necessary 
when applying this workflow. knowing the affordances and limitations of the 
material along with a tool design approach, which considers the limitations of 
the fabricating tool 

For a failsafe operations algorithmic design must ensure the anticipation of 
constraints of the fabrication process and equilibrium. Positive feedback loop 
simulation and analysis is a fundamental aspect of this kind of processes. 

A novel design method of multifunctional cellular structures is presented. Fi-
bers can be deposited in a discrete manner, fused together to create networks of 
continuous geometrical formations. The bonding in between each of the fiber 
line depositions is the more fragile element in the system.

4.2.4. Cellular membranes printability
Constructability can be defined as the physical-mechanical characteristics of 
an element. The information related to the mechanical resistance of a structural 
form, which presents the behaviour resulting from the conjunction of geom-
etry, structure, joints and material of an architectural object.

This research studies the possibility of constructing spatial structures where 
the tissue itself is joined and forms a system in balance, either by welding of 
the thermoplastic fibers and/or by density, or by the geometric shape of the 
entire complex surface of double or simple curvature. 

Given that the characteristics of thermoplastic materials make it suitable for 
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Fig. 4. 30  Unstructured extract of list of results associated to coordinates and tetrahedral VTK cells: Point set and 
vector set information from isostatic cloud FEM analysis
(Ladrónd de Guevara, Borunda, Anaya 2019)



293

lattice construction, this research proposes the analytical study of the confor-
mation of spatial frameworks from the distribution of their fibers. 

The conditions of printability are evaluated. The aspects that influence con-
structability of a cellular membrane can be divided in deposition constraints 
(material and geometrical), evaluated at the scale of the unit and the condition 
of equilibrium, continuously at both, entire shape and discrete unit scales.

• At the scale of entire shape, the additive form can be analyzed to be 
stable along the extrusion and can become structural as it is manufactured. 
The additive process gradually changes the form along the extrusion and 
require that the materials negotiate a continuous a state of equilibrium dur-
ing the fabrication process (Reichert et al., 2014).

• At a pattern scale, another consideration needs to be taken. It fol-
lows the same logic as the example above.  However, to be efficient, this is 
taken at the time of the design of the pattern, so future feedback loops are 
avoided. The additive aggregation of units is the basis of design of such 
cellular membranes.

• L. Gibson and Ashby (Gibson, Lorna & Ashby, 1997) introduced a 
simplified model of foams; they presented the behaviour of foams and cel-
lular solids in hexahedral-based cubic samples. Similarly each unit cell is 
structured in a an hexahedral matrix, in a voxel.  Compared to random 
foams, lattice structures are regular and reproducible, they offer more 
design freedom which results in structures with enhanced properties and 
novel functionalities. 

Geometrical constraints are related to fabrication limitations. The study has fo-
cused on regular and irregular strut-based lattices and triply periodic minimal 
surface-based structures.

The taper of the nozzle establishes the first constrain when designing a pattern. 
For instance, two vertical segments must have a separation that equals the 
width of the nozzle. While it is always possible to print upwards or horizontal 
(regardless direction, angles), printing downwards become impossible when 
the slant of the print is steeper than the taper of the nozzle.

The main challenge in spatial printing is that the nozzle must respect already 
printed material in order to prevent collisions. About half of the algorithm code 
are definitions that deal with fabrication constrains. In order to be time and 
computationally efficient, instead of particular checks, we offset the Z direc-
tion with a distance higher than the height of the printed unit at the first and 
last points. This ensures that it never collides with already printed geometries 
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Fig. 4. 31  Planar infill optimization method,  planar segmentation of FEM results of dented geometry
Once restructured, the result of these analyses is used to inform the design of the piece, yielding to a differentiated infill 
optimizing the mechanical performance of the piece. An algorithm links both, geometrical 3D-points with their respec-
tive stress values, indexes and structures this information, and creates a new infill that ultimately will be exported as 
g-Code commands.
(Ladrónd de Guevara, Borunda, Anaya 2019)
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during those motions of the printer in which material is not being deposited.

Both gantry and robotic systems of deposition work for the purpose of creating 
cellular architectures using this method. Gantry systems in general share the 
principal limitation of perpendicular nozzle orientation and show successful 
scalability through simple extrapolation of the system to larger setups or varia-
tions such as cable driven systems so that across a wide variety of deposition 
systems design principles are maintained. Robotic systems provide an extra 
condition of freedom of orientation, and consequently, the geometrical pos-
sibilities of fibrous arrangements are significantly extended in the use of 6 
Degrees of Freedom mechanisms.

The geometry of fibers is approached from the biomechanical scale distin-
guishing orientation and density thresholds and variable elasticity modulus 
obtaining by the sum of the fibers and the geometric pattern, spatial surfaces 
and continuous geometries. Stiffness and strength of three-dimensional lattices 
with multiple hierarchical levels demands arrays that comply with the limita-
tions of the printing technique.

In essence, the custom-developed workflow takes as input a shell geometry and 
automatically generates a lattice structure informed by the loading scenario as 
well as by physical constraints of the material and the fabrication system used. 

The goal is to consolidate a versatile design and construction method for a 
material efficient architecture that can be applied to a wide range of loading 
conditions and morphologies. 

Fig. 4. 32  3D infill optimiza-
tion method, 3D segmentation 
of results based in Hexahedral 
matrix from Multi-resolution 
algorithm. 
This information is translated 
into single 3D printable units. 
Continuous toolpath gen-
eration by parsing Gcode and 
RAPID code by concatenation 
of discrete units following in-
dex.
Own work

Fig. 4. 33  Structured point 
cloud, discretization of global 
shape, indexing, digitization 
and population based on stress 
distribution
Own work
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Fig. 4. 34  Cellular solid stress strain graph. (Gibson 1997), 
Fig. 4. 35  Multi-material 3D printed lattice. Own work

Medium porosity 

lattice

High porosity lattice

Dense bodies

Fig. 4. 36  Bird bone tissue. Coloured scanning electron micrograph (SEM) of cancellous (spongy) bone from a star-
ling’s (Sturnus vulgaris) skull. This tissue, found in the interior of bones, is characterised by a honeycomb arrangement 
of trabeculae (columns) and spaces. This honeycomb structure provides support and strength to the bone. Magnifica-
tion: x25 when printed 10 centimetres wide. Photo by Steve gschmeissner/science photo library.
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4.3 AM construction based in 

hierarchical biomechanics of bone
Much work has been carried out to understand the mechanical behaviour of 
whole bone and its possible application to the construction of lightweight 
structures (Skedros & Baucom, 2007).

The mechanical behaviour of a material may be completely described by a 
group of material properties. However, the mechanical behaviour of a whole 
bone structure is much more complicated to predict, since it is the result of the 
material properties of each of its components and their geometric distribution 
in space (Caeiro et al., 2013).

To understand the biomechanical properties of a bone, we need to study its dif-
ferent structural levels due to its inherent complex structure.

The biomechanical analysis of whole bones must always be accompanied by 
an analysis of their geometry. At the first hierarchical level of a bone structure 
(Caeiro et al., 2013), we determine the trabecular/cortical architecture, the in-
fluence the stiffness and the strength of fibrous tissue. For the purpose of this 
research, studies in whole bone in mammals and birds are transferred to set a 
geometrical framework of cellular architecture.

The skeletons of birds are a reference to ultra-lightweight structures and used 
as reference in spatial structures and airframes because they are a result of se-
lection of minimizing energy required for flight. (Dumont 2010) studied bone 
structure in birds and found that, supportive to the conceptual framework of 
bone strength (Keaveny et al., 2001) presented in the state of the art, “As bone 
density increases, so do bone stiffness and strength. Both of these optimization 
criteria are used in the design of strong and stiff, but lightweight, human-made 
airframes”.

Avian bone, contrary to popular belief, is denser than comparable bone struc-
tures (Dumont, 2010). What gives avian bone its properties are the trabecular 
bone architecture and volume fraction differentiation to increase the modulus 
of elasticity. The spongy bone tissue in the avian skull is attached to layers of 
cortical bone. 

The third part of trabecular architecture in avian bone studied in this research is 
the anti-buckling ridges that connect the two types of tissue. Ridges are shaped 
to provide sufficiently strong and stiff tissue to resist stress throughout take-off, 
flight, and landing while having minimal weight. 3D print prototypes can emu-

Fig. 4. 37  trabecular and cor-
tical-based tessellation should 
ensure the dissipation of stress 
without entering deformation 
and complex stress. Prestress 
augments load capacity ensur-
ing shape integrity.
Own work

trabecular stress distribution of 
simple force

in precompressed membranes 
external stress is transformed 
to simple compression 

entering complex flexural stress 
when global shape is deformed

Fig. 4. 38  bone load displace-
ment graph. Own elaboration 
based in (Miner 2013)
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Fig. 4. 39  Large scale testing of 3D printing algorithm by discrete methods.
Own work
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late the reinforcing struts that connect lamellar cortical bone and trabecular 
layer based in avian wing bones (Novitskaya et al., 2017).

4.3.1. Fibrous arrangements applied to large-
scale additive manufacturing
3D printing is usually focused on discretizing the external perimeter to recon-
figure it in discrete stacked layers. Recent efforts have focused on tailoring the 
internal structure of the 3D print —called infill— to optimize its behaviour 
variating the allocation of material creating foam infills (Kuipers et al., 2019). 
Custom infill-like, cellular forms, meaning less than 30% solid volume frac-
tion, and their applicability to large scale additive manufacturing were devel-
oped and tested with the collaboration of the Materials Lab at the Department 
of Mechanical Engineering of the Universidad Politécnica de Madrid to assess 
the mechanical capacity, time of fabrication and viability of applying certain 
types of geometries to membrane construction for architecture.

This research studied different tessellations and their continuous and discontin-
uous deposition strategies to generate interior filling for optimized large-scale 
structures. This is the literal core of cellular membrane configuration.

Cellular forms are considered mechanically continuous (Pasquarelli et al., Sep 
2017) at a certain level of density of threads. The network of joints and threads 
based on natural formations (Torres et al., 2016) and reiteration or repetition 
permits the formation of robust and complex mechanical system. 

Tessellations for cellular additive manufacture geometries (Pelanconi & Or-
tona, Sep 1, 2020), are tested based on their capacity to create large scale mem-
brane by additive manufacturing modelled discretely to functionally adapt to 
mechanical strain, as found in trabecular fibrous structures (Gibson, Lorna, 
1985). 

Controlled levels of porosity are fundamental to increasing the build size of 3D 
printed elements with current available materials. This research focused pri-
marily in studying thermoplastic materials and ceramic deposition. From the 
studies we determined that the geometry is the more important characteristic 
for load bearing application and not the material itself. 

Substantial research effort has been dedicated to comprehending the robust 
(Torres et al., 2016) morphogenetic configuration and hierarchical functional 
adaptation of bone (Gibson, Lorna & Ashby, 1997) under mechanical loading, 
since Wolff in (Culmann, 1866; Wolff et al., 1870; Zippel, 1992) presented the 
concept of biomechanical adaptation. 
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zation and population based on 
stress distribution.
Own work
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Fig. 4. 41  Custom 3D printing, planar workflow diagram (top), 3D lattice workflow diagram (bottom). Discretization of 
global shape, indexing, digitization and population based on stress distribution.
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Bone transformation is a highly coordinated adaptation of the bone tissue that 
has found to be true in several FEA studies and under relatively simple loads  
(Skedros & Baucom, 2007). 

This intuition has been debated (Skedros & Baucom, 2007) and remains very 
influential to current material-based design methodologies of digital design in 
architecture (Naboni et al., 2019; Naboni et al., 2020; Oxman, N. et al., 2013; 
Oxman, N. et al., Sep 2013; Reichert et al., 2014). 

Topology optimization and additive manufacturing are the most frequently 
methods applied for creating cellular structures in architecture (Monteiro et al., 
2020; Vantyghem et al., 2020; Wang, W. et al., 2020). Topologically optimized 
structures display very complex geometries, most often manufactured through 
layer-wise deposition limited to prefabricated solutions (Cesaretti et al., 2014) 
as is the case of (Cesaretti et al., 2014; Gardiner, 2011). 

The ultra-light-weight goal of this research is oriented towards a more specifi-
cally tailored set of tessellations at a meso and large scale of fiber and shape 
(Huang et al., Jul 2018; Oxman, N., 2011; Tam, K. & Mueller, 2017).

The research focuses next on identifying parametric networks of threads to 
emulate, not only simulate, a structure based on the biomechanics of fibrous 
structures in bone formations.

The review and examination of trabecular trajectories determine that the me-
chanical properties and strength of trabecular bone depend on the volume 
fraction of the trabecular tissue, the architecture (orientation, thickness and 
connectivity) and material properties “in that order of importance” (Keaveny 
2001), suggesting the influence of geometric parameters.

Novel fibrous structures analysis methods, not as computationally demanding, 
are providing better insight into the correct modelling and generalization of 
anisotropic complex structures and particularly bone functional adaptation un-
der stress, mainly by abstracting trabecular formations in intelligible arrange-
ments. 

Most commonly, trabecular geometries and bone load bearing behaviour (Li-
ebschner & Wettergreen, 2003) have been represented as volumes decomposed 
in struts of different geometric dimensions and material properties (Wang, Z. & 
Mondry, 2005), voronoi tessellations (Wang, G. et al., 2018), stochastic foam, 
Triply Periodic Minimal Surfaces (Tripathi & Shukla, 19 Oct 2017; Vijay-
avenkataraman et al., 2018; Yoo, 2011), regular and irregular strut (Naddeo et Fig. 4. 42  Mul t i - reso lu t ion 

discrete design spatial lattice. 
Locally differentiated materi-
als, density, geometries.
Own work
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Fig. 4. 43  3D printed lattice by multi-resolution
Own work
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al., 2017) based on spatial polyhedral arrays that can be simplified as nodes, 
columns and beams. according to (Caeiro et al., 2013).

For large-scale application studies, this research reviewed and tested the de-
sign and constructability of aforementioned geometrical arrangements with 
special emphasis in triply periodic minimal surface tessellations and regular 
polyhedral arrays. 

4.3.2. Density variation, trabecular architecture 
and material configuration
This research aims to create a superficial distribution of stress influenced by 
the mechanical behaviour of bird skull section. Chapters 2 and 3 explain in de-
tail how and by what means cellular solids can be designed and fabricated, and 
the interest of this technique is established in this chapter: to create hierarchi-
cally configured cellular membranes with additive manufacturing. This section 
requires answers to the following questions: 

• To yield which features? 
• Which patterns?
• Which materials? 

The computational objectives are set based on strength criteria established: 
first volume fraction by density variation, second thickness and orientation 
variation of individual struts.

The patterns and main systems of geometries identified to be 3D printed to 
potentially fill indefinite spatial formations, susceptible of being analyzed and 
characterized computationally are Triply Periodic Minimal Surfaces (Schoen, 
1970) and Space Filling Polyhedral (Burt, 1996; Edmonson, 1987; Schulte, 
2014; Steurer & Dshemuchadse, 2016; Torquato & Jiao, 2009). 

We study general thermoplastic materials such as PLA, ABS and PETG. The 
industry has advanced at a thrilling pace up to presenting metal compounds, 
ceramics, technical high performative plastics, bio-composites and other mate-
rials available to fused deposition modelling.  We aim to succeed in presenting 
a geometrical basis of design, which can incorporate future developments in 
material science aligned with the current exponential increase of technique 
developments and findings in this matter (Cesarano, 1998; Jin et al., 2020; Liu, 
Wenqiang et al., 2019; Ngo et al., 2018; Scheithauer et al., 2015) 

Extensive research on geometry are currently exploring the influence of high 
performative assemblies (Qin et al., 2017) in a material and fabrication sys-
tem. Interestingly enough, experimental studies confirm that more important 
than from the material, as in the study of gyroid tessellations reinforced with 
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Fig. 4. 44  Continuous robotic deposition of layewise and spatial arrays. (Borunda, et al., 2019)
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graphene (Qin et al., 2017), the mechanical properties come principally from 
the geometry itself.

Layer-wise printing techniques for strut based construction, although being 
used extensively in the manufacturing industry, especially for elements such as 
sandwich construction (Khosravani et al., 2020; Monteiro et al., 2020), which 
require a very high resolution, are only possible with sophisticated means of 
3D printing.

Triply Periodic Minimal Surfaces due to their ease of fabrication with layer-
wise techniques are frequently applied in additive manufacturing (Sychov et 
al., Aug 2018) and whose remarkable mechanical properties but the generous 
time allowance required to fabricate them and boundary geometrical limita-
tions make them less suitable for large scale applications. 

It is determined for the purpose of this research to be currently not applicable 
to large scale aggregations due to the lack of means of scaling the technique at 
a correct resolution effectively. 

Space Filling Polyhedral struts are more suitable for large scale applications 
due to their capacity of creating large scale fibrous arrangements with spatial 
printing within a more or less efficient time frame of construction, and the 
highly customizable geometries these can assemble.

4.3.2.1. Functionally graded deposition: computational 
objectives for the mechanical characterization of spatial 
lattices

The research is influenced by the skull section, in which two discrete laminar 
systems create a spatial system instead of being linear stress the trabecular 
system allows stress dissipation by a system of spatial distribution of struts.

Monocoque structures display exceptional stress distribution and mechanical 
behaviour through a combination of rigid anti-buckling shapes and isotro-
pic distribution of tensile or compressive stress along the membrane surface. 
(Lloyd project) shows beams to support the emblematic monocoque structure 
where 5 cm aluminium beam-like structures are implemented. Having defor-
mations of the shell thus elastic non rigid structure deforms the optimal shape 
and non-linear structural analysis show a subsequential increase in deforma-
tion potentially losing equilibrium and collapsing. 

To create rigid yet extreme lightweight structures, bird bones and other bio-
logical tissues present a very efficient anti-buckling solution against torsional 
and bending stress based on density, shifting the centre of mass from the bend-
ing axis to bone perimeter and creating helicoidal ridges and intricate internal 

Fig. 4. 45  Parmetric trans-
formations of Triply Periodic 
Minimal Surfaces. 
Own work
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Fig. 4. 46  PENDING
Fig. 4. 47  Tiply periodic Minimal  based infill configuration and mechanical grading.
Own work
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struts. These ridges are aligned with the direction of tensile force (Novitskaya 
et al., 2017) (TARA SULLIVAN).

In parametrical modelling, heuristic algorithms approximating solutions are 
popularly applied when classic methods are too slow to find an exact solution. 
Heuristic algorithms help to produce computationally guided solutions (IJAC). 
In performance-based design, building performance becomes a guiding design 
principle.. 

Following the morphogenetic logics of the trabecular bone, a functionally 
graded cellular structure that approximates biomechanical principles was gen-
erated where topology, porosity and geometric orientation of the lattice struc-
ture responds to the external loading conditions. 

This has been integrated into a comprehensive workflow of computational de-
sign, multicriteria optimization and fabrication of an architectural shape, fully 
exploiting the advantages of additive manufacturing. 

The case study described in this chapter, an anticlastic shell working both in 
compression and tension, was obtained as a minimal surface connecting a few 
boundary curves. 

We explore geometrical potential to spatially vary lattice parameters to ac-
commodate complex loading conditions to localize reinforcement material in 
regions where tensile loads are projected, thus optimizing material use.

To determine the most efficient material distribution for the specific anticlastic 
membrane design, an iterative mechanical analysis based on FEM is imple-
mented in an analogy with the bone remodelling process. 

The multi-level design and optimization workflow is developed within the 
digital environment of Grasshopper for Rhinoceros. The lattice structure is a 
translation of the material allocation process, based on the calculation of the 
stiffness factor values across the shell, which fine-tunes the structural response 
to the specific shape and loading case bearing topology, thickness and cell 
orientation alike the trabecular bone. 

The critical input parameters influencing the lattice morphogenetic process re-
late not only to the geometric characteristics and loading scenario but also to 
the fabrication setup, the material properties, and the inherent manufacturing 
constraints. Resulting from the variations in any of these parameters is a differ-
ent configuration of the generated load-responsive lattice structure. 

Specifically, the goal of the geometric study is to establish principles of 3D 
printable structures in order to generate the parametric algorithms able to fab-

Fig. 4. 48  Optiimzation trans-
formations of Triply Periodic 
Minimal Surfaces. 
Fig. 1. 125  Detail of eD print-
ed cellular solid.
Own work
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Fig. 4. 49  Complex membrane optimzation process, transformations and density variations.
Parametric transformations demand very high computational power and the printability is limited to layer-wise techq-
niques.
Own work
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ricate continuous complex forms serialized in 3D printable functional fibrous 
components by multi-resolution method of design.

The crucial benefit of the established computational workflow is its poten-
tial generalization for any material and additive fabrication setup, as it is 
developed to automate design generation and 

i. Variable volume fraction properties

ii. Variable strut architecture properties

iii. Variable material properties

Cellular morphologies of different scales provide unparallel freedom to engi-
neer anisotropy and introduce hierarchical mechanical grading (Marascio et 
al., 2017). 

Fused deposition modeling, although significantly more limited than high res-
olution printing techniques, provides a platform of fabrication, particularly for 
meso to large scale arrangements. Different geometries are tested to evaluate 
efficient large-scale application of the biomimicry model mechanics principles. 

4.3.2.2. Triply Periodic Minimal Surfaces (TPMS) infills

For this part of the Geometry research, we test 3D printed Samples of Triply 
Periodic Minimal Surfaces Geometries and parametrically optimized varia-
tions.

Periodic membranes formed by TPMS presented by the NASA scientist Alan 
Schoen in his influential report (Schoen, 1970) are complex spatial formations 
of zero mean curvature, that present no intersections and have been mathe-
matically identified invariant under three-dimensional rank lattice translations, 
which makes them infinitely extending in three dimensions of space. 

TPMS complex forms have extremely efficient load (Berciu, 2016) distribu-
tion due to the zero-mean curvature, capable of very precisely follow a char-
acterization by density variation (Qin et al., 2017). TPMS show exceptional 
capacity to create 3D infills (Felix et al., 2020; Sychov et al., Aug 2018) of high 
mechanical strength (Podroužek et al., 2019). 

TPMS repeatability in space makes it an excellent candidate to create func-
tionally graded infills easily manufacturable with layer-wise addition due to 
the continuity of membranes, but present particular challenges in maintain-
ing continuity at the perimeters (Podroužek et al., 2019), that is, between any 
individual cell that is differently characterized and at the edges, due to the 

Fig. 4. 50  TPMS laywer-wise 
printing process.
Own work
Fig. 4. 51  TPMS based infills 
mechanical testing. 
Mechanical Engineering Mate-
rials Lab. Universidad Politec-
nica de Madrid. (Borunda, et 
al., 2019)

 4. Geometrical Characterization and Mechanical Grading
AM construction based in hierarchical biomechanics of bone

EOAT 



312

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces

Fig. 4. 52  Shell piece study with Structure variations on space filling honeycombs based on stress simulation.
Compression tests by Materials Lab of theMechanical Engineering Materials Lab. Universidad Politecnica de Madrid. 
(Borunda, et al., 2019)
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complexity of introducing parametric transformations, as presented in (Jabi et 
al., 2017) and tested extensively in this research.

The anisotropic properties inherent to the process of 3D printing result in com-
ponents that are stronger when loaded in the direction of the 3D print build, 
and weaker across bonded layers of fused filament. It is important to distin-
guish between geometrically induced anisotropy, which is controlled, from 
that resulting from fabrication, which is not. 

The fibrous components can be tailored to store energy and release gradu-
ally by deformation by simply adjusting its geometry. Density determines the 
mechanical properties and behaviour of 3D printed work pieces. A simulation 
framework for experiment is required to develop such parametric transforma-
tions tasks. Compression mechanical testing of fibrous TPMS structures, opti-
mized and differentiated show the capacity to induce varying flexural modulus 
within continuous deposition, only varying geometrical qualities. Mechanical 
testing also displayed the inherent qualities of complex 3D infills, very strong 
fibrous arrangements that dissipate energy efficiently. The TPMS are modelled 
by meshing an interpolation of points distributed according to the equation 
approximation of TPMS surfaces within a specified domain of 0 to x Pi. Mil-
lipede Component processed the cloud point in Grasshopper to configure a 
surface.

An optimization workflow presented in multi-resolution.com is applied to test 
TPMS capacity of varying elasticity modulus and strength by varying density. 
In summary it follows the sequence:

iv. TPMS production based on Millipede plugin for Grasshopper. 
By entering the mathematical definition or approximated equation, the 
complex TPMS surface can be created by sampling points from it. 

i. Initial FEM analysis set up of context and load parameters

ii. TPMS deformation through point attractors on grid for iteration 
production. From initial grid

iii. Deformations to grid are generated through point attractors, po-
sition of point attractor, periods of TPMS and shell thicknesses are vari-
able.

iv. Recalculate FEM analysis and feedback loop based in Karamba. 
Several iterations are calculated, and best parameters are inherited in sub-
sequent tests.

Fig. 4. 53  Gyroid based and 
fractal based geometries. Com-
pression tests by Materials Lab 
of the Mechanical Engineering 
Materials Lab. Universidad 
Politecnica de Madrid. (Bo-
runda, et al., 2019)
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DATA RESULTS

Token Description
Weight 

(G)
H 

(mm)
H dis 
(mm)

H Difference 
(mm)

Qc max 
(daN) Failure

1 Constant Density Infill 1050 126 117,5 8,5 6301 Yes
2 Variable Density Infill 1222 124 123,0 1,0 3824 Yes
3 Polyhedral Infill 1403 101 101,0 0,0 9758 No
4 Fractal Perimeter Shell 1109 122 122,0 0,0 9725 No

Fig. 4. 54  Infill variations results.
Different patterns of deposition induce highly differentiated elasticity and strength.
Compression tests by Materials Lab of theMechanical Engineering Materials Lab. Universidad Politecnica de Madrid. 
(Borunda, et al., 2019)
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v. Inheritance is based in Copy, Crossover, and Mutation, so that 
global peak performance in Solution Space is sought after. Recalculation of 
FEM performance generates a database of Grid Deformation Iterations.

vi. Least displacement iteration under fixed loads conditions is cho-
sen for 3D printing

Tests results demonstrate the possibility of engineering complex mechanical 
behaviour in equal density 3D printed cellular structures by parametrical grid 
transformations. Tests are further described in method section and provide 
insight into grid transformation optimization processes. Together with Multi-
resolution algorithms and Free oriented Additive Manufacturing, the paramet-
ric definition of complex structural 3D lattices of optimized performance is to 
be studied in subsequent tests. In order to advance the viability of 3d printing 
in architecture further research will compare printability and performance of 
large scale robotically augmented 3d printed fibrous structures.

1. Periodic Base Token: rigid quasi-isotropic lattice will absorb stress until 
layer-by-layer brittle failure with camelback mechanical behaviour and low 
elasticity modulus.

2. Algorithmically Optimized: engineered anisotropy strengthens two times 
equal density token

3. Algorithmically optimized With Free Domains: allowed to place fibres more 
freely, an isotropic foam-like token will absorb less stress initially and be-
comes gradually denser as it is compressed. 

Geometry variations that introduce local variations to the elasticity modulus 
create a range of trabecular-like to cortical-like mechanical grading.

Large scale applications of TPMS infills are more vulnerable at their edges and 
do not allow continuous transformations. TPMS very limited by the layer-wise 
technique, but show potential applications in largely porous structures, where 
volume fractions perform in large membranes; smaller scale arrangements, 
although mechanically very strong, take a long time to print. Advances in ad-
ditive manufacturing may create stronger and faster bonds in thicker layers 
with emerging material developments. Several limitations in the fibrous tessel-
lations based on TPMS can be optimally resolved with polyhedral lattice 3D 
infills but demand more specialized work for a spatial method of extrusion that 
violates standard 3D printing practices of layer-wise production. 

The conceptualization, visualization, and production of functional pieces of 
large-scale 3D printing digital architecture contemporary geometries in a sen-

Fig. 4. 55  3D printed infill 
tests, hexahedral arrangement.
Fig. 4. 56  Lattice detail.
Own work
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Fig. 4. 57  Double cuvtarue membrane configured with polyedral infill.
Own work
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sible amount of time requires new methods that surpass the layer-by-layer de-
position paradigm.

4.3.2.3. Polyhedral 3D infills

The polyhedral arrays can successfully represent hierarchical differences of 
modulus of elasticity, stiffness, and strength through relative density variations 
(Mechanical properties of hierarchical lattices). 

Thermoplastic spatial vitrification significantly increases the opportunities of 
creating large-scale geometrical arrays with aforementioned methods like bet-
ter build times, resolution and material use. For this reason, thermoplastic lat-
tices are preferred over the more continuous and simpler distribution of meso 
to large-scaled TPMS. 

According to Podroužek et al., (2019), we can follow several considerations to 
make bio inspired infills using regular strut lattices and specially packing poly-
hedral arrays optimal for mechanical grading. We add several considereations.

• Irregular strut: 

An irregular stut-based structure consists of a random arrangement of cells 
composed by struts, which are connected one to another by nodes. This means 
that the architecture is not periodic, and the cells are geometrically different 
from one another. Naddeo, Cappetti et al. (Naddeo et al., 2017) tested algorith-
mically developed irregular lattices influenced by external forces, manufac-
tured in microbeam elements. 

Thin irregular struts present significant challenges to be produced with 3D 
printing techniques different to Fused Deposition Modelling. Thin members 
are nearly impossible to produce in layer-wise deposition due to the nozzle 
movements, and thin irregular arrangement tend to create self-intersections.

• Voronoi and Delaunay:

There are only few parameters that can be varied to engineer the properties of 
a foam. The need to represent a foam with a random engineerable structure has 
led to the development of a new algorithm based in Voronoi 3D tessellation. 
This method consists in the decomposition of the space determined by the 
distances from a given discrete set of random points. For each point there is 
a corresponding region consisting of all points closer to that point that to any 
other. The regions are called Voronoi cells. 

Fig. 4. 58  Graded lattice.
Own work.
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REGULAR POLYHEDRA

PODIFIED POLYHEDRA

QUASI RANDOM AGGREGATION

SPACEFILLING TESSELLATIONS 
STUDIED

TRIPLY PERIODIC MINIMAL SUR-
FACE

MODIFIED TPMS

Fig. 4. 59  Undefferentiad and differentiated structured lattices. Parametric transformations of polyhedral arrays.
Own work
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The code was further developed allowing the implementation of a cells size 
gradient along t=1 or more axis and directions: the cells size changes starting 
form one value and arriving at another. In this way, it is possible to generate a 
lattice with different porosities in different regions of its volume (Martínez et 
al., 2018) and create foam structures of free gradation of density, orientation, 
and stretched leading to controlled deformation, for example varying ortho-
tropic elasticity modulus (Martínez et al., 2017).

• Random Foam:

Design exhibited uncontrolled properties due to their random and non-periodic 
structure. 

Random foams are computationally demanding and require very specialized 
techniques for their additive manufacturing (Kuipers et al., 2019).

• Regular lattice: 

A regular lattice structure consists of a periodic arrangement of cells composed 
by struts, which are connected one to another by node. 

The architecture construction takes place from a unit cell that is replicated in 
three-dimensional space until boundary. 

• Structured lattice: 

Structured Space Filling polyhedral are a family of geometries.

Current advances in 3D printing structured polyhedral array focus on generat-
ing known types of spatial structures, particularly space packing polyhedral 
and Weaire-Phelan to be 3D printed in thin strut lattices. Parametric algorithms 
allow transformations of the lattice

R. Naboni et al. presented a very advanced method of design and implemen-
tation of theoretical biology principles of bone biomechanics in Trabeculae 
Pavilion (Naboni et al., 2019; Naboni et al., 2020). 

The pavilion presents a hyperbolic paraboloid discretized in sections printed 
in farmed individual printers in a layer-wise fashion, assembled on site with 
intricate hidden joints. 

The highly complex work exemplifies potential transfer of bone-inspired strat-
egies and 3D printing. The cellular architecture of bone was approximated in 
a deformed tetrahedral-octahedral arrangement of varying thickness according 
to stress analysis.

Fig. 4. 60  Voronoi and delau-
nay stress influenced polygonal 
lattices.
Complex arrangements yield 
difficult to print tessellations. 
Own work

 4. Geometrical Characterization and Mechanical Grading
AM construction based in hierarchical biomechanics of bone

EOAT 



320

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces

|  Impresión Digital 3D, diseño y fabricación digital de superficies continuas   |  Luis Borunda  |methods

Space Þlling polyhedra 3D printing hexahedral base
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Fig. 4. 61  Spatial filling polyhedra studied.
Own work



321

Building upon advances on structured space filling 3D printing, this research 
focuses on the 3D printing of cellular membranes with spatial print techniques 
to create workflows that can operate on-site and off-site, where mechanical 
properties directly influence the scale of the fiber deposition, material and ar-
chitecture.

4.3.3. Space filling polyhedra
The research of 3D printable arrays that can conform continuous surfaces as 
complex spatial structures is largely based on B. Fuller’s isotropic vector ma-
trix. 

Fuller studied extensively space filling array of geometries in “cubic packing” 
structures (Edmonson, 1987; Zung, 2001). The isotropic vector matrix can be 
described, according to B. Fuller, as a group of spheres that create a filling ar-
ray, where you keep the center radius of the sphere and then “take away” the 
spheres. This creates center nodes with identical distances to each other in all 
directions, forming one-unit vectors. A “multidimensional matrix in which the 
vertexes are everywhere the same and equidistant from one another” where 
every node has twelve connections to other nodes, radiating outwardly (Ed-
monson, 1987). Therefore, a structure based in the isotropic vector matrix will 
dissipate stress in the most efficient manner. 

Space filling polyhedral that can be inscribed in the hexahedral meshes are of 
interest to this research. This allows to discretize a membrane following the 3D 
grid structure presented in Multi-resolution and populate it with lattices that 
follow the isotropic vector matrix. The characteristic that makes the isotropic 
vector matrix valuable to this research is that the isotropic vector matrix de-
fines a family of space filling polyhedral that can be represented in hexahedral 
matrices “cube packing” while presenting the interesting mechanical features 
by interconnecting the nodes. 

As B. Fuller indicated, the power of geometry is the key aspect of strength 
in spatial structures in the describing the octet truss, one of the geometries he 
identified within the isotropic vector matrix (Edmonson, 1987).
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Fig. 4. 62  Radiating vectors in Rhombic Dodecahedron.
Certain spatial filling polyhedral arrays present exceptional mechanical qualities, with omnidirectional network con-
nections and capacity to create self intersecting lattices.
Fig. 4. 63  Diagram of geoemtrical relationshps between different space filling polyhedra
Own work



323

The octet truss takes the conceptual matrix into physical real-
ization. We can now appreciate the difference between diamond 
and graphite. Their organization can be though as a double 
octet truss, two intersecting matrices with the vertices of one 
overlapping the cells of the other. Stabilized by the high number 
of bonds between neighboring atoms, which also allow forces to 
be distributed in many directions at once, the configuration is 
supremely invulnerable. In contrast, carbon atoms in graphite 
are organized into planar layers of hexagons, triangulated and 
stable in themselves, but not rigidly connected to other layers. 

The comparison provides a spectacular example of synergy: re-
arrangement of identical constituents produces two vastly differ-
ent systems. Thus we see that nature also employs design science 
(Edmonson, 1987).

(Edmonson, 1987) describes properties of the vector array of the isotropic vec-
tor matrix in properties of:

• Vector equilibrium

• Spatial symmetries of four unique directions of equilateral triangles

Another interesting property the vector matrix is the space it configures. It 
provides an ordered system of absolute coordinates where each unit can be 
decomposed in local systems of coordinates keeping a logic relationship to 
the whole. 

We think of the multi-resolution algorithm as a framework of possible configu-
rations that are a priori ordered. The possible directions of this framework are 
given by the explicit implementation of the vector matrix. 

This explicit configuration is geometrical, it is an interpretation of the system 
of forces in space.

A threaded network of vectors is materialized in fibers, specifically modeled 
toward equilibrium. 

Lines are forces as conceptualized by B. Fuller  (Buckminster Fuller & Loeb, 
1982).
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Space Þlling polyhedra 3D printing hexahedral base

Hexahedral base
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Octahedron - tetrahedron

Fig. 4. 64  The tetrahedron-
octahedron “octet-truss” is 
composed has equal distance 
vectors refered to as isotropic 
vector matrix (B. Fuller 1982)  
in all its points and is capable 
of filling space by periodical 
repetition.
Own work
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Fig. 4. 65  Lattice configuration by algorithmic method. The algorithm automatically arranges the direction of poly-
gons based location in the lattice and in relationship to the movement of the nozzle.
Own work.

Fig. 4. 66  NC Viewer toolpath visualizer.
The unit of 3D printable geometry is a segment of a space filling tesselation. 
Own work with NC Vivewer web application.
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4.3.3.1. 3D printing Hexahedral based lattices

“It is axiomatic to conventional engineering that if parts are 
“horizontal’, they are beams; and the total floor ability by such 
conventional engineering could be no stronger than the single 
strongest beam in the plural group. Thus, their prediction falls 
short of the true behavior of the octet truss by many magni-
tudes.” B. Fuller

The induced anisotropic behavior within the originally quasi-isotropic ma-
trix configures a surface that emulates induced structural behaviors “formed” 
through iterative analysis methods such as Finite Elements.

Studies of spatial tessellations include:

• Cube

• Octet truss

• Rhombic Dodecahedron

• Truncated cuboctahedron

The 3D printer will process z,x,y indexes of each coordinate, in that precise 
order. The bottom left to top right linear fashion in which 3D printers deposit 
material divides the surface of deposition into quadrants with different charac-
teristics. Cube tessellations require open polygons to allow nozzle movements 
along the lattice, for this reason cube tessellations vertical elements are 3D 
printed in single strut per cube fashion, allowing nozzle movements in 3/4 of 
the voxel where the strut is not located. 

The end point, located in index (x, y, level, point) of the orthonormal matrix, 
of an open polygon requires full vitrification of molten plastic to stay in place. 
Open polygons create very weak links and the vitrification time they require to 
form make them difficulty to print with accuracy. 

Spatial tessellations in certain type of filling arrangement can follow pyramidal 
segmentation. This allows to print a segment of a face of the polyhedral array 
with three target points that create a triangle —base in the bottom, apex on the 
top— to assemble a face of the pyramid segmentation. 

Fig. 4. 67  Mirror images of 
tetrahedra. The automated 
orientatinon of fibers creates 
creates a 3D printable array 
based on the position of the 
polyhedron.
Own work
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Fig. 4. 68  General printabily of triangulated lattices based on square pyramid method. Slant angles small enough to 
allow free movements of depsition nozzles. 
Triangulated lattices can be drawn within arrays of square pyramids perpendicular to the angle of extrusion regardless 
of voxel form and orientation.
Own work
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Starting from the base, preferably the first line to deposit is a horizontal base, 
and subsequent targets create the triangle in space. The omni symmetrical 
qualities of and uniform dispersion of points in space of the tessellations allow 
for a geometrical arrangement of a single type of triangle to conform all faces 
of the polyhedral array simply by a simple mirror transformation along rows 
and columns order, always shifting one unit in the next shifting floor order,

Generally, each tessellation is 3D printed in triangular formations for better 
stability, closing polygons as it proceeds though spatial deposition. The spatial 
tessellations are discretized in a hexahedral matrix based in cubes, following 
the orthonormal matrix rows in x axis, columns in y axis, and levels in z axis, 
order of the Multi-resolution algorithm. Each unit contains the information 
parameters to build a lateral face, of varying orientation, of the polyhedron that 
will ultimately conform the spatial lattice. 

The key aspect to ensure printability when choosing and configuring the tessel-
lation is the capacity to build it out of a concatenation of square pyramids with 
apex at the top. The triangular generalization of lateral faces of polyhedral ar-
rays create a continuously additive process of square base pyramid formations. 
Triangulation of cellular membranes distributes applied forces efficiently. To 
ensure freedom of movement of the nozzle, the square pyramids must be com-
pliant with the tape angle of the deposition system. For example, for a 45 de-
grees nozzle taper, the square pyramid must simply be conformed of congruent 
isosceles triangles angles. 

In summary the main characteristics that determine manufacturability of tes-
sellations configured by square pyramid method are:

Pyramid characteristics will determine its printability: 

• Slant angle of the pyramid < taper angle 

• Altitude must be free from obstructions in the nozzle

• So for small taper angles, scaling the tessellation in height until clear-
ing slant angles will allow nozzle systems to be adequate for spatial print-
ing.

Location in quadrants will determine its direction of print:

• The isotropic vector matrix presents properties of space symmetry 
and omnisimetrical triangulation, so the quadrant differentiation produced 
by the row [i], col [j], level [k] order of print is bypassed in by printing 
lateral faces of pyramids left to right, or top to bottom, depending on the 
quadrant in which the unit is located.

1

1

2

2

3

3

4

4

Fig. 4. 69  General printer 
movement

Fig. 4. 70  Cell print test in 
four possible quadrants based 
on extrusion direction. 
Own work

Fig. 4. 71  Additive build direc-
tion in linear toolpath.
Own work
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   def pattern1(self,(i,j,k)):
       
       cell = self.cellLines[i][j][k]
       t = rs.CurveParameter(cell[1][0], lenLine)
       pt = rs.EvaluateCurve(cell[1][0], t)
       horL = rs.AddLine(rs.CurveStartPoint(cell[1]
[0]), pt)
       t1 = rs.CurveParameter(cell[3][3], len-
Line2)
       pt1 = rs.EvaluateCurve(cell[3][3], t1)
       diaU = rs.AddLine(pt, pt1)
       vertL = rs.AddLine(pt1, 
rs.CurveStartPoint(cell[3][3]))
       last = rs.AddLine(rs.CurveEndPoint(cell[3]
[2]),rs.CurveStartPoint(cell[3][2]))
       self.geo = [horL,diaU,vertL, last]          
       
       for crv in self.geo:
           self.totalLength += rs.CurveLength(crv)
       self.baseSizeCounter +=1
       return self.geo
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Fig. 4. 72  Hexahedral array rhinscript extract.
Own work
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Fig. 4. 73  Hexahedral array 
sample.
Fig. 4. 74  scaled 3D print test.
Own work

Otherwise, the first point of deposition of the lateral triangle would be located 
in space.

The deposition of the tessellations described is necessarily achieved with cus-
tom fabrication code. In regular 3D printing processes with standard 3D print-
ers, the fabrication file is first generated by converting the model into an STL 
file format (an abbreviation of Stereolithography), which describes a given 
geometry in a raw, unstructured triangulated surface by the unit normal and 
vertices of the triangles using a three-dimensional Cartesian coordinate sys-
tem. Then, a 3D printing generator, normally open-source software such as 
Slic3r, take a given STL file and generates a G-Code file (i.e., the instruction 
language used by 3D printers) for the production of the 3D modeled object.

The 3D printing of lattices was tested in commercial 3D printers with standard 
and modified nozzles. The lattice is generated algorithmically entering:

• Solid membrane to infill

• Point cloud to extract information from

The Multi-Resolution algorithm differentiates custom densities to infill with 
a rhombic dodecahedron, octet-truss, cubic or other spatial tessellation. Then, 
the information from a point cloud (mechanical in the case of this application, 
but not limited to) is extracted and ordered to determine the local characteris-
tics of the infill. Each strut of each unit is differentiable so the electromechan-
ics commands can provide different speed, flow, feed, or cooling rates depend-
ing on type of strut. 

For the purpose of small-scale testing, the ordered list of coordinates is con-
verted into G-Code with a Python (ANNEX) script that differentiates point 
types according to the spatial lattice generalization (presented in chapter 2). 
The tests were done with nozzle’s varying from 0.4mm to 3 mm.

The script will generate different electromechanics commands depending on 
the general position of the lattice and the information output of Multi-Resolu-
tion mechanical grading. 

Tetrahedra-octahedral and rhombic-dodecahedron tessellations were found 
to provide the most appropriate topology and interesting qualities for a light-
weight FDM technology. 
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    def pattern1(self,(i,j,k)):
        
        cell = self.cellLines[i][j][k]
        
        ptB0=rs.CurveStartPoint(cell[0][0])
        ptB1=rs.CurveStartPoint(cell[0][1])
        ptB2=rs.CurveStartPoint(cell[0][2])
        ptB3=rs.CurveStartPoint(cell[0][3])
        
        ptT0=rs.CurveStartPoint(cell[5][0])
        ptT1=rs.CurveStartPoint(cell[5][1])
        ptT2=rs.CurveStartPoint(cell[5][2])
        ptT3=rs.CurveStartPoint(cell[5][3])

        ### TO CREATE OCTET
        dode0 = rs.AddLine(ptB0, ptB2)
        dode1 = rs.AddLine(ptB2, ptT1)
        dode2 = rs.AddLine(ptT1, ptB0)
        dode3 = rs.AddLine(ptB0, ptT3)
        dode4 = rs.AddLine(ptT3, ptB2)
        
        ### FOR GLUING BETTER
        ptBbase = rs.CurveMidPoint(dode0)
        dodeBASE = rs.AddLine(ptBbase, ptB0)
        dodeBASE = rs.ScaleObject(dodeBASE, ptB0, (.4,.3,.3))
        
        
        dodeTruss = [dodeBASE,dode1,dode2,dode3,dode4]
        self.geo = dodeTruss
        
        for crv in self.geo:
            self.totalLength += rs.CurveLength(crv)
        self.baseSizeCounter +=1
        return self.geo
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Fig. 4. 75  Octahedra Tetrahedra array rhinscript extract.
Own work
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4.3.3.2. Octet Truss

“The truss’s omni symmetrical triangulation distributes applied forces so effi-
ciently that the resulting strength of such architectural framework is far great-
er than predicted by conventional formulate the unitary, systematic, nonredun-
dant, octet truss complex provides a total floor system with higher structural 
performance… The minimal volume-to-material ratio inherent in the geometry 
of the tetrahedron maximizes resistance to external loads. The intrinsic sta-
bility of triangulation together with efficient dispersal makes this system the 
most advantageous possible use of materials in a space frame configuration.” 
(Edmonson, 1987).

The Octet-truss has triangular faces, the tensional distribution of Octet-truss 
is equally distributed along the axis of the threads by uniform dispersion of 
knots.

The Octet-truss has been extensively studied and tested (Deshpande et al., 
2001) and is frequently studied in 3D printing applications. It is among the 
most extensively used structured lattice geometry in biologically inspired fi-
brous structures across micro-meso scale.

Intercalating tetrahedra, it is possible to create an array equal to the octet-truss 
in space with 3D printing. Because the array can be generalized into individual 
triangular shape constructions, the parameters of the 3D printing process are 
easily adapted to different orientations, resolutions, and variations. The lattice 
is built by recreating triangular faces of the intercalating tetrahedra, which 
leave open volume area to reconfigure the path of deposition depending on the 
position of the triangle in space. We can print several times a same triangle to 
increment its density repeating a single unit as many times as necessary. 

The triangulation needs any of two base points to begin the construction form 
as depicted in the diagrams. This feature allows to create overhanging struc-
tures.

Density variations along principal stress lines distribute optimally tensions 
along the membrane. 

Rearranging the tetrahedra we can configure several other geometries. 

Fig. 4. 76  Octahedra Tetrahe-
dra array sample.
Fig. 4. 77  scaled 3D print test.
Own work
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    def pattern1(self,(i,j,k)):
        
        cell = self.cellLines[i][j][k]
        
        ptB0=rs.CurveStartPoint(cell[0][0])
        ptB1=rs.CurveStartPoint(cell[0][1])
        ptB2=rs.CurveStartPoint(cell[0][2])
        ptB3=rs.CurveStartPoint(cell[0][3])
        
        ptT0=rs.CurveStartPoint(cell[5][0])
        ptT1=rs.CurveStartPoint(cell[5][1])
        ptT2=rs.CurveStartPoint(cell[5][2])
        ptT3=rs.CurveStartPoint(cell[5][3])

        ### TO CREATE OCTET
        dode0 = rs.AddLine(ptB0, ptB2)
        dode1 = rs.AddLine(ptB2, ptT1)
        dode2 = rs.AddLine(ptT1, ptB0)
        dode3 = rs.AddLine(ptB0, ptT3)
        dode4 = rs.AddLine(ptT3, ptB2)
        
        ### FOR GLUING BETTER
        ptBbase = rs.CurveMidPoint(dode0)
        dodeBASE = rs.AddLine(ptBbase, ptB0)
        dodeBASE = rs.ScaleObject(dodeBASE, ptB0, (.4,.3,.3))
        
        
        dodeTruss = [dodeBASE,dode1,dode2,dode3,dode4]
        self.geo = dodeTruss
        
        for crv in self.geo:
            self.totalLength += rs.CurveLength(crv)
        self.baseSizeCounter +=1
        return self.geo
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Fig. 4. 78  Rhombic dodecahedra array rhinscript extract.
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4.3.3.3. Rhombic Dodecahedron

B. Fuller’s term for the rhombic dodecahedron is “spheric” because of this 
relationship to spheres in closest packing. Duals are instrumental in locating a 
systems domain. 

Rhombic dodecahedra feature two prominent aspects that make their print-
ability very efficient: first, their definition can be described as a stellation of 
a cube so intercalating tetrahedra leave a zigzagging pattern that can be filled 
with a second row of polyhedral, and second it displays radiating vectors is 
12 directions which materialize points in space where easily new polyhedral 
can be attached, ultimately resulting in a highly efficient distribution of stress.

4.3.3.4. Truncated cuboctahedron and other space filling 
polyhedra

Truncated cuboctahedra configuration depends upon intercalating triangular 
segments in a more distributed array. This creates the lesser dense matrix of 
the examples tested. Although the sparse array in useful for lower dense area, 
the fact that less points are generated in space, their printability required very 
slow deposition to ensure every triangle that conforms the lattice was correctly 
completed.

In general, other spatial polyhedral arrays will follow similar conditions of 
spatial 3D print. Solids that extend their vertices towards the perimeter of the 
cube and that can be generalized in square pyramid method are required to en-
sure constructability. The methodology can be extended to other known space 
filling polyhedral. Of particular interest are complex combinations of octahe-
dra, truncated octahedron and cubes. Octahedra, for example, can fill space in 
up to 49 different ways. 

Deformed versions and combinations are crucial to create 3D printable com-
plex geometrical arrangements. Furthermore, transitions between different 
polyhedral arrays are studied in variable density arrangements.

4.3.3.5. Characterization workflow summary and 
implementation

The aspect that influences more the strength of cellular structures in trabecular 
arrangements is geometry. This research establishes a workflow to determine 
density variations for local material and topology optimization in segment of 
and whole membrane structures.

The cellular lattice structure and the tessellation are then adjusted, and opti-

Fig. 4. 79  Rhombic dodecahe-
dra array sample.
Fig. 4. 80  Minimal unit
Fig. 4. 81  scaled 3D print test.
Own work
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    def pattern1(self,(i,j,k)):
        
        cell = self.cellLines[i][j][k]
        
        ptB0=rs.CurveStartPoint(cell[0][0])
        ptB1=rs.CurveStartPoint(cell[0][1])
        ptB2=rs.CurveStartPoint(cell[0][2])
        ptB3=rs.CurveStartPoint(cell[0][3])
        
        ptT0=rs.CurveStartPoint(cell[5][0])
        ptT1=rs.CurveStartPoint(cell[5][1])
        ptT2=rs.CurveStartPoint(cell[5][2])
        ptT3=rs.CurveStartPoint(cell[5][3])

        ### TO CREATE OCTET
        dode0 = rs.AddLine(ptB0, ptB2)
        dode1 = rs.AddLine(ptB2, ptT1)
        dode2 = rs.AddLine(ptT1, ptB0)
        dode3 = rs.AddLine(ptB0, ptT3)
        dode4 = rs.AddLine(ptT3, ptB2)
        
        ### FOR GLUING BETTER
        ptBbase = rs.CurveMidPoint(dode0)
        dodeBASE = rs.AddLine(ptBbase, ptB0)
        dodeBASE = rs.ScaleObject(dodeBASE, ptB0, (.4,.3,.3))
        
        
        dodeTruss = [dodeBASE,dode1,dode2,dode3,dode4]
        self.geo = dodeTruss
        
        for crv in self.geo:
            self.totalLength += rs.CurveLength(crv)
        self.baseSizeCounter +=1
        return self.geo

Fig. 4. 82  Truncated cuboctahedra array rhinscript extract.
Own work



335

Fig. 4. 83  Truncated cubocta-
hedra array sample.
Fig. 4. 84  Minimal unit
Fig. 4. 85  scaled 3D print test.
Own work

 4. Geometrical Characterization and Mechanical Grading
AM construction based in hierarchical biomechanics of bone

mized in sizing and orientation through a multi-objective genetic algorithm, where the 
variable includes the lattice configuration (cell size and inclination), density, length 
and amount of material to be employed.

First an isostatic cloud that contains scalar and vector stress information is computed. 

Second, discrete units of geometry linearly aggregate into a continuous cellular mem-
brane influenced by the stress field. 

Third, the characteristics of individual struts is determined by differentiated electro-
mechanical commands of spatial 3D print, to vary its specific architecture. 

A fourth step can implement material variations with multi-material nozzles, every 
strut in linear toolpaths can be individually accessed and characterized —not tested 
in this research. 

The case study presented involves 600 square meters membrane in 200 cubic meters 
of lattice where every part of the trabeculae is individually determined. This contains 
100,000 miles of extruded filament for about 200,000 miles of robotic motion. The 
toolpath creation method was principally aimed at being able to access every single 
portion of the linear additive process to be able to evaluate and determine its charac-
teristics in an individual manner. The printability review of different spatial lattices 
included:

• Geometric Distribution of trusses classified by performance, type and print 
order

Cell group to form minimum polyhedral aggregation unit: geometry of optimum 
quasi-isotropic, orthotropic or anisotropic stress distribution and FEM induced by 
increased density.

Polyhedral space filling lattice formation by repetition, copy, mirror and rotation 
of segments of polyhedral following print order constraints.

• Geometric digital configuration

Discretization of a global shape

Structuring or indexing of units

Digitization of global shape into ordered aggregation of indexed spaces

Population based on stress distribution

• Continuous toolpath generation by parsing manufacture code

EOAT 
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Fig. 4. 88  Quartile computation in Paraview and high stress (quartile 4) import into 3D modelling. 
Ellipsoid membrane subject to stress fixed in the equator. The high stress volume will be infilled with high density polygonal arrays. 
subsequent stress quartiles are infilled with proportionately porous arrays.
Own work
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4.4 Varying the elastic modulus in a 

continuous extrusion
Design Information now accessible at the material level implies greater agency 
in the material formation processes. These processes find a common language 
in code for exchange, negotiation and definition of architectural properties. 

The negotiation is fundamental in the definition of the architectural instan-
tiation when ever-increasing amounts of data merge within a form. In this 
research, the information of a stress field is processed and made explicit as 
geometry instantiations. Software processes and code acts as a platform for 
the differential occurrences to behave mechanically continuous in a material 
network, so that the individual unit’s value is related to the value of the whole.

The hypothesis demands a technical configuration of force influenced mem-
brane design that proves the capacity to compute variable strength modulus 
and elastic modulus solely with variations in the electromechanical means of 
deposition (numerical positioning, extrusion rate, extrusion angle). Porous 
designs are translated into coordinates, and coordinates are sorted into types 
referring to their requirement of deposition so that electromechanical com-
mands activate the correct flow, cooling and nozzle mechanisms of deposition, 
translating polylines their sequential target points to fabrication codes, namely 
gCode and RAPID. 

The process of design transfers a data point cloud stress field to geometry, 
transferring differentiated characteristics from the whole to the level of the 
part. The difference with other methods of force influenced form configura-
tion is this method will access and interpret information in a point cloud, three 
dimensionally and discretely to create individual units of a network. The com-
putation of a stress field is composed as:

1. A solid volume defines the stress field space. The volume is 
imported to SimScale cloud static analysis software.
2. External stress that act in the solid volume define a system of 
forces in static equilibrium. The volume will be discretized into tetra-
hedral VTK cell samples for Finite Element non-linear static analysis 
in SimScale. The result is an isostatic cloud.
3. ParaView processes the isostatic cloud and exports vector 
and scalar information of each point sample in lists. The cloud of 
forces can be interpreted by 3D modelling software and parametric 
tools

4.4.1. Variable solid fraction
Cancellous bone strength is mostly defined by solid fraction and variations in 

Fig. 4. 89  Stress  quan t i l e s 
differentiation.
Own work

Fig. 4. 90  Displacement vec-
tors and displacement cloud. 
Own work
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Fig. 4. 91  Variable thickness lattice.
Own work

Fig. 4. 92  Combination of hexahedra, tetrahedra and rhombic dodecahedra continuously 3D printed differentiated 
lattice.
Own work
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density.

Specifically, for tests in this research, the stress fields that results from non-
linear static analysis is categorized in quantiles. 

To testing the parameters, proportionate changes in density are represented 
by variations of polyhedral arrays. In this research we implement continuous 
transformations of hexahedral, octet-truss, rhombic dodecahedron, and double 
rhombic dodecahedron of proportionate base thickness to approximate volume 
fraction variations. 

The isostatic cloud ordered distribution is discretized in quartiles (0,25 – 0,50 
– 0,75) or tertiles (1/3 – 1/3). 

Each quantile creates a volumetric division populated with different geometri-
cal variations, whether any given centroid in the Multi-Resolution orthonormal 
matrix lands within a given scalar threshold resulting in a density variation at a 
general level. Subsequently direction will influence the trabeculae level.

The Multi-Resolution code aggregates the units in such order that a continuous 
toolpath with no collisions can be computed.

The infill designs are visualized as polylines for design review purpose. 

Polylines developed are evaluated for toolpath computation, discretized into 
linear lists of [n] coordinates within every voxel located at the index (row, 
column, level), denominated [i][j][k], orthonormal matrix structure so that an 
index is given to every coordinate of every cell of the array.

The lattice structure was modelled as beam elements undergoing a geometric 
nonlinear analysis.

Staggered tiling of the components, quartiles discretization results in density 
variations of:

The first quartile can be populated with the highest density of polygons or fully 
dense solid. Second, third and fourth quartiles are proportionately less dense. 
This graded solution is configured with adjustments to the resolution or para-
metric transformations of the lattice. The 3D printed tests consist of a sequence 
of intersecting rhombic dodecahedra, single rhombic dodecahedra, tetrahedra 
and finally hexahedra, in proportional increase of density.

4.4.2. Variable trabecular architecture Fig. 4. 93  Demonstration of 
density variations by transfor-
mations in the lattice, 3D print-
ed in a continuous system. Den-
sity variations induce strenght.
Own work

Fig. 4. 94  D i f f e re m t o i a t e d 
thicknesses along struts or 
knots where stress tends to con-
centrate.
Own work

 4. Geometrical Characterization and Mechanical Grading
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Fig. 4. 95  Differentiated struts. Layers of stress thresholds.
Own work
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properties
The second most influential aspect of cancellous bone strength is trabecular 
architecture, namely, orientation of fibre and thickness of fibre.

The infill designs traced by the polylines informed by trabecular architecture 
variations.

The theoretical biology model is transferred to architecture as differentiated 
electromechanical pulses in and throughout the fabrication of individual struts 
(trabeculae). 

Structural lattice optimization based on the input material properties and fab-
rication constraints.

Stress trajectories determine trabecular architecture. Non-linear static analysis 
provides a point cloud data set with the mechanical data for a given fraction 
of volume in space. The data includes Von Mises Stress, Cauchy Stress, Total 
Strain and Displacement. 

Multiresolution algorithm will differentiate trabecular qualities based on scalar 
and vector information. Displacement vector and scalar value is mapped to the 
different struts. Further architecture optimization could be achieved varying 
the thickness along the strut axis. Current limitations in computational power 
create slow workflows for inner trabecular optimization along its axis. Tests 
are performed for smaller scales only.

4.4.3. Variable material properties
High performative technical polymer materials like carbon reinforced compos-
ites (Branch Technology, 2020) display exceptional mechanical qualities and 
freedom of design. Technical materials usually require a higher fuse tempera-
ture than other commonly used 3D printing thermoplastics; the materials can 
be implemented with high thermal capacity nozzles with special attention to 
temperature range of vitrification. Non-thermoplastic materials are not tested. 

Fig. 4. 96  Varying weave pat-
terns yield different mechanical 
characteristics. The algorithm 
automatically traces node con-
nections and di
Own work

 4. Geometrical Characterization and Mechanical Grading
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Fig. 4. 97  Differentiated struts. 
Internally every strut can be differentiated according to stress scalar values or displacement vector - scalar values.
Own work
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Fig. 4. 98  shell structure by DM methods and FOAM fabrication technique. 
Combination of 4 types based on hexahedral matrix.
Own work for the Global Forum on Urban and Regional Resilience, Virginia Tech, 2019
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  4. Geometrical Characterization and Mechanical Grading for Large Scale Lattice Additive Manufacturing of shells
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CAIXAFORUM VALENCIA, ÁGORA Lote Fabricación Digital Nube. Proyecto Ejecutivo.

Página 7
Espacio Ágora. Construcción robotica de Nube

Fig. 4. 99  700 sqm ellipsoid-like membrane design for Caixa Forum Valencia project by Cloud 9. Lattice front view 
(top), ellipsoid top view with contour lines every  20 centimeters (bottom)
Own work for the Global Forum on Urban and Regional Resilience, Virginia Tech, 2019
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Fig. 4. 100  Lattice rendered view, design for Caixa Forum Valencia project by Cloud 9. Front view render
Virginia Tech CFV Living Lab #7 Cloud project. Architecture by Cloud 9. Render by Playtime
Membrane design and computational configuration for Additive Manufacturing by the author based on this research
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4.5 Hierarchical membranes: large-scale 

application
The pavilion is the centerpiece of the new Caixa Forum museum in the city of 
Valencia, Spain, an international center for Culture, Art & Technology award-
ed to the design by Enric Ruiz-Geli – Cloud 9 architecture studio in Barcelona.

The museum is located inside the Agora pavilion of the Museo de las Artes y 
las Ciencias designed by Santiago Calatrava. The privileged location permits 
an environment controlled enough for applying current advances in construc-
tion automation and particularly in robotic fabrication.

The Agora will stage advanced digital design and construction techniques. 
The robotic precision allows for the free oriented additive manufacturing of 
functionally graded spatial lattices, lightweight and highly performative. The 
robotically augmented craft of the membrane “Cloud” uses algorithmic design 
in order to link a series of code scripts, novel construction techniques and de-
sign methodologies.

The algorithmic design of the shell, the 3D print characterization, shell dis-
cretization, lattice geometrical definition of the tessellation of the membrane 
and general technical design concept were engineered and presented in Valen-
cia by Glitch Design, professional practice of the Thesis author, to Cloud 9 
Architecture Office and Enric Ruiz Geli principal architect and commissioner 
of Research at GFURR, for the design of the Cloud Pavilion exoskeleton 3D 
printed structure in Caixa Forum developed using the methods contributed in 
this research. 

The algorithmic design is based on the computation method work developed 
by the author in collaboration with Manuel Rodriguez Ladrón de Guevara 
within the Master of Advanced Architecture Design of the School of Architec-
ture at Carnegie Mellon University, with the support of Jeremy Ficca, director 
of the Design Fabrication Lab. 

The cloud will be manufactured on-site according to the specific on-site con-
struction technique that will be developed during the CFV Living Lab 7 pro-
totyping and research period at the Global Forum on Urban and Regional Re-
silience at Virginia Tech, research directed by Enric Ruiz-Geli with associate 
involvement of the Thesis author. This research phase is based on the collabo-
ration of a broad range of disciplines and Colleges at Virginia Tech, involving 
students, faculty and industry partners on its development.

CAIXAFORUM VALENCIA, ÁGORA Lote Fabricación Digital Nube. Proyecto Ejecutivo.

Página 13

Alzado Frontal

Alzado Lateral

CAIXAFORUM VALENCIA, ÁGORA Lote Fabricación Digital Nube. Proyecto Ejecutivo.

Página 13

Alzado Frontal

Alzado Lateral

Fig. 4. 101  Cloud membrane 
front and lateral view with di-
mensions
Own work for Global Forum 
on Urban and Regional Resil-
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|  Impresión Digital 3D, diseño y fabricación digital de superficies continuas   |  Luis Borunda  |Application studies

Living Lab concept for Caixa Forum Valencia, 
Global Forum on Urban and Regional Resilience at Virginia Tech, 2018

Fig. 4. 102  CaixaForum Valencia Cloud Living Lab,
Global Forum on Urban and Regional Resilience, Virginia Tech, 2019

|  Impresión Digital 3D, diseño y fabricación digital de superficies continuas   |  Luis Borunda  |Application studies

Living Lab concept for Caixa Forum Valencia, 
Global Forum on Urban and Regional Resilience at Virginia Tech, 2018

Fig. 4. 103  Continuously fabricated membrane concept for shell structure constructoin proposal 
Virginia Tech CFV Living Lab #7 Cloud project. Architecture by Cloud 9. Render by Playtime
Membrane design and computational configuration for Additive Manufacturing by the author based on this research
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4.5.1. CFV Cloud Living Lab 7 Robotic AM
A series of Robotic arms will produce sequential arc extrusions. The spatial 
lattice will be self-standing and self-supporting during the extrusion process, 
for which the algorithmic design pf the tool path will ensure that arc shaped 
and self-supporting forms in equilibrium be continuously extruding assuring 
no self-intersections and collisions. The extrusion process ensures the structur-
al equilibrium of the ellipsoidal synclastic shape. The concatenation of vertical 
layers of arches is achieved by extruding starting from opposite ends of the 
ellipsoid-like shape and continuously growing towards the interior.

The design of lattices and particle allows a complete geometric continuity of 
the shape of the membrane, so that the joints are imperceptible within the over-
all system of fused knots. The mechanical connections are reserved only for 
the structure anchoring system, the general vaulted geometry allows mainly 
compression mechanical behavior for the upper part minimizing the bending. 
The mechanical characteristics of the fibrous threaded structure allows absorb-
ing both tensions and compression properly and minimizes complex stress.

The final phase of the construction will become an ongoing exhibition, open to 
the general public, exploring the limits of our ever more present relationship to 
the. machines that surround us.

The successful knowledge transfer from academic and research institutions to 
industry underscores the importance of application-oriented research in archi-
tectural fabrication methods and its testing on-site construction.

4.5.2. Host Centers
The Global Forum on Urban and Regional Resilience (GFURR) is a body 
within the College of Architecture and Urban Studies (CAUS) that is leading 
“La Piel de la Nube” or “Cloud” project, which includes investigation, engi-
neering and construction. 

GFURR is currently leading other projects and research in the field of Smart 
Design and Construction. Smart Construction at CAUS is based on the univer-
sity’s track record in producing innovative projects that are designed and built 
by students and staff under the leadership of the professors, creating excep-
tional results in learning, research, and commitment. 

This project represents a leap forward in industry and academic research col-
laboration. The application of novel technologies on the construction field for 
functional and the technology and scientific knowledge transfer from research 
to construction industry represents one of the main challenges in successfully 

 4. Geometrical Characterization and Mechanical Grading
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Fig. 4. 104  Design of sinclastic surface by discrete methods. Detail of indexed orthonormal structure of floors, columns 
and rows. 
Own work
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construction automation (Wu, Gharbia, Bock). The Living Lab model of tech-
nology and research advancement in architecture and construction at Virginia 
Tech represents a milestone in advancing smart construction and education in 
architecture.

The development, engineering and design of the structure requires the par-
ticipation of disciplines in material sciences, mechanical engineering, robotics, 
computation science, and architecture, presenting precedents for new bodies 
of knowledge and skills required by industry towards unsupervised building. 

The interdisciplinary nature of the project teams at Virginia Tech attracts a 
wide range of partners from industry, government and the wider communities 
who support the integration of experimental learning, collaborative research, 
and student participation. 

The CFV Living Lab 7 Cloud project includes:

• Experimentation on material and trials. 

• Development of the computational models- 

• Engineering and production of the specific tools for advanced robot-
assisted additive manufacturing. 

• Verification that it complies with the Technical Code.

• Structural performance tests and verification of mechanical perfor-
mance.

• Development of the robot-assisted construction processes. 

• Production of material samples and building prototypes. 

• Development of the certification for lighting, fire resistance and 
acoustics.

CAIXAFORUM VALENCIA, ÁGORA Lote Fabricación Digital Nube. Proyecto Ejecutivo.

Página 10

N

Fig. 4. 105  Double curvature 
base surface, curvature analy-
sis for manufacturability re-
view.
Own work for Global Forum 
on Urban and Regional Resil-
ience, 2019
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Fig. 4. 106  Ellipsoid membrane isostatic cloud
Own work
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4.5.3. Hierarchical membrane construction by 
robotic means. 
Unlike standard 3D printing, recent advances in automation through robotic 
construction processes allow the additive manufacturing of large-scale struc-
tures of rigid, self-supporting fibrous structures, of great geometric complexity 
and capable of locally differentiated optimization. The possibility of optimiz-
ing the deposition of material in additive manufacturing is particularly relevant 
due to the reduction of material expense, manufacturing time and precision, 
characteristics that make the robotic additive manufacturing technique ideal 
for the production of lightweight structural architectural-scale surfaces.

The cloud skin consists of a fiber lattice exoskeleton, which involves a total 
membrane area of 600 sqm in ellipsoid-like arrangement. The system of fibers 
is split through the ellipsoid equator, configuring a synclastic shape mainly 
under compression for the upper part and a system mainly in tension for the 
lower part. 

This lattice membrane demonstrates the principles that were derived from the 
theoretical biology model of stress influence by quartiles and optimization of 
robotically built lattice structures. It will demonstrate the potential use of spa-
tial 3D printing in large scale format. The overall expression of digital discrete 
conveys a different material language, of computational logic.

Material use can display the potential reuse of thermoplastic waste. The con-
structability of the hierarchical membrane, as it is presented in this research, 
will depend upon fabrication by Fused Deposition Modeling. The use of this 
technique necessarily defines important characteristics of the membrane. The 
inherent anisotropic nature of the technique, and the scale of bulk material and 
scale energy models are expected considerations.

The membrane mainly consists of void, it defines a different structural typol-
ogy, defined by morphological principles of hierarchical membrane. 

The design is done using algorithmic computing methods. The construction 
requires .serialization of printable units and discretization of geometry 

To ensure optimum performance during the manufacturing process, it is essen-
tial to serialize continuous computer printing sections in discrete Voxel-type 
units. The discretization of complex geometry through Voxelization allows to 
compute each of the printable units, which concatenated, allow programming 
of the robotic deposition path.

 4. Geometrical Characterization and Mechanical Grading
3D printed membrane. Large-scale application of the Multiresolution and FOAM methods
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Fig. 4. 107  Open polygon 
arrays for low density non 
structural segments and skin 
surface texture based on (Bo-
runda, Ladrón de Guevara, et 
al. 2019)
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Fig. 4. 108  Design of sinclastic surface by discrete methods. Particlised shell rendered view
Own work
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• Extrusion system

For extrusion a customized End of Arm Tool “EOAT” is used. Communication 
between the robot and the extrusion mechanism requires exceptional precision 
by interpreting weak signals programmed into the Arduino’s deposition path. 
The Arduino interprets the weak signals by driving each of the electromechani-
cal components of the thermoplastic extruder. Below is the custom extrusion 
system and the physical computing weak signal communication diagram de-
veloped for the Arduino platform.

The signal emitted by the robot is interpreted by the Arduino through the dif-
ferentiation of lengths to activate extrusion equipment with weak signals of the 
Pulse Wave Modulated Signal type.

For this, the algorithmic computation of each extrusion unit is necessary, by 
locating targets (points in space) in the RAPID programming language. This 
computation must previously define and characterize the printability of each of 
the elements, ensuring the viability of continuous extrusion.

vii. Cooling system

For correct and rapid spatial deposition, a cooling system coordinated with 
the extrusion system is necessary. Thermoplastic (non-thermoset) materials are 
used because the thermoplastic material has the fundamental quality to addi-
tive manufacturing of being malleable at relatively low temperatures (190ºC to 
300ºC), the melting of the material by induction or heat conduction and subse-
quent vitrification by ventilation they are done in a relatively fast time frame.

The use of ABS and PETG type materials is recommended, due to their melt-
ing range, high enough (around 240ºC) to quickly vitrify. Once a voxel has 
been printed and vitrified, the robot proceeds to make the next one.

• 
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Fig. 4. 109  Variable thicknes 
double curvature membrane 
design for discrete methods 
manufacturing.
Own work for Global Forum 
on Urban and Regional Resil-
ience, 2019
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Fig. 4. 110  Tesselation production, double curvature surface with 6 different types densities with three geometric ar-
rangement, isotripic lattice based in octahedral-tetrahedral / rombic dodecahedral and double dobule dodecahedral 
configuration in higher densitiy, hexahedral based mid density matrix, and open polygons in low density non structural 
segments.
Own work for Global Forum on Urban and Regional Resilience, 2019
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Intersection analysis system and geometry check.

The technique of continuous deposition of discrete voxel elements allows to 
check the feasibility of the printing of each element, ensuring that the printing 
chain does not incur intersections with the previously printed material. There-
fore, it is necessary, in addition to the electromechanical deposition methods, 
to add a computational method of geometric verification following the basic 
principle presented in the following diagram:

The Cloud system is built by a continuous thread disposition in formations of 
continuously self-bearing formations. 

The first research project to test the constructive system, described in this chap-
ter, consists of a generally ellipsoid synclastic formation split in two halves, a 
vaulted shell on the top half and a bowl formation in the lower half. The top 
part acts mainly under compression, and flexural areas of the vault are opti-
mized and reinforced so that the stress is distributed along the threads, creating 
a continuous membrane structure. The lower half acts in an inverse manner, 
with a hanging network of threads, mainly under simple tension, with flexural 
areas of complex stress being reinforced based on the finite element methods 
simulation.

The project is based on 80,000 blocks for a total of 270,000 cell units differen-
tiated by design and parametrized in 10 cubic centimeter boxes. 

The vault is conceptualized as being susceptible of being continuously printed 
on-site or prefabricated in a series of membrane parts 

• Thermoplastic materials suitable for robotic fused deposition. 

The main conditions that thermoplastics suitable for robotically assisted depo-
sition in comparison to standard 3D printing is that of maintaining a relatively 
large range with a plastic state of matter at temperatures at 200 degrees and 
fusion state of matter from 200 degrees to 300 degrees. In order to 3D print 
on-site, at normal conditions, it is important that a fusion temperature be high 
enough so that the fused plastic thread crystallizes fast enough at room tem-
perature, while the fusion temperature be low enough to create a correct weld-
ing to itself and other non-tempered work surfaces (work Object). 

The final material constitution of the membrane is to be determined during 
next research steps. Current three materials are being used for prototyping:

PETG: In mechanical character terms, the majority of polymers suitable for 
spatial deposition have mechanical strengths that vary from 30 to 100 MPa. 
PETG can be composed by recycled plastic bottles, SUSTAINABILITY., 
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Fig. 4. 111  Cloud Pavilion on-
site robotic concept. 
Own work for Global Forum 
on Urban and Regional Resil-
ience, 2019
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GEOMETRY

N. Groups Cell Size Iteration Linear Segments

4200 u 4 units x 10 cubic cm a Density Threshold 1 20

4193 u 4 units x 10 cubic cm b Density Threshold 2 35

4130 u 4 units x 10 cubic cm c Density Threshold 3 22

4207 u 32 units x 10 cubic cm d Density Threshold 4 17

4194 u 1 units x 10 cubic cm f Hexahedral base 20

4138 u 8 units x 10 cubic cm g Stochastic Cloud Pattern 22

DIMENSIONS

Iteration Linear mm per group Lenght per type Polymer Density

a 4200 u x 7225 mm at 5-6 mm thickness 39.240 m 1.15 g/ cubic cm

b 4193 u x 7048 mm at 5-6 mm thickness 29.351 m 1.15 g/ cubic cm

c 4130 u x 5674 mm at 5-6 mm thickness 23.128 m 1.15 g/ cubic cm

d 4207 u x 5797 mm at 5-6 mm thickness 23.980 m 1.15 g/ cubic cm

f 4194 u x 7120 mm at 5-6 mm thickness 29.777 m 1.15 g/ cubic cm

g 4138 u x 7168 mm at 5-6 mm thickness 29.855 m 1.15 g/ cubic cm

Total Lenght

165.885 m

TOTAL Weight

5103 kg

TABLE. Large scale ellipsoid-like geometric digital constitution

Limited polygonal array groups distribution of variable density, distributed based on trabecular and cortial biome-
chanic strategies for complex mechanical performance. The distribution and orientation of fibres is tested and aggre-
gated based on density threshold determiend from simulation results.
Own work for Global Forum on Urban and Regional Resilience, 2019

TABLE. Dimensions and weight of large scale spatial lattice membrane 

Total lenght of fiber distribution is around 150,000 miles of robotic toolpath and 100,000 miles of material deposition, 
with 1/3 of travelling commands and about 2/3 of deposition commands
Own work for Global Forum on Urban and Regional Resilience, 2019
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mixed with Glycol PETG has an average strength of 70MPa. It is important to 
consider the correct glycol formulation in order to achieve an adequate plas-
ticity, so that the thermoplastic material does not become too liquid in a very 
narrow fusion temperature and that it crystalizes effectively.

ABS: Most common plastic used in research literature for spatial printing. Rel-
ative to the other two, a mid-fusion temperature and narrow range of melting 
point allows for a precise deposition, particularly suitable for thinner threads 
and where a higher precision is required. The material has been successfully 
applied particularly for rapid prototyping at low resolutions.

PLA: In practice, it shows highest tensile strength in large-scale applications. 
The material has a very low melting point and relatively large fusion range, 
which makes it very suitable for prototyping in complex site conditions where 
correcting welding to non-tempered materials and welding to itself is critical. 
The high fusion range makes this material susceptible to large deformations; 
with a significantly large crystallization threshold, the material tends to de-
form while extruded and after being deposited. Cooling systems to enhance 
and accelerate crystallization is critical in order to create enough fidelity as to 
continue spatial structures where each of the coordinates needs to be correctly 
located in space and deformations above 10% or above 2-3 times the thickness 
of the filament would create failure in the print. 

Nevertheless, PLA is considered the optimal printing material for this research. 
Coupled with robust geometrical formations where points are traversed more 
than a time per cell and where the structural performance is assured by mul-
tiplication joints, so that the structure depends on a connection of a series of 
joints rather than a single one, PLA is easily implemented in robust thread 
networks.

4.5.3.1. Technical description

Ellipsoid-like exoskeleton lattice fibrous structure consisting of tessellations of 
a combination of spatial filling polyhedral of varying densities and thickness. 

The Cloud will be manufactured off-site (prefabrication) and on-site according 
to the specific technique developed during the prototyping and research period. 

Prototypes developed ensure the quality of the structure on-site. Several ro-
botic arms will produce sequential arc extrusions. 

The spatial lattice will be self-standing and self-supporting during the extru-
sion process, for which the computational model of the extrusion path will 
ensure that arc shaped and self-supporting forms will be continuously extrud-

Fig. 4. 112  Membrane volume 
franction variations.
Density studies for differenti-
ated mechanical performance 
of membrane segmet. 
Own work for the Global Fo-
rum on Urban and Regional 
Resilience, Virginia Tech, 2019
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Fig. 4. 113  3D representation of manufacture code. 
The construction of a cellular membrane can be represented as polylines. The geometry is readily configured to be 
manufactured. Polyline assembly is ordedered in a consecutive list of operations to recreate 100,000 miles of fibers 
continuously.
Own work for the Global Forum on Urban and Regional Resilience, Virginia Tech, 2019
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ed. The extrusion process ensures the structural equilibrium of the ellipsoidal 
synclastic shape. The concatenation of vertical layers of arches is achieved by 
extruding starting from opposite ends of the ellipsoid and continuously grow-
ing towards the interior. 

The mechanically fastened to metallic structure ring and between prefabri-
cated modules, the general vaulted geometry allows compression discharge 
for the upper part. The structural features of the filament allow absorbing both 
tensions and tractions properly. The design of lattices and particles allows a 
complete geometric continuity of the shape of the cloud, so that the joints are 
imperceptible within the overall system of joints. 

The spatial lattice consists of continuous combinations of hexahedrons, tetra-
hedrons, octahedrons, rhombic dodecahedrons and open polygons of different 
resolutions and mechanical qualities.

Thermoplastic formulations are designed together with Material Sciences Re-
search Departments for optimal material qualities.

Students from Virginia Tech will perform educational tasks after substantial 
completion on site in Valencia.

Fig. 4. 114  Contninuous con-
struction concept. The goem-
etry shall be self-bearing and 
structurally sound and stable 
along the additive construction.
Own work for the Global Fo-
rum on Urban and Regional 
Resilience, Virginia Tech, 2019
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quasi- isotropic region

anisotropic region

Fig. 4. 115  Engineered lattices can determine regions of trabecular based tessellations of isotropic behavior and aniso-
tropic regions  
Own work

Fig. 4. 116  Quasi-isotropic base lattice design based on Octahedral-Tetrahedal lattice in orthonormal matrix.
Own work

2 Trabeculae architecture (orientation, thickness 
and connectivity).

Fiber achitecture is derived from compression 
and tension stress trajectories changing feed 
rate of robotic deposition

Varying filament thicknesses in a 1:3 ratio, along 
stress trajectories

3 Trabeculae material

Thermoplastic materials materiasl studied are: 
PLA, ABS and PETG. newer materials avialable 
to FDM may apply to same geometric principles

Form - fuction hierarchical relationship in the 
case study is derived and prioritized from stress 
based on adaptability and biomechanics of can-
cellous bone (Keaveny 2001): 

1. Trabeculae volume fraction adaptability (den-
sity variation)

Vertically scaled octahedral-tedtrahedral lat-
tice. A 40% reduction in height creates angles 
compatible with larger scale FDM nozzles

Volume fraction variation is implemented 
through connected polyhedral arrays:

Region 1: octahedral-tedtrahedral

Region 2: rhombic dodecahedral

Region 3: double rhombic dodecahedral 
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Dimensions: General dimensions 13 meters long by 24 meters wide 7 meters 
height

Thickness: 45cm at middle area, 25 cm at upper area

Surface: Synclastic double curvature membrane

Outer surface area: 701.08 sqm    Inner surface area: 631.93 sqm

Maximum weight: 7 ton 

Total volume: 204.54 cubic meters

Fibrous structure volume fraction: 20-30% of total volume fraction, variable 
density according to stress trajectories

Polygons: 20868 blocks containing a total of 83,475 individual voxels with 
varying polygon types.

Structure: The 3D printed exoskeleton shape will support its own weight.

Fire protection: Fire rated paint protection of 30 min. 

Acoustic: Acoustically will perform as an open porous membrane.

Material: Research by Virginia Tech 

Color: Gray color, fire rated paint finish

Construction: Robotic prefabrication of 84 modules and on-site robotic fabri-
cation by free oriented additive manufacturing

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes

Fig. 4. 117  Segmentation for pre-
fabrication. 2 m segments can 
be welded or fastened mechani-
cally to ensure continuity
Own work for the Global Fo-
rum on Urban and Regional 
Resilience, Virginia Tech, 2019
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Fig. 3  Wen - Chih Wang, 2014. construcción con entramado de bambú Magic Castle, Japón,
www.caveurban.com (20190802)shell structure by DM methods and FOAM fabrication technique

Figure 1.1Fig. 5. 1  Continuously fabricated membrane concept for shell structure constructoin proposal 
Virginia Tech CFV Living Lab #7 Cloud project
Computational design for AM of membrane b they author. Render by Playtime, Architecture by Cloud 9
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Fig. 5. 2  Open membrane digital configuration with orthonormal matrix. 
The trabecular-inspired lattice locally differentiated follows the logic of internal forces. The lattice will allow a dis-
sipation of stress along principal stress lines that follow the logic of precompression external forces. The result is a 
membrane determined by the forces that act upon it, ensuring it will always work at a desired type of mechanic work.
Own work
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5. Pre-stress forces, 
towards large scale 
additive manufacturing of 
cellular membranes

Recent studies overcome current scale limitations imply that increase the span 
and reduce deformation, increase stiffness, and reduce weight and thickness, 
shell structures undergo optimization procedures focused on one of aforemen-
tioned goals. The typically proportion 2 <l / L <20 and scale of shell structure 
built by traditional means of construction or standard materials is limited by 
its dead load. A novel construction model is necessary that allows to use light-
er systems with equal or greater mechanical capacity. A parametric definition 
of complex surfaces is first required. To establish the conditions of parametric 
definition for configuration the questions under which conditions is the system 
applicable, and under which research boundaries, which context is this defini-
tion valid.

Deepening and interpreting the context, the concept of parametrization un-
folds towards conditions of specific solutions with mathematical parametriza-
tion to have a known surface, susceptible of being segmented with hypars. 
The condition of equilibrium is thus known, and this is not a variable for the 
research to resolve. Once a surface is known to be in equilibrium, isostatic 
curves are determined. To choose one surface, the hypar has equilibrium in all 
its borders, so that stabilization is accomplished. The problem of production is 
explored in this chapter.

Several subdomains of the hypar surface can be pre-stressed. Or to move the 
robot following NURBS curves that define the compression arches, suspension 
arches, or rectilinear tracks. One can pos the problem of how the robot is to 
continuously build the surface by addition.

Hypars present a line of origin, by rectilinear configuration of ruled surfaces, 
the execution by addition is possible using the quadrilateral boundary seg-
ments that constitutes a hypar. That quadrangle as known line definition. The 
lines in space cross and intersect, and robotic deployment can follow subdo-
main locations along which the robot can be commuted. 

|  Impresión Digital 3D, diseño y fabricación digital de superficies continuas   |  Luis Borunda  |methods

Fig. 5. 3  Vector array
Own work
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|  Impresión Digital 3D, diseño y fabricación digital de superficies continuas   |  Luis Borunda  |Application studies

Continuous and spatial additive manufacturing hybrid, 
matrix deformation and printability studies for 6 axis and 3 axis 
additive manufacturing

Fig. 5. 4  3D print tests in different scales of  one curvature- and two curvature-transformation
Own work

Fig. 5. 5  Octahedral-tetrahedral based vector array, hypar matrix deformation
Own work

Fig. 5. 6  Octahedral-tetrahedral based vector array, orthonormal matrix 
Own work
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Robotic fabrication on-site can potentially follow a parametrized coordinate 
system that allows seventh axis movement along hypar rectilinear or parabolic 
segments. A robot construction model based on collective coordinate systems 
is introduced.

In order to assimilate the isostatic behavior, gaussian, and finite elements over 
the hypar nurbs curves we applied an on-site robotic deployment. In this chap-
ter we introduce an original additive manufacturing production method.

This research studies the use of Finite Element Methods (Gospill, Shindler et 
al. 2017) and principal stress lines (Tam, Mueller 2017) as guidelines to in-
troduce tendons into additive manufacturing building components, to engineer 
the mechanical properties of the units that perform as a continuous structure 
through an informed discretization of components assembled into complex 
shapes through post-tension.

The capacity of assembly of form by post-tensioned discrete components pro-
vides opportunities to construct large-scale fibrous structures with commer-
cially available equipment. Additive manufacturing can easily accommodate 
complex assembly geometries by utilizing optimal stress lines to locate struc-
tural service and construction service tendons within the solid build. 

Finite Element Methods influenced infill design methods are applied to calcu-
late an efficient distribution stress both at the secondary construction level and 
at the primary structural level.  The stress-strain discretization and character-
ization of a shell enables the computation and calculation of tensional systems, 
to provide optimal Post-Tensioned cavities for tendons within the continuous 
deposition process. Simulating deformation at a hypothetical load condition, 
the shell can be optimized to a level of internal material distribution and per-
formance. Utilizing continuous deposition processes by discrete computation, 
engineered mechanical properties and post-tensioned tendon localization can 
provide control over localized and differentiated structural behavior. 

In additive manufacturing of lattice-based constructions, variable infill pat-
terns can induce properties and the result of the technique allows production 
of envelopes with locally engineered behaviors. 

This research uses the analogous 3D printing system of extruding and in order 
to produce three dimensional tessellations utilizes the custom code principles 
of spatial 3D printing lattices (Borunda, Luis et al., April 2019).

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures

EOAT 
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Fig. 5. 7  Lattices can be configured either in an orthonormal matrix (left)or following valid curvature deformations 
(right)
Own work
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5.1 Prestress fibrous structures
Free form membranes that work by shape at a very large scale are generally 
limited to the conditions of material composition due to dead load. Very light-
weight membranes have been achieved incredible feats in form finding mem-
branes to the minimum material expression for a given load scenario (López 
et al., Sep 2014; Popescu et al., 2020). A current limitation of form finding 
optimized membranes is their sensibility to imperfections and varying load 
conditions (Bletzinger & Ekkehard, 2014). 

Cellular membranes presented in this research are configured interpreting 
forces in space. Forces in space include normally variable loading conditions.

Introducing stress do defines a cellular membrane in the methods presented 
can potentially define the mechanical work of the membrane at any given load 
condition. 

Pre-stressing the membrane allows to use the material composition at its fullest 
degree of mechanical capacity.

Cellular membranes present ultra-light weight structure where material is lo-
cated only where it is required. If cellular membranes work at the potential 
strength their material composition allows, the limit imposed by tensions pro-
duced due to dead load, critical for large scales, can be disregarded.

Pre-stressing the membrane can transform any given load into compression to 
transform all loading conditions into simple stress, thus, to limit from design 
the mechanical work of a membrane and significantly increase load bearing 
capacity.

Pre-stress systems involve intentional creation of permanent stresses in the 
structure fin order to improve its performance under different load conditions.

The pre-stressing strategies tested in open membranes involve: 

• Transformations of the orthonormal matrix to create linear tendons of 
prestress, applicable to hyperbolic paraboloids segments. To ensure print-
ability, the matrix must comply with the 3D printing constraints (square 
pyramid generalization method)

• Combinations of geometrical arrangements to create curvilinear ten-
dons of prestress that follow principal tension trajectories, tested in syn-
clastic membrane

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures

EOAT 
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Fig. 5. 8  Validation 2. Equilibriuma and printability of a local shape. 
At a local shape scale, a neighbourhood of cells must comply with validation n the succesful study of self-intersecting 
toolpaths. The size of the voxel and resolution may determine the printability of a non-planar surface
Own work

Fig. 5. 9  Validation 2. Invalid resolution-tessellation (left), valid resolution-tessellation group (rigth

Matrix 
Transformation
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5.1.1. Digital manufacture of large-scale 
continuous surfaces
The capacity of form assembly by post-tensioned discrete components pro-
vides opportunities to construct large scale fibrous structures with commer-
cially available equipment. 

Additive manufacturing can easily accommodate complex assembly geom-
etries by utilizing optimal stress lines to locate structural service and construc-
tion service tendons within the solid build. 

Finite Element Methods influenced infill design methods are applied to calcu-
late an efficient distribution stress both at the secondary construction level and 
at the primary structural level.  

The stress-strain discretization and characterization of a shell enables the 
computation and calculation of tensional systems, to provide optimal post-
tensioned cavities for tendons within the continuous deposition process. 

Simulating deformation at a hypothetical load condition, the shell can be opti-
mized to a level of internal material distribution and performance.

 Utilizing continuous deposition processes by discrete computation, engineered 
mechanical properties and post-tensioned tendon localization can provide con-
trol over localized and differentiated structural behavior.

This research tests a design and fabrication method of pre-stress additive man-
ufacturing components where the assembly of discrete units into complex sur-
faces is only limited by the geometrical continuity the additive manufacturing 
system affords.

By identifying historical techniques of construction, brought by the industrial 
revolution and modern architecture, the research conceptualizes and provides 
insight into the influence of the materials and the technique in architectural 
form. 

From the fact that digital tools are fundamentally different to all analogue pro-
duction (though digitized in the early digital) we determined that a different 
shape and form conceptualization is possible. 

Membrane design offers the perfect field for testing and exploring how digital 
design, robotic tools and new materials (technique and materials) influence 
contemporary practice, and determine the characteristics of digitally design 
membrane structures.

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures
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Valid

Fig. 5. 10  Validation 1. Invalid selfintersecting shape (bottom), valid shape (top)
Surfaces must generate a valid matrix, no self intersection pleats or discontinuity kinks are valid
Own work
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5.1.2. Stress, Resolution and Manufacture
Stress, resolution, and manufacture come together in a continuous workflow of 
design to establish principles of digital design, engineering and construction of 
membranes by trabecular arrangements.

Going back to the research questions presented in the methodology section:

i. What characterizes additive manufacturing forms?

ii. Which surfaces are susceptible of being manufactured by large-scale 
Additive Manufacturing?

The study results in the establishment of a singular condition of shape forma-
tion based on load, work and stress that is centered in the software as data 
articulation system.

To control a geometric creative process, for large-scale structures assembled 
self-bearing and stable along the process of assembly. The study of Buckmin-
ster Fuller of surface parametrization and discretization into triangulated and 
tetrahedral space filling polyhedral arrays strongly influenced the direction of 
this research.

Force vectors (line of forces) link stress and geometry, as initially conceptual-
ized by B.Fuller.  We approach to force vector and shape is based on Stress 
Line Computation (Tam, M., Marshall et al. 2018).

The methods developed are applied in the parametric definition of open or 
closed membranes and tested in synclastic and anticlastic segments and free-
form surfaces based in material and computation parameters. 

The methodological basis of design recurs to the implementation of endog-
enous and exogenous forces in equilibrium that initially define a system of 
stress in a given volume. The explicit trabecular form that characterizes the 
system of tensions is deduced to digitally configure a cellular membrane. The 
software allows to draw forces in space that configure locally differentiated 
fibrous systems. Establishing the equilibrium of the form along its additive 
process make possible to define the growth of a form as a logic of the stabiliza-
tion of the force in space.

Demonstrating the hypothesis, the method inversely obtains form by position-
ing forces in space and analysis stress data clouds in a state of equilibrium. 

The tensional system that defines a form becomes the result from the sum of 
endogenic forces and the internal exogenic forces that react to a successful 
distribution of stress along discrete segments in the membrane. In this way, 

Fig. 5. 11  Validation 1. Free-
form membrane pleated sheet 
design
Own work
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CONFIGURATION

RESOLUTION CONFIGURATION STRESS INFLUENCED LATTICE CONFIGURATION

Fig. 5. 12  Validation 1. Resolution and stress configuration of open membrane 
Own work



377

the interpretation of the effect of point clouds and data scape converge in the 
conception of a formal scheme with the capacity of being reproduced by a 3D 
printing system.

The methods are furthered tested to a condition of prestress with capacity to 
surpass limitations of scale.

We can interpret external forces in equilibrium to present a tensional system in 
space that results in an original form. Once a workflow, that interprets forces 
in space, can be deduced into trabecular arrangements and dissipate stress ef-
ficiently and continuously, it is possible to introduce compression forces that 
will allow the trabecular form to increase its inherent material strength and 
capacity of scale.  

Current reference criteria of morphological theories such as Sensitivity Meth-
od and Flux Structures presented by M. Sasaki (Sasaki, Mutsurō et al., 2007) 
differ in the set of methods that define a bounded environment, a controlled 
state of equilibrium within a boundary not based in the logic of additively 
constructing form by serialization of components, commands and geometric 
growth. Flux Structure defines a form by identifying possible states of equilib-
rium that detect the maximum potential energy within force transformations of 
a bounded membrane.

By centering the software in the basis of the architectural proposal, the digi-
tal construe of a membrane is deduced from definition of force, interpreting 
consequently the dual relationship of geometry and fabrication, computing the 
problem of manufacturability by additive manufacturing to define the material 
distribution of a three-dimensional tessellation in space by robotic means.

Consequently, the definition of the network of threads that conform a fibrous 
structure is deduced for additive manufacture, discretely computed, a principal 
aspect to be able to design and manufacture by digital 3D printing, in a con-
secutive and continuous negotiation and coordination of the units that conform 
a general shape with the instrumental and tools. 

The development of basic instrumental tools allows to test and prototype, as 
presented in prior chapters. The purpose behind the instrumental development 
and the central aspect of this research is the value of geometry and the capacity 
of certain types of tessellations to host and resolve the limitations of the gen-
eral articulation of the technique, independently of material or sophistication 
of the tools involved. 

Rather than focus on material developments, the goal of the research is to 
relate the two fields of computational design and fabrication technique within 

Fig. 5. 13  Threshold definition 
export solid mesh groups per 
stress type. The algorithmic 
configuration determines the 
type of lattice based on the sol-
id group it belongs to.
Own work
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Fig. 5. 14  Matrix transformations 3D print test. 
Own work
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discrete design, additive manufacturing, construction automation, simulation 
and finite element analysis in performative designs by determining the geomet-
ric principles and parameters associated with the definition of a shell structure 
from a parametric point of view and from a strictly digital perspective. The 
calculation tools of principal stress lines and the equilibrium of external forces 
is one of the key interests of this chapter. 

The field of additive manufacturing is rapidly developing more sophisticated 
means of fabrication. Within the principles presented, it is possible to incorpo-
rate further advances of tools and materials, such as metallic additive manu-
facturing or the manufacturing of technical composites of high strength (Jin et 
al., 2020; Tankova & Da Silva, 2020).

When we speak about construction of open membranes, the problem becomes 
maintaining equilibrium across scales. The introduction of external forces for 
a system of design of continuous 3D printing, examined in this chapter, aims 
to transform the possible mechanical behavior into a form to create a formal 
system and structure independent of varying load conditions, points of support, 
and most importantly, of scale. 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures
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Fig. 5. 15  Validation 1. Computation of prestress external force paths 
Own work
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5.1.3. Change of scale
The change of scale of additively manufactured cellular membranes that we 
propose demands a definition of surfaces that incorporates the geometric and 
material variables and principles for digital 3D printing. 

Diagrid systems and other spatial frame arrangements reach a break point 
of scale configuration limited to the elasticity and strength of the materials 
that conform them, and variable arrangements imply a very high industrial 
complexity. Robotic systems of manufacture and locomotion set opportuni-
ties to define surfaces at a large scale, that can incrementally grow much as 
material characteristics of high mechanical capacity allow. Trabecular arrange-
ments that create shell continuous layers can distribute forces continuously 
as a monocoque structure as presented in the non-linear mechanical analysis 
simulations.

In a large scale inevitably, the problem supposes that at a certain point, in in-
crement of scale, a membrane is susceptible of being loaded in complex stress, 
such as flexural stress. It is this condition that the threaded system of trabecula 
aims to collaborate towards. The capacity of generating spatial organizations 
is able to dissipate stress and distribute the tensional system.

The formulation of stress conducts and tendons that can be continuously man-
ufactured within the trabecular arrangement can define entirely the mechanical 
type of work and stress paths in a continuous trabecular arrangement. Robotic 
manufacturing allows to build the intricate paths of tendons so that the external 
stress lines can follow optimal distributions. 

Ultimately, we can define a trabecular system that will act under simple stress 
and that dissipates stress along the whole surface perimeter, enhancing the 
strength of the overall arrangement. As a result of pre-stressing we limit the 
kind of work the membrane will take; we transform any other kind of load the 
membrane is subject to simple stress. 

The limits of the spatial arrangement can interpret a tensional system of pre-
compression is limited to the constraints of the manufacture technique, and 
can follow the density and trabecular architecture optimization processes of 
variable resolution in triangulated tessellations. 

To surpass dead load limitations that occur in solid membrane configurations, 
the architectural main challenge in determining the equilibrium of surfaces is 
solve its scale in two parts: the cellular component and the whole. The prob-
lem of scale if defined with the logic of discrete design and interconnection in 
networks of threads, so that the particle can become a linear complex system 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures

Fig. 5. 16  Displacement and 
stress information is evalu-
ated to determine the principal 
stress lines and prestress ten-
don path
Own work
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where the relationship of the parts determine structure stability. 

Two phases result: first, stability of the generated geometry (voxel) and sec-
ond, the projection of equilibrium of the whole.

In summary, the problem breakdown provides insight into:

• Which parameters that determine a tensional system in space can 
originates a digital form. This step is intimately related to the specifics of 
3D printing and the process of fused deposition, as presented in chapter 2 
and 3.

• The software articulation of simulation workflows must permit the 
interpretation of a global large-scale shape and along its growth formation 
and internal distribution of force through trabecular and cortical-like tessel-
lations, as presented in chapter 4.

The capacity to dissipate energy in a continuous membrane may allow a global 
shape form to resist a simple force, that of compression, extending the capabil-
ity of the shape to resist load up to the limits of the material, and avoiding any 
undesired stress.

Based on the experience of biomechanics studie, compression behaviors are 
the most effective energy distribution trabecular systems in biomechanics of 
bone, while any other stress may easily create fracture, due to the brittle nature 
of the rigid compound of cortical and the trabecular arrangement efficiently 
aligned to host the main stress at which the struts are loaded. Similarly, a shell 
will act efficiently as long as it does not buckle, dent or deform significantly, 
keeping the general shape.

Therefore, to determine the properties of the complex shell as a whole, is es-
sential to determine the performance of each of the components individually at 
its corresponding structural level, as well as its global contribution.

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Prestress fibrous structures
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5.1.4. A novel construction model
This research focuses on the introduction of external forces to create an ar-
ray and tessellation that will distribute compression stress, so that the cellular 
membrane is pre-stressed, and all complex mechanical behavior transformed 
to simple stress. Up to know, the methods present the capacity to vary density. 
Such as fibrous materials in nature work, the methods allow to orient fiber and 
vary density by accessing and restructuring the stress simulation samples and 
extracting the information of stress and direction of deformation. The indi-
vidual trabecular design, by methods of geometrical and material local char-
acterization will ensure a digitally determined, functionally graded complex 
distribution of material based on density variations. The tessellation is capable 
of transferring stress to the boundary of the membrane, towards a dense pe-
rimeter.

The next challenge is to model the correct impact of external forces of pre-
compression. A linear continuous tendon is conceptualized in a series of steps 
of external force introduced in the simulation and stress analysis due to the 
computational power limitation of introducing the full resolution tubular com-
ponent and discretize it in tetrahedral voxels for its discrete analysis.

5.1.4.1. Membrane design-fabrication principles and 
simulation workflow

The generalized process proposed for this research follows:

• Stress field input is discretized in quantiles and input into multi-reso-
lution matrix

• Hexahedral matrix based in rows, cols and floors

• Free oriented additive manufacture linear toolpath follows morphed 
(dobly curved within tool limits) or orthonormal matrix order of print

• Each unit in matrix must comply with square pyramid generalization 
for triangulated spatial lattices and non collision principles for any polygon 

• Stress concentration and trajectories determines variable volume 
fraction and geometric type to induce strength

• Displacement trajectories determine variable strut architecture prop-
erties to induce stiffening

• Same principles of differentiation apply to variable material proper-
ties. Materials can be varied with multi-material deposition mechanisms

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Shaping by force

Fig. 5. 17  Stress differentiaton 
in hypar
Own work
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Fig. 5. 18  Transformation of orthonormal matrix to create linear tendons of pre-stress
Own work



387

5.1.4.2. Analytical model

To perform non-linear analytical models of free forms cellular membrane the 
lattice construction must follow strict characteristics.

Non-linear static analysis demands the composition of a solid and discretiza-
tion into tetrahedral cells that will be analyzed individually. Lattice meshes 
are quasi polygonal thickened arrangements and creating solid 3D models is 
challenging for intricate designs. This results generally  result in very complex 
surfaces along axis lines, with complex intersections in different orientations. 
For this reason, this investigation implemented a particular meshing strategy 
that simplifies and controls the mesh quality based on creating NURBS solid 
models of dense intersections of spheric knots and cylindrical struts. 

A 1 sqm central segment of the lattice is selected for analysis, this is a rep-
resentative part of the lattice. A NURBS model valid closed polysurface that 
represents the lattice was needed for non-linear static analysis. To create suc-
cessful Boolean unions between struts nodes had to be modeled  as isotropic 
embedded knots with spherical shape, that create a fully solid polymeric vol-
umeand the anisotropy induced by Fused Deposition Modeling, a characteris-
tic inherent to the technique. 

The variable thickness lattice is modeled with 8-, 12- and 16-mm strut thick-
ness according to differentiated areas of stress. The pre-stress model hosts pe-
rimeter tendons modeled as 10mm steel pipes inside plastic struts for the pur-
pose of testing and verified the hierarchical membrane mechanical hypothesis.

5.2 Shaping by force
Monocoque, superficial and uniform distribution of stress along all of its sur-
face and spatial structures able to dissipate this stress in all directions and inter-
prets a structural space as a uniform tectonic distribution of forces in principal 
stress directions. 

The criteria of configuration of a surface demand are: 

• Conditions of shape and conditions of structural resistance that de-
pend on design

• Density to resist prestressing and load condition stresses

• Definition of the trabecular system

• Proposed printing process capacity

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Shaping by force
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• Sorting the printing criteria

The research is inspired in the composition of the bird skull section, in which 
two discrete laminar systems create a spatial system, instead of being linear 
stress the trabecular system allows stiffening of by a system of spatial distribu-
tion of struts. 

The previous chapter presented a dual laminar membrane and trabecular sys-
tem that studies possible geometrical formations based in cortical bone and of 
bio-mechanically influenced mechanics of cranium structure. To allow shape 
by force a next step in introducing prestress along the cortical dense mass 
groups the objective of this research is to clarify the application of tension 
criteria for 3D printing capable of creating large-scale formations by additive 
manufacturing.

The purpose of biomechanically inspired technique, the hypothesis implies the 
creation of a structure resolution basis for the formulas to configure trabeculate 
arrangements provide a growth (or incremental) logic that can be configured 
from the particular. 

The goal of trabeculae is to produce capacity to dissipate efficiently compres-
sion. 

The main challenge with prestress is to create tendons within the trabeculae, 
capable of dissipating stress continually and able to be printed incrementally. 
Non-incremental construction of tendons or any other part of the structure sys-
tem would require the use of formwork.

Pre-stress techniques requires several considerations:

• Stress increments will induce density in the trabeculae system. Fol-
lowing principal inside a tension system membrane, in surface being iso-
tropic in its thinness. 

• Although membrane distributes stress, the surface lacks rigidity. The 
section consideration, between elements of the surface for fastening, the 
length and distribution of this system allows for thinness.

• Based on the theoretical biology model trabeculae will dissipate stress 
towards the boundaries of the membrane, and stress concentrations in the 
boundary will be dissipated with incremental density fibrous arrangements. 

• Shape stiffness will benefit from trabeculae arrangements that create 
anti-buckling formations.

• In this point it will allow a rigid system, with the number of elements 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Shaping by force
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Fig. 5. 19  Perimetral pre-compression with linear tendon. Detail analysis model
Fig. 5. 20  Perimetral pre-compression. 1 sqm segment of cellular membrane.
Own work



391

to create anti-buclking learning from monocoque structures and spatial 
structures.

• The monocoque final shell is capable of transferring and compressive 
stress.

The study of structural behavior modes and a comparison of cases in relation 
to this analysis was carried out.

 Open membrane modesl were chosen that could be transferred to different 
case studies. The analysis was made on a double curvature surface such as 
the hyperbolic paraboloid, varying the tissues for its construction, the angles 
at which the tissue is arranged on the surface, the fiber density, the increase in 
the number of fibers that make up the tessellation. (lo he cambiado yo, ponía 
‘and’) Additionally, experimenting with the change of geometric surfaces. The 
goal is to determine the capacity of these variables to configure complex free-
form surface.

Two different approaches are presented to test the capacity of introducing pre-
compression to create cellular membranes configured interpreting forces in 
space.

1. Transformations of the orthonormal matrix to create linear 
tendons of prestress, applicable to hyperbolic paraboloids segments. 
To ensure printability, the matrix must comply with the 3D printing 
constraints (square pyramid generalization method).
2. Combinations of geometrical arrangements to create curvi-
linear tendons of prestress that follow principal tension trajectories, 
tested in synclastic membrane.

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Shaping by force
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Fig. 5. 21  Validation 1. Equilibrium and manifold validation of a global shape. 
At a global shape scale, the open membrane principal stress lines are configured. The digital configuration and algo-
rithmic design determines the constructability by discrete aggregation of cells. The general shape must comply with 
global equilibrium analysis and with 3D printing principles.
Own work
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5.2.1. Linear tendons in ruled surfaces. 
Subdomains pre-stress
Linear and non-linear matrix transformations allow this grid to be updated to 
synclastic and anticlastic non-orthonormal space distribution.

Under special conditions, ruled surfaces can be defined by constructability pa-
rameters. Linear segments in ruled surfaces allow simple tendon production, 
for which it is of interest to deform the lattice towards aligning with the curva-
ture of the ruled surface, therefore maintaining the linear segments. 

Excessive transformations will induce collisions during the printing process. 
Resolution adjustments and shape adjustments will be required prior to evalu-
ating correct deposition processes in compliance with deposition criteria.

The choice of hypar geometry as the spatial geometric configuration is given 
by the analysis possibilities offered by this double-curved surface. It offers a 
balance between fibers with compressive and tensile forces. In addition, as a 
ruled surface, it can be configured with straight segments. 

This geometric configuration was defined as a model for the analysis of com-
plex geometries by way of generalization, capable of being applied to other 
spatial geometries. 

The particular printing properties for inducing pre-stress demand a continuous 
fabrication of trabecular arrangements and tendons. The nozzle capacity in 
each node of the lattice is assured by taper analysis in tessellations conformed 
by isosceles square pyramids, each node has free nozzle access, tendons there-
fore can be manufactured by layer-wise combination, where pipes of material 
can be vitrified in space in spiraling toolpaths of deposition. Nodes at each 
end of the precompression tendon are left accessible to mounting or services 
post-tensioning.

Frist choose a static hyperbolic paraboloid is modelled. The volumetric dimen-
sions are modeled as 3m x 3m base, x 3 m height and 10 cm thickness. Once 
the surface is known to be in equilibrium, isostatic clouds are determined and 
discretized in quartiles. 

The trabecular general arrangement is determined and simulated. Due to com-
putational power limitations in non-linear analysis, for the purpose of ana-
lytical model, a 1 sqm section is simulated to normal load case scenario and 
precompression scenario. 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
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Fig. 1. 126  Principal stress 
line calculation and selection 
for studies of additive manufac-
turing based in SLAM method-
ology (CITAR TAM)
Own work
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Fig. 5. 22  Future studies, alight tendon to curvinilear path. The combination of different tessellations that follow stress 
lines dtermine tendon trajectory.
Own work
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5.2.2. Curvilinear tendons in freeform shapes. 
Principal stress lines definition
Another approach to tendon distribution in non-ruled surfaces must allow ex-
trusion of tendons within the orthonormal lattice configurations. For optimum 
stress distribution, the computation of principal stress line can help determine 
the most efficient location of a force of pre-compression, but results in non-
linear tendons. 

To approximate curved tendon trajectories that follow principal tension lines, 
this second approach consists of combining transformed and orthonormal lat-
tice configurations. 

Lattice configurations for non-ruled surfaces are populated with orthonormal 
voxel structures to ensure printability, and a crossing lattice merges the more 
complex and specific requirements of non-linear tendon alignment, separating 
the printing process in two manageable continuous workflows.

The lattices result in significantly more intricate arrangements than those of 
ruled surfaces, mechanical tests are approximated in the more computationally 
efficient linear analysis to test equilibrium in a single case. More powerful lat-
tice meshing workflows may result in acceptable solids for non-linear analysis.

5.2.3. Comparative study

5.2.3.1. Methods and workflow: Mechanical grading, 
Multi-resolution data structure and FOAM fabrication

The tools of mechanical drawing and structural analysis used are organized in 
the following steps: 

• The global shape is modelled in Rhinoceros 3D
• Principal Stress Lines are computed in Grasshopper Karam-
ba plugins for Rhinoceros 3D.
• The outcome of mechanical analysis produced in SimScale 
determines a global shape equilibrium and an isostatic data cloud.
• The internal forces distribution is visualized and discretized 
in ParaView (non-linear displacement vectors and stress concentra-
tion). 
• The hierarchical organization of fibrous material is formu-
lated with the Multi-resolution algorithm. The geometrical population 
includes variables of density, strut thickness, and fiber orientation, 
and pre-stress tendons according to each case study.
• Cellular membranes are analyzed in SimScale For the veri-

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
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Fig. 5. 23  Validation 1. Prin-
ciple stress lines are calcu-
lated for the global shape with 
Karamba - linear FEM plugin 
within Rhinoceros 3D / Grass-
hopper design environment
Own work
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fication and measurement of the mechanical increase and to confirms 
the continuous mechanical work in trabecular forms modeled as a 
solid configuration with fused knots. 
• Smaller segments are analyzed in SimScale to test the influ-
ence of compression along trabeculae and within tendons. The in-
ternal trajectories of stress are determined to verify the capacity of 
precompression in trabecular arrangements. 

Once this hypothesis is verified, to introduce external forces of precompression 
and the subsequent code for fabrication with numerical means WOULD XX. 

5.2.3.2. The choice of geometry for comparative study

With the proposed methods, we were able to configure and test the fibrous tes-
sellation, printability and stability of synclastic and anticlastic shapes.

Regarding shape, it can transform from a dome to a barrel vault and then to a 
saddle. 

Prestress monocoque systems allow creating a design space based in force 
distribution, the method is applied to synclastic and anticlastic shapes to test 
applicability and approximate solutions and contributions at the architectural 
scale..

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
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5.2.3.3. The definition of the framework node, edges and 
distributed load in prestressed open membranes

E. Muscio (Muscio, 2020) proposed a comparative study framework of fibrous 
structures weaved in 2D patterns. The framework is similarly applied for 3D 
arrangements, instead for this case the program will considers rigid knots.

The bottom edges of the hyperbolic paraboloid were defined in the calculation 
program as embedded, preventing movement along them in order to mainly 
evaluate the structural behavior of the tissues in reference to the angle changes 
in the arrangement of lattice patterns, densities of fiber, lattice node densities 
and the curvatures of the analyzed geometries. 

Forces of 3000 N were placed at the two uppermost knots of the lattice, in the 
most vulnerable part of the tessellation. In addition, a distributed load of 1000 
N was placed on each member of the lattice in the direction of the Z axis with 
a downward direction, perpendicular to the floor.

Regarding the material, PETG was selected due to its applicability to large 
scale architectural applications, good performance to UV, high mechanical 
characteristics and high recyclable capacity. It was selected because from the 
case study carried out it could be observed that it has a great presence in the 
production of tissues at different scales. In particular, it is widely used for its 
own thermoplastic conditions that make it ideal. Additive manufactured to-
kens exhibit less strength than their injection molded counterparts (Ahn et al., 
2002), for the material’s strength characteristics is reduced 1/3 to approximate 
this characteristic.

5.2.3.4. Structural behaviour studies

• Case 1: Solid hyperbolic paraboloid without density differentiaton 
and without precompression

• Case 2: Hyperbolic paraboloid with density differentiation and with-
out precompression

• Case 3: Hyperbolic paraboloid with distributed perimetral precom-
pression applied to the edge surfaces in x and y axis.

• Case 3: Hyperbolic paraboloid with with precompression inserting a 
tendon in the boundary.

A key finding arises from the study stability of form along the continuously 
transforming shape. Iterative Non-linear Finite Element Analysis based in 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
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Case description

Hypar 1x1 sqm with two 3000 N 
loadpoints in top left and right nodes

Fixed support points in bottom
left and right corners, positioned
in 7 nodes and its connecting bars

6mm thick bars, 18mm thick 
spherical nodes

Volume

Case comments

Expected deformation
Does not exceed the limit of elastic 
deformation

Case 1 - Punctual loads
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Min. - Maximum Strain
 
Strain Magnitude  0 - 1.758e-2 m/m
Cauchy Stress  0 - 111.9 MPa
Von Mises Stress   0 - 116.4 MPa

Maximum displacement 104.8 mm

Region of maximum Von Mises Stress
Iso scalar 38.81 - 77.62 MPa
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Case description

Hypar 1x1 sqm with two 3000 N 
loadpoints in top left and right nodes

Fixed support points in bottom
left and right corners, positioned
in 7 nodes and its connecting bars

3, 6 & 9mm thick bars according 
to Von Mises Stress values from 
initial test on Case 1

Volume

Case comments

Reduced deformation
Increased homogeneity of stresses
Does not exceed the limit of elastic 
deformation

Case 2 - Varying density (bars thickness)
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Case description

Hypar 1x1 sqm with two 3000 N 
loadpoints in top left and right nodes

Fixed support points in bottom
left and right corners, positioned
in 7 nodes and its connecting bars

3, 6 & 9mm thick bars according 
to Von Mises Stress values from 
initial test on Case 1

Volume

Case comments

Reduced deformation
Increased homogeneity of stresses
Does not exceed the limit of elastic 
deformation

Case 2 - Varying density (bars thickness)

Minimum - Maximum Strain
 
Strain Magnitude  0 - 1.095e-2 m/m
Cauchy Stress  0 - 108.3 MPa
Von Mises Stress   0 - 72.29 MPa

Maximum displacement 72.29 mm

Region of maximum Von Mises Stress
Iso scalar 24.1 - 48.2 MPa
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Case description

Hypar 1x1 sqm with two 3000 N 
load points in top left and right nodes

Fixed support points in bottom
left and right corners, positioned
in 7 nodes and its connecting bars

Distributed pre-compression force 
of 5000 Pa around perimeter

In darker gray, the hypar displays 
intermediate starts stressed stiffening
the membrane. Results in a
25 % displacement reduction.

Case 3 - Surface load
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Min. - Maximum Strain
 
Strain Magnitude  0 - 1.745e-2 m/m
Cauchy Stress  0 - 111.1 MPa
Von Mises Stress   0 - 115.6 MPa

Maximum displacement 101.2 mm

Region of maximum Von Mises Stress
Iso scalar 38.53 - 77.05 MPa

Min. - Maximum Strain
 
Strain Magnitude  0 - 1.745e-2 m/m
Cauchy Stress  0 - 111.1 MPa
Von Mises Stress   0 - 115.6 MPa

Maximum displacement 101.2 mm

Region of maximum Von Mises Stress
Iso scalar 38.53 - 77.05 MPa

75 mm
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Fig. 5. 24  Case studies 1-4. Stiffening membrane with forces of precompression.
Displacement is incrementally reduced:
100 mm in the first case with normal undifferentiated lattice to a 
72 mm in the second with hierarchical variations of material distribution
75 mm in the third case with external forces of pre-compression around the perimeter
45 mm in the fourth case with perimetral forces of pre-compression in tendons.
Own work
Fig. 5. 25  Internal analysis of tendon performance. Stress from  pre-compression tendons are distributed through the 
lattice. Own work
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5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Results

snapshots of the modeling process is proposed. 

5.2.3.5. Mechanical information studied

A- Total Strain Magnitude / Total stress magnitude: the study of the magnitude 
of the stresses in the tissues, which allows to know if there are tensile or com-
pression fibers and what values the stresses reach (M / m)

B- Cauchy Stress Magnitude / true stress tensor. The study of the stress vector 
of the deformed structure (Pa)

C- Regarding the stress magnitude analysis, it is detailed in which area of the 
tissue are maximum and minimum efforts.

D- Total Strain in the X, Y, Z axes: Identifying the tensile and compressive 
forces in the direction of the axes.

E- The deformation with the forces in the X, Y, Z axes

F- The displacement vector and scalar of the structure and tissues  

5.2.3.6. Case studies Observations

The lattice constitution integrated into a comprehensive workflow of computa-
tional design, optimization and fabrication of a complex surface, fully exploit-
ing the advantages of robotic manufacturing. Inspired by Wolff’s explanation 
of deformation in trabecular bone “… as an expression of functional adaptation 
of bone forms for a changed static strain of the deformed path” (Zippel, 1992). 

1. Hypar case undifferentiated matrix, all bars are made of struts of equal thick-
ness, thickness factor 2x.

2. Hypar matrix differentiated case, all the bars are octet-truss and rhombic do-
decahedra where we can extrude differently to manufacture bars of a gradient 
range, from 1x to 3x the thickness, removing thickness to bars in lower tension 
and giving thickness to bars in greater tension.

3. Hypar case differentiated 1:3 matrices optimized to distribute precompres-
sion forces following the direction of the main stress lines. The entire mem-
brane works continuously to distribute stress and, based on the analytical mod-
el, is potentially all under compression.

Analytical studies demonstrate an increase in stiffness and increased bearing 
capacity, distributing the mass more efficiently in the second case.

To determine what would be the most efficient general precompression trajec-
tory, we evaluate the shape based on its main stress lines and determine the 
main lines of tension
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Fig. 5. 26  Robotic construction concept. 
Own work
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To determine what would be the most efficient mounting path of precompres-
sion constructively and geometrically we increase stress in the lattice to in-
crease its stiffness.

Therefore, the resistance of the cell member is established by rigidizing each 
cell member in a controlled way by precompression and increasing its load 
capacity, and the whole mechanism works in its most efficient mode, avoiding 
complex stress.

In addition, the variations of mass, internally, by its cellular capacity, induce 
stiffness and strength. This results in material use optimization.

5.3 Results
Precompression induced twice the stiffness. Precompression activated seg-
ments of the membrane that were not priorly working. Introducing more stress 
strategically yields less displacement. 

When pre-compressed, the membrane potentially works as monocoque inde-
pendent of:

• The direction in which the efforts come, since it transfers them to 
simple compression (like a basketball ball adapts to traction when boots, it 
is a membrane always in traction that recovers its shape)

• The concentration of efforts on the supports

The second case shows that simply by varying the material distribution, den-
sity and architecture of the trabeculae (that is, by varying their elastic modulus 
locally, functionally graded material) we increased the stiffness by a factor of 
1.5. 

More importantly, the third case demonstrates the ability to determine that 
most trabeculae work under compression, limiting their mechanical work to 
simple effort. Which entails a significant increase in the bearing capacity and 
- the key to the thesis - determine the type of stress at which the membrane 
works, avoiding deformation (and consequent flexion in trabeculae) .

With the parametric definition and mechanical characterization of complex 
light-weight membranes manufactured by spatial 3D printing the workflow in-
tegrates geometrical, structural and morphological research features that result 
in a comprehensive innovative approach to digitally designing and building 
complex surfaces.

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Results

EOAT 



410

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



411

6. Contributions

We propose a comprehensive morphological model of hierarchical fibrous 
structures. The Thesis presents and discusses developments in the area of 
knowledge of 3D digital printing, of complex geometry surfaces, whose defi-
nition and computational design of its configuration is carried out by means of 
a trabecular system capable of assuming a continuous shell structural behavior.

The Methodology developed with the participation of robotic digital printing 
processes has allowed to establish and conclude, the scope and characteriza-
tion of trabecular membrane, as well as the design of the movement geometry 
of the digital manufacturing of a free form.

The studies are centered around both the definition and computational design 
of complex surfaces and the respective construction of these shell structures 
by means of      robotically 3D printed three-dimensional tessellations, capable 
of configuring mechanically continuous complex surfaces, based on a compre-
hensive morphological workflow, which yield extraordinary  ultra-lightweight 
structures

We propose a trabeculae network of fibers dimensional system configured by a 
static system of internal forces. For cellular membranes. a force system origin 
involves the comprehensive morphological workflow of digital 3D printing for 
continuous surfaces. We extend the mechanical performance and introduce the 
concepts for change of scale introducing external forces of pre-compression. 

• A hierarchical model of membrane design and construction. 

• Triangulated fibrous networks have been compared to other fibrous 
networks, we have achieved a stabilization system that allows forces to be 
introduced at the same time in a spatial field that determines a balance for 
any state of force, in open and closed forms.

• The final condition of equilibrium in a whole form defined as continu-
ous surface allows, by interpreting the forces in equilibirum that define the 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Results
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membrane in every case, the structural configuration of a fibrous structure 
that defines an open membrane.

• The condition of forces in equilibrium present scale independent prin-
ciples for large scale additive manufacturing.  

• Conditions of edge stress concentration, definition of local problems 
of anti-buclking, edge support, monocoque density and external actions of 
varying load conditions and precompression are parametrized and com-
puted in a stress field. For networks of trabeculae differentiation responds 
to each of the conditions individually and in continuous mechanical rela-
tionship to the whole

• External forces of pre-compression potentially scale trabeculae net-
works capacity to configure continuous spaces. The scale independent geo-
metric princples of membranes configured by forces in equilibrium extend 
current dead load physical limitation of membrane engineering.

• Formulas to configure cellular membranes by discrete elements and 
build by additive techniques allow the construction of mechanically con-
tinuous complex surfaces by on-site and off-site automation.

• The types of three dimensional tessellation influence locally the mod-
ulus of elasticity and strength of cellular membranes. Omnidirectionality in 
tetrahedral and semi tetrahedral triangulated lattices dissipate strain ener-
gey efficiently, material systems of deposition ensure material optimization 
to minimal waste. This results in ultra-lightweight structures.

• Presentation of locomotive systems for construction automation of 
membranes based in iterative optimization and positive feedback loops op-
timization workflows. What interests us is to focus on how by printing in 
3D we would be able to arrange the lines, the main pre-stressing directions, 
within the trabecular system, that is, to introduce forces within the spatial 
force structure.

• Additive manufacturing materials and instruments advances allow to 
test and prototype complex lattices involve: 

Resolution computational model for additive manfuacturing (Ladrón de 
Guevara et al., May 2019). Computational determination based on catego-
rization and indexing of areas of interest to balance computational capacity.

Free Oriented Additive Manufacturing technique (Ladron de Guevara et 
al., Apr 2019), capable of variable orienting the tool of deposition by pack-
ing the mechanisms in a minum volume to minimize collision.

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Results
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Cellular membrane construction by discrete methods and generalization 
of lattice structures for additive manufacturing (Borunda, Luis et al., April 
2019) involve the combination of: discretization process; digital to physi-
cal implementation models; drawing and discretization model of space and 
structural form; continuous capacity of discrete assemblies for non-linear 
finite element evaluation; variable distribution of material distribution 
based on isostatic cloud data; optimization and simulation workflows. 

• To establish the conditions of parametric definition for configuration 
the questions under which conditions is the system applicable, and under 
which research boundaries, which context is this definition valid.

• To engineer the mechanical properties of the units that perform as a 
continuous structure through an informed discretization of components as-
sembled into complex shapes through post-tension.

• In some way, when we are only talking about how to define geometry. 
We determined that the tetrahedral base traverse is the solution that the 
structure that from bases to that successfully emulate trabecular systems 
capable of creating fibrous networks that distribute stress in space and ca-
pable of maintaining a stable shape along the extrusion path. The algorithm 
should recognize tetrahedral and hexahedral production

• Form configuration with data clouds. Isostatic stress clouds. Tension-
al systems as the architectural project basis of form configuration.

• That is our base, you can cut it in any way, in the center of gravity and 
transmit the forces to the edges. We can always put the algorithm to join 
one of the points to the vertices, it is still triangulated. Algorithm is fixed, 
deformed tetrahedron remains stable and remains stable, faces remain the 
same. If this capacity is increased, it will always transmit the force from 
point to point, it is of basic geometry

thesis proposes thoroughly investigating a specific 

Further central achievements are linked to the establishment of criteria and 
parameters for configuring cellular structures for spatial 3D print and to the 
extension of additive manufacturing models at large.

The work recommended for examination as an innovative contribution to re-
search in the field comprises  explorations of high originality centered around 
both the definition and computational design of complex surfaces and the re-
spective construction of these shell structures by means of      robotically 3D 
printed three-dimensional tessellations, capable of configuring mechanically 

5. Pre-stress forces, towards large scale additive manufacturing of cellular membranes
Results
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continuous complex surfaces, based on a comprehensive morphological work-
flow, which yield extraordinary  ultra-lightweight structures of novel qualities. 

As argued above in the section revolving around the quality of the research 
that warrants its examination as a genuine doctoral research contribution to 
the field at international level, this thesis sits in the discourse around ventur-
ous contemporary architecture that charts into new design territory defined by 
complex geometries, free forms and the search for novel perspectives for the 
design and implementation of innovative structural systems.

6.1 Conclusion and current limitations 
The construction of contemporary architectures has been characterized since 
the beginning of the 21st century using designs defined by rigid surfaces of 
complex geometries and free forms. 

This doctoral thesis is hypothesized to demonstrate that such surfaces are ca-
pable of being solved by means of fibrous tessellations conforming cellular 
structures, obtaining a constructive solution with a high level of resistance, 
a great capacity for formal definition, whose configuration as light structural 
sheets can be resolved by means of self-supporting construction elements, pro-
duced with fibers of geometric patterns of fiber and conditions of the fused 
fibrous networks, whose assembly and continuous 3D print capacity allows the 
conformation of continuous structural forms. 

The presented research successfully integrates both bottom-up explorations on 
a biological level as well as on a material fabrication level, into a coherent and 
highly integrative design process. 

It convincingly intersects these investigations with respective case studies 
which serve as the platform where the possible integration of explorations e.g. 
at bio-mimetic level on the one side and material fabrication level on the other 
side is tested iteratively and achieved in a more holistic design process.

The software allows us to place forces in space and establishing the balance of 
forms in space define a form.  As a logic of this stabilization of forces in space 
we obtain a form. 

Robotic construction and the digitization of the construction industry contain 
immense potential for improving productivity and reducing the ecological 
footprint, necessary to achieve the Sustainable Development Goals. To achieve 
the improvements that construction 4.0 raises, the incorporation of new com-
putational tools is necessary in each phase of the process, from design to manu-
facturing. 

6. Contributions
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The proposed methods aim to eliminate entirely the need of formwork in shell 
construction concentrating on the integration between the structural, geometri-
cal, and morphological features of a surface. The various influencing factors 
were interpreted through numerical tools into a common geometric language. 
therefore, material, structural and fabrication parameters become part of the 
conceptual design process. This results in the digital configuration of an op-
timized prestressed membrane defined by the forces that determine its state 
of equilibrium, in which each discrete member that conforms the continuous 
surface is limited to simple stress, and is manufacturable with digital 3D print-
ing methods.

The study found the methods effective for the creatin of hierarchically con-
figured cellular membranes, while structural performance modifications, in-
troducing external forces of precompression can be a source of increase in 
strength. Additionally, the material based-design yielded superior spatial ar-
rangements that increased the geometrical complexity with capacity to render 
highly differentiated characteristics.

The theoretical biology model of bone strength, and the stress trajectory hy-
pothesis of distribution of load in trabecular arrangements provided numerous 
morphological principles that primarily defined geometry.

6.2 Future works
Trabecular configuration of membranes and theoretical biology models in ad-
ditive manufacturing workflows may offer interesting development and may 
open perspectives of engineering and employment of, robotically built, inno-
vative structural and constructive systems. 

One of the main challenges that construction automation faces today is that of 
taking the robots out of the laboratory. Prefabrications offers a very controlled 
set of variables nearly ever found in construction sites. The geometrical prin-
ciples of trabecular architecture can be extended to groups of robotic systems. 

Large format assembly case studies explain how locomotive systems that are 
integrated in the geometrical parameters, can, break the bounds of the fixed 
robotic space. A creation of collective coordinate system for independent col-
laborative electromechanics systems will extend the study of how the robotic 
mechanisms have moved and how the geometrical configurations are created 
dynamically, threading networks of points in stable geometric shapes.

Locomotion in robotic systems should ensure a coordinated work and shared 
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set of variables along the different mechanisms, and more importantly, robust 
mechanisms of environment awareness are required to successfully automate 
membrane construction on site by robotic arms. This research aims to establish 
principles of trabecular membrane automated construction in the construction 
of a large-scale pavilion for CaixaForum Valencia. Building Code performance 
issues related specially to fire protection should be resolved for this applica-
tion.

According to materials experts at the Virginia Tech Materials Lab, the main 
challenges to create performative fire protected lattices will be to ensure pro-
tection from droplet sin thermoplastic components, this is a quality of the ma-
terial itself that will be studied in future works. Another aspect of fire pro-
tection analysis to ensure code compliance is to create scaled models of fire 
scenarios rather than physically building a mockup to scale. 

Several steps of the process incur in computational power limitations, spe-
cially related to non-lineal analysis and to geometrical computation of non-
collision principles along the 3D print process, future works include optimiza-
tion of algorithmic models to extend the resolution limitation of computation. 
Currently, the large scale case study presented, CFV Cloud presents about 
80,000 individual blocks in groups of 8 voxels, so that each individual voxel 
can be computed independently but the geometry is simplified to 1/8 in order 
to achieve an efficient workflow. Future optimization of the algorithmic work-
flow will accommodate larger and more intricate fibrous arrangements.

Lattice structures are formed by a series of targets in space that the robot must 
reach. More sophisticated tools of deposition will allow a wider array of geo-
metric possibilities, and the implementation of algorithmic developments in 
artificial intelligence can significantly improve the capacity to control quality, 
find knots and compute complex robotic toolpaths.

The methods presented depend significantly on the speed of vitrification of 
filament in space to create large-scale assemblies. Research on the material 
qualities of triangulated tessellations open perspectives to more productive 
construction automation by fused deposition modelling. Multi-material tests 
and polymer or non-polymeric materials developments can yield faster more 
efficient results. 

6. Contributions

EOAT 



422

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



423

7. References

References

Aalami, B. (1990). Load balancing: A comprehensive solution to post-tension-
ing. ACI Structural Journal, 87(6), 662-670. doi:10.14359/2970

Aalami, B. (2000). Structural modeling of posttensioned members. 
Journal of Structural Engineering, 126(2) doi:10.1061/(ASCE)0733-
9445(2000)126:2(157)

Aalami, B. (2019). Post-tensioning design. STRUCTURE Magazine, , 12-15. 

Acemoglu, D., & Restrepo, P. (2020). Unpacking skill bias: Automation and 
new tasks. AEA Papers and Proceedings, 110, 356-361. doi:10.3386/w26681

Achillas, C., Aidonis, D., Iakovou, E., Thymianidis, M., & Tzetzis, D. (2015). 
A methodological framework for the inclusion of modern additive manufactur-
ing into the production portfolio of a focused factory. Journal of Manufactur-
ing Systems, 37, 328-339. doi:10.1016/j.jmsy.2014.07.014

Achim, M.Computational morphogenesis: Integral form generation and mate-
rialization processes. Paper presented at the 3rd International ASCAAD Con-
ference on Em’body’ing Virtual Architecture, 725-744. 

Ackoff, R. (1974). Redesigning the future: A systems approach to societal 
problems. New York: John Wiley & Sons Inc.

Ackoff, R. L. (1999). Ackoff’s best. (pp. P. 170-172). New York: John Wiley 
& Sons.

Addis, B. (2014). Physical modelling and form finding. In S. Adriaenssens, C. 
Williams, D. Veenendaal & P. Block (Eds.), Shell structures for architecture 
form finding and optimization (1st Edition ed., pp. Chapter 4 P. 33-43) Rout-
ledge.

Aejmelaeus-Lindström, P., Rusenova, G., Mirjan, A., Medina, J., Gramazio, F., 
& Kohler, M. (2020). Rock print pavilion: Robotically fabricating architecture 
from rock and string. Construction Robotics, doi:10.1007/s41693-020-00027-
8

Aghaei-Meibodi, M., Bernhard, M., Jipa, A., & Dillenburger, B.The smart 
takes from the strong. Paper presented at the Fabricate 2017, , 3 210-217. 
doi:10.3929/ethz-b-000237103

6. Contributions
Conclusion and current limitations

EOAT 



424

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



425

Aguilar, P., Borunda, L., & Pardal, C.Additive man-
ufacturing of variable-density ceramics, 
photocatalytic and filtering slats 
. Paper presented at the eCAADe 2020, , 1 97-105. 

Agustí-Juan, I., & Habert, G. (2017). Environmental design guidelines for dig-
ital fabrication. Journal of Cleaner Production, 142, 2780-2791. doi:10.1016/j.
jclepro.2016.10.190

Ahir, S., & Terentjev, E. (2005). Photomechanical actuation in polymer-nano-
tube composites. Nature Materials, 4(6), 491-495. doi:10.1038/nmat1391

Ahn, S., Montero, M., Odell, D., Roundy, S., & Wright, P. (2002). Anisotro-
pic material properties of fused deposition modeling ABS. Rapid Prototyping 
Journal, 8(4), 248-257. doi:10.1108/13552540210441166

Ahumada, R., Velázquez, G., Rodríguez, H. B., Flores, E., Félix, R., Romero, 
J., & Granados, A. (2015). An indicator tool for assessing local vulnerability to 
climate change in the mexican agricultural sector. Mitigation and Adaptation 
Strategies for Global Change, 22, 137–152. doi:10.1007/s11027-015-9670-z

Aksöz, Z., Wilkinson, S., & Nikas, G. (2020). Optimisation of robotic printing 
paths for structural stiffness using machine learning. In J. Burry, J. Sabin, B. 
Sheil & M. Skavara (Eds.), Fabricate 2020 making resilient architecture (pp. 
218-225). London, United Kingdom: UCL Press.

Al‐Ketan, O., Al‐Rub, R., & Rowshan, R. (2016). Mechanical properties of a 
new type of architected interpenetrating phase composite materials. Advanced 
Materials Technologies, 2(2), 1600235. doi:10.1002/admt.201600235

Alhumayani, H., Gomaa, M., Soebarto, V., & Jabi, W. (2020). Environmental 
assessment of large-scale 3D printing in construction: A comparative study 
between cob and concrete. Journal of Cleaner Production, 270, 122463. 
doi:10.1016/j.jclepro.2020.122463

Amendola, A., Hernández-Nava, E., Goodall, R., Todd, I., Skelton, R., & Fra-
ternali, F. (2015). On the additive manufacturing, post-tensioning and test-
ing of bi-material tensegrity structures. Composite Structures, 131, 66-71. 
doi:10.1016/j.compstruct.2015.04.038

Anderson, C. (2012). Makers: The new industrial revolution  (Reprint ed.). 
New York, United States: Crown business.

Andrasek, A.Cloud pergola . Retrieved from https://www.alisaandrasek.com/
projects/cloud-pergola

Andrea, R., & Oliver, T.Aggregated structures: Approximating topology opti-

6. Contributions
Future works

EOAT 



426

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



427

mized material distribution with discrete building blocks. Paper presented at 
the International Association for Shell and Spatial Structures (IASS), 

Apolinarska, A. A. (2018). Complex timber structures from simple elements: 
Computational design of novel bar structures for robotic fabrication and as-
sembly doi:10.3929/ethz-b-000266723

Aranda, B., Lasch, C., Kwinter, S., & Balmond, C. (2005). Pamphlet architec-
ture 27: Tooling (1st ed.). New York, United States: Princeton Architectural 
Press.

Ariza, I., & Gazit, M.On-site robotic assembly of double-curved self-supporting 
structures. Paper presented at the 19th Conference of the Iberoamerican Soci-
ety of Digital Graphics SIGRADI 2015, , 1 746-753. 

Arora, R., Jacobson, A., Langlois, T., Huang, Y., Mueller, C., Matusik, 
W., . . . Levin, D. (2018). Designing volumetric truss structures. Arvix, 3 
doi:1810.00706

Asfari, K., Afkhamiaghda, M., Gupta, S., & Lu, Z.Applications of collaborative 
industrial robots in building construction. Paper presented at the &nbsp;54th 
ASC Annual International Conference, 

Asprone, D., Menna, C., Bos, F., Salet, T., Mata-Falcón, J., & Kaufmann, W. 
(2018). Rethinking reinforcement for digital fabrication with concrete. Cement 
and Concrete Research, 112, 111-121. doi:10.1016/j.cemconres.2018.05.020

Ayachit, U. (2020). In Avila L., Osterdahl K., McKenzie S. 
and Jordan S. (Eds.), The ParaView Guide Community edition 
updated for ParaView version 5.8. United States of America: Kitware Inc.

Babic, B., Nesic, N., & Miljkovic, Z. (2008). A review of automated feature 
recognition with rule-based pattern recognition. Computers in Industry, 59(4), 
321-337. doi:10.1016/j.compind.2007.09.001

Babilotte, J., Guduric, V., Le Nihouannen, D., Naveau, A., Fricain, J., & Catros, 
S. (2019). 3D printed polymer-mineral composite biomaterials for bone tissue 
engineering: Fabrication and characterization. Journal of Biomedical Materi-
als Research Part B: Applied Biomaterials, 107(8), 2579-2595. doi:10.1002/
jbm.b.34348

Bachelard, G. (1965). La Poética del Espacio Fondo de Cultura Económica.

Bandyopadhyay, A., & Heer, B. (2018). Additive manufacturing of multi-
material structures. Materials Science & Engineering R: Reports, 129, 1-16. 
doi:10.1016/j.mser.2018.04.001

6. Contributions
Future works

EOAT 



428

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



429

Bard, J., Cupkova, D., & Washburn, N.Thermally informed robotic topologies: 
Profile-3D-printing for the robotic 
construction of concrete panels, thermally 
tuned through high resolution 
surface geometry. Paper presented at the &nbsp;Robotic Fabrication in Archi-
tecture, Art and Design&nbsp; ROBARCH 2018, 113-125. doi:10.1007/978-
3-319-92294-2_9

Bard, J., Gannon, M., Jacobson-Weaver, Z., Contreras, M., Jeffers, M., & 
Smith, B.Seeing is doing: Synthethic tools for robotically augmented fabrica-
tion in high-skill domains. Paper presented at the Association for Computer-
Aided Design in Architecture International Conference ACADIA 2014, , 14 
409–416. 

Barile, G., Leoni, A., Muttillo, M., Paolucci, R., Fazzini, G., & Pantoli, L. 
(2020). Fused-deposition-material 3D-printing procedure and algorithm avoid-
ing use of any supports. Sensors, 20(2), 470. doi:10.3390/s20020470

Batey, M. (2012). The measurement of creativity: From definitional consensus 
to the introduction of a new heuristic framework. Creativity Research Journal: 
Measuring Creativity, 24(1), 55-65. doi:10.1080/10400419.2012.649181

Battaglia, C., Miller, M., & Zivkov-
ic, S.Sub-additive 3D printing of optimized double 
curved concrete lattice structures. Paper presented at the &nbsp;Robotic 
Fabrication in Architecture, Art and Design ROBARCH 2018, 242-255. 
doi:10.1007/978-3-319-92294-2_19

Bauman, Z. (2002). Modernidad líquida (Revised ed.). Buenos Aires, Argen-
tina: Fondo de Cultura Económica de Árgentina S.A.

Baumann-Jaeger, C. (2018). Designing for the hybrid body: Presence, repre-
sentation, and self in virtual reality doi:10.1184/R1/7178138.v1

Bechert, S., Groenewolt, A., Krieg, O., Menges, A., & Knippers, J.Structural 
performance of construction systems for segmented timber shell structures. 
Paper presented at the International Association for Shell and Spatial Struc-
tures (IASS) Symposium 2018 Creativity in Structural Design, 

Belhabib, S., & Guessasma, S. (2017). Compression performance of hol-
low structures: From topology optimization to design 3D printing. Interna-
tional Journal of Mechanical Sciences, 133, 728-739. doi:10.1016/j.ijmec-
sci.2017.09.033

Bellinger, G., Castro, D. & Mills, D. (2004). Data, information, kwowledge, 

6. Contributions
Future works

EOAT 



430

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



431

wisdom . Retrieved from http://www.systems-thinking.org/index.htm

Berciu, A. (2016). Triply periodic minimal surfaces _Topology. Retrieved 
from https://wewanttolearn.wordpress.com/2016/03/17/triply-periodic-mini-
mal-surfaces-_topology/

Berman, B. (2012). 3-D printing: The new industrial revolution. Business Ho-
rizons, 55(2), 155-162. doi:10.1016/j.bushor.2011.11.003

Berrio, J., Silva, E., & Montealegre, W. (2019). Characterization of effective 
young’s modulus for fused deposition modeling manufactured topology opti-
mization designs. The International Journal of Advanced Manufacturing Tech-
nology, 103(1), 2879-2892. doi:10.1007/s00170-019-03747-6

Bettencourt, L., Lobo, J., Helbing, D., Kuhnert, C., & West, G. (2007). Growth, 
innovation, scaling, and the pace of life in cities. Proceedings of the National 
Academy of Sciences of the United States of America, 104(17), 7301-7306. 
doi:10.1073/pnas.0610172104

Beyhan, F., & Selçuk, A.3D printing in architecture: One step closer to a sus-
tainable built environment. Paper presented at the 3rd International Sustain-
able Buildings Symposium (ISBS 2017), 253-268. doi:10.1007/978-3-319-
63709-9_20

Bhatt, P., Malhan, R., Shembekar, A., Yoon, Y., & Gupta, S. (2020). Expanding 
capabilities of additive manufacturing through use of robotics technologies: A 
survey. Additive Manufacturing, 31 doi:10.1016/j.addma.2019.100933

Bhooshan, V., Louth, H., Bhooshan, S., & Schumacher, P. (2018). Design work-
flow for additive manufacturing: A comparative study. International Journal of 
Rapid Manufacturing, 7(2-3), 240-276. doi:10.1504/IJRAPIDM.2018.092905

Bidgoli, A. (2015). Towards an integrated design making approach in archi-
tectural robotics 

Bidgoli, A., & Cardoso-Llach, D.Towards A motion grammar for robotic ste-
reotomy. Paper presented at the &nbsp;20th International Conference of the 
Association for Computer-Aided Architectural Design Research in Asia 
CAADRIA 2015&nbsp; 723-732. 

Blanchette, J. (2011). A material history of bits. Journal of the American Soci-
ety for Information Science and Technology, 62(6), 1042-1057. doi:10.1002/
asi.21542

Bletzinger, K., & Ekkehard, R. (2014). Computational form finding and opti-
mization. In S. Adriaenssens, C. Williams, D. Veenendaal & P. Block (Eds.), 
Shell structures for architecture form finding and optimization (1st Edition ed., 

EOAT 



432

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



433

pp. Chapter Five P. 46-55) Routledge.

Block, P., Van Mele, T., & Rippman, M. (2015). Structural stone surfaces: New 
compression shells inspired by the past. Achitectural Design, 85(5), 74-79. 
doi:10.1002/ad.1957

Block, P., Rippman, M., & Van Mele, T. (2017). Compressive assemblies: 
Bottom-up performance for a new form of construction. Archtectural Design, 
87(4), 104-109. 

Blonder, A., & Grobman, Y. (2015). Design and fabrication with fibre-rein-
forced polymers in architecture: A case for complex geometry. Architectural 
Science Review, 59(4), 257-268. doi:10.1080/00038628.2015.1020479

Bock, T. (2008). Construction automation and robotics. Robotics and automa-
tion in construction (pp. 21-42) IntechOpen. doi:10.5772/5861

Bock, T. (2015). The future of construction automation: Technological disrup-
tion and the upcoming ubiquity of robotics. Automation in Construction, 59, 
113-121. doi:10.1016/j.autcon.2015.07.022.

Bock, T., Linner, T., & Ikeda, W. (2012). Exoskeleton and humanoid robotic 
technology in construction and built environment. The future of humanoids 
robots (pp. 111-146) IntechOpen. doi:10.5772/27694

Boden, M. A. (2009). Computer models of creativity. The AI Magazine, 30(3), 
23-34. doi:10.1609/aimag.v30i3.2254

Boller, G., & Schwartz, J.Modelling the form. heinz isler, frei otto and their 
approaches to form-finding. Paper presented at the Seventh Conference of the 
Construction History SocietyAt: Cambridge, UK&nbsp; 

Borg, C., Ahmed, Z., Schipper, R., Bos, F., Knaack, U., & Wolfs, R. (2018). 3D 
printing concrete on temporary surfaces: The design and fabrication of a con-
crete shell structure. Automation in Construction, 94, 395-404. doi:10.1016/j.
autcon.2018.06.013

Borrego, J. (1972). Space grid structures : Skeletal frameworks and stressed 
skin systems MIT Press.

Borunda, L. R., Rodríguez, M., Anaya, J., & Pugliese, G. (2018). Human-
machine collaboration practices for manufacturing digitally designed 
complex surfaces 
. ACTAS - PROCEEDINGS international conference on construction research 
eduardo torroja architecture, engineering and concrete AEC where do we come 
from? where are we going? () Fundación Eduardo Torroja.

EOAT 



434

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



435

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Borunda, L., Ladrón de Guevara, M., & Anaya, J.Design method for optimized 
infills in additive manufacturing thermoplastic components. Paper presented 
at the eCAADe 37 / SIGraDi 23, , 1 493-504. doi:10.5151/proceedings-ecaa-
desigradi2019_628

Borunda, L., Ladrón de Guevara, M., Pugliese, G., Claramunt, R., Muñoz, 
M., & Anaya, J.Optimized additive manufacturing building components 
. Paper presented at the 4o Congreso Internacional De Innovación Tecnológica 
En Edificación&nbsp; 

Bos, F., Wolfs, R., Ahmed, Z., & Salet, T. (2016). Additive manufacturing of 
concrete in construction: Potentials and challenges of 3D concrete printing. 
Virtual and Physical Prototyping, 11(3), 209-225. doi:10.1080/17452759.20
16.1209867

Boyd, P. (2019). In Branch Technology I. (Ed.), Additive manufacturing of 
building and other structures. United States:

Bradshaw, R., Campbell, D., Gargari, M., Mirmiran, A., & Tripeny, P. (2002). 
Special structures: Past, present, and future. Journal of Structural Engineering, 
128(6), 691-709. doi:10.1061/(ASCE)0733-9445(2002)128:6(691)

Branch Technology. (2020). Our process. Retrieved from https://www.branch.
technology/process

Branch technology 3D prints building walls with world’s largest freeform 
3D printer - launches 3D printed home competition. (2015). Retrieved from 
https://3dprint.com/85215/branch-3d-printed-walls/

Brock, A., Donahue, J., & Simonyan, K.Large scale GAN training for high 
fidelity natural image synthesis. Paper presented at the The International Con-
ference on Learning Representations (ICLR), 

Broek, J., Horváth, I., de Smit, B., Lennings, A., Rusák, Z., & Vergeest, J. 
(2002). Free-form thick layer object manufacturing technology for large-sized 
physical models. Automation in Construction, 11(3), 335-347. doi:10.1016/
S0926-5805(00)00108-4

Brooks, R. (1991). Intelligence without representation. Artificial Intelligence, 
47(1-3), 139-159. doi:10.1016/0004-3702(91)90053-M

Brown, E., Rodenberg, N., Amend, J., Mozeika, A., Steltz, E., Zakin, M., . . . 
Jaeger, H. (2010). Universal robotic gripper based on the jamming of granular 
material. Proceedings of the National Academy of Sciences (PNAS), 107(44), 
18809-18814. doi:10.1073/pnas.1003250107

Brownlee, J. (2012). Clever algorithms: Nature-inspired programming recipes 

EOAT 



436

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



437

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

(1st ed.) LuLu.com.

Buchli, J., Giftthaler, M., Kumar, N., Lussi, M., Sandy, T., Dörfler, K., & Hack, 
N. (2018). Digital in situ fabrication - challenges and opportunities for robotic 
in situ fabrication in architecture, construction, and beyond. Cement and Con-
crete Research, 112, 66-75. doi:10.1016/j.cemconres.2018.05.013

Buckminster Fuller, R. (1965a). Laminar geodesic dome

Buckminster Fuller, R. (1965b). Monohex (geodesic structures)

Buckminster Fuller, R., & Loeb, A. L. (1982). Synergetics: Explorations in the 
geometry of thinking Macmillan.

Budd, T. (2009). Exploring python (1st ed.) McGraw-Hill Education.

Bun, Z. (2009). Making design concepts in the nineties. theoretical models of 
UN studio. Periodica Polytechnica. Architecture, 40(2), 55-63. doi:10.3311/
pp.ar.2009-2.02

Burry, M. (1996). Parametric design and the sagrada familia. Architectural Re-
search Quarterly, 1(04), 70-81. doi:10.1017/S1359135500003092

Burt, M. (1996). Infinite polyhedra lattice (I.P.L) space trusses: Morphology, 
analysis and application. International Journal of Space Structures, 11(1-2), 
115-126. doi:10.1177/026635119601-218

Buswell, R., Soar, R., Gibb, A., & Thorpe, A. (2006). Freeform construc-
tion application research. Advances in engineering structures, mechanics & 
construction (pp. 773-780). Dordrecht, Netherlands: Springer Netherlands. 
doi:10.1007/1-4020-4891-2_65

Buswell, R., Soar, R., Gibb, A., & Thorpe, A. (2007). Freeform construction: 
Mega-scale rapid manufacturing for construction. Automation in Construction, 
16(2), 224-231. 

Buswell, R., Soar, R., Pendlebury, M., Gibb, A., Edum-Fotwe, F., & Thorpe, 
T.Investigation of the potential for applying freeform processes to construc-
tion. Paper presented at the 16th Solid Freeform Fabrication Symposium, SFF 
2005, 503-512. 

Butt, J. (2020). Exploring the interrelationship between additive manufactur-
ing and industry 4.0. Designs, 4(2), 13. doi:10.3390/designs4020013

Byung-Hwan Oh, & Se-Jin Jeon. (2001). Advanced automatic generation 
scheme of tendon geometries for the efficient FE analysis of prestressed con-
crete shell structures. KSCE Journal of Civil Engineering, 5(3), 263-272. 
doi:10.1007/BF02830658

EOAT 



438

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



439

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Cache, B. (1995). Earth moves (Michael Speaks ed.). Cambridge, MA: MIT 
press.

Caeiro, J., González, P., & Guede, D. (2013). Biomechanics and bone (& II): 
Trials in different hierarchical levels of bone and alternative tools for the deter-
mination of bone strength. Revista De Osteoporosis Y Metabolismo Mineral, 
5(2), 99-198. 

Calvino, I. (1978). Invisible cities Mariner Books.

Cardoso, D. (2012). Builders of the vision: Technology and the imagination 
of design 

Carneau, P., Mesnil, R., Roussel, N., & Baverel, O. (2020). Additive manu-
facturing of cantilever - from masonry to concrete 3D printing. Automation in 
Construction, 116 doi:10.1016/j.autcon.2020.103184

Carpo, M. (2009). Revolutions: Some new technologies in search of an author. 
Log, (15), 49-54. 

Carpo, M. (2012a). Digital darwinism: Mass collaboration, form-finding, and 
the dissolution of authorship. Log, (26), 97-105. 

Carpo, M. (2012b). The digital turn in architecture 1992 - 2012. Somerset: 
John Wiley & Sons, Incorporated. Retrieved from https://ebookcentral.pro-
quest.com/lib/[SITE_ID]/detail.action?docID=1215827 

Carpo, M. (2015). The new science of Form‐Searching. Architectural Design, 
85(5), 22-27. doi:10.1002/ad.1949

Carpo, M. (2016). Excessive resolution: From digital streamlining to compu-
tational complexity. Architectural Design, 86(6), 78-83. doi:10.1002/ad.2114

Carpo, M. (2017). The second digital turn: Design beyond intelligence (1st 
ed.) MIT Press.

Carpo, M. (2019a). The natural logic of artificial intelligence or, what genetic 
algorithms really do. Philosophy Kitchen EXTRA #3 Schema. Towards a Phil-
osophical-Architectural Dictionary, 3, 123-129. doi:10.13135/2385-1945/4275

Carpo, M. (2019b). Particlised: Computational discretism, or the rise of the 
digital discrete. Architectural Design, 89(2), 86-93. doi:10.1002/ad.2416

Carpo, M., & Translated by Sarah Benson. (2017). Archi-
tecture in the age of printing: Orality, writing, typogra-
phy, and printed images in the history of architectural theory. 
(Reprint ed.). Cambridge, Mass: MIT Press: MIT Press.

EOAT 



440

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



441

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Carvalho, J., Figueiredo, B., & Cruz, P.3D printed ceramic vault shading sys-
tems. Paper presented at the International Association for Shell and Spatial 
Structures (IASS) Symposium 2018, Creativity in Structural Design, 

Castañeda, E. (2017). Industrialización de la envolvente opaca arquitectónica 
de forma libre :Nueva alternativa de paneles de GRC sin molde doi:10.20868/
UPM.thesis.48347.

Castaneda, E., Lauret, B., Lirola, J. M., & Ovando, G. (2015). Free-form ar-
chitectural envelopes: Digital processes opportunities of industrial production 
at a reasonable price. Journal of Facade Design and Engineering, 3(1), 1-13. 
doi:10.3233/FDE-150031

Cesarano, J.A review of robocasting technology. Paper presented at the Materi-
als Research Society Symposium (MRS), , 542 133-139. doi:10.1557/PROC-
542-133

Cesaretti, G., Dini, E., De Kestelier, X., Colla, V., & Pambaguian, L. (2014). 
Building components for an outpost on the lunar soil by means of a novel 
3D printing technology. Acta Astronautica, 93, 430-450. doi:10.1016/j.actaas-
tro.2013.07.034

CFD, FEA, and thermal simulation software in the cloud. Retrieved from 
https://www.simscale.com/

Chan, M., Estève, D., Escriba, C., & Campo, E. (2008). A review of smart 
Homes—Present state and future challenges. Computer Methods and Pro-
grams in Biomedicine, 91(1), 55-81. doi:10.1016/j.cmpb.2008.02.001

Chea, C., Bai, Y., Pan, X., Arashpour, M., & Xie, Y. (2020). An integrated 
review of automation and robotic technologies for structural prefabrica-
tion and construction. Transportation Safety and Environment, 2(2), 81-96. 
doi:10.1093/tse/tdaa007

Chen, Q., García de Soto, B., & Adey, B. (2018). Construction automation: Re-
search areas, industry concerns and suggestions for advancement. Automation 
in Construction, 94, 22-38. doi:10.1016/j.autcon.2018.05.028

Cheung, K. (2012). Digital cellular solids: Reconfigurable composite materials 

Childers, D., Cadenasso, M., Grove, M., Marshall, V., McGrath, B., & Pickett, 
S. (2015). An ecology for cities: A transformational nexus of design and ecol-
ogy to advance climate change resilience and urban sustainability. Sustainabil-
ity, 7(4), 3774-3791. doi:10.3390/su7043774

Chilton, J. (2000). Space grid structures (Hardcover ed.). Massachussets, Unit-
ed States: Architectural Press.



442

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



443

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Cho, W., Sachs, E., Patrikalakis, N., Cima, M., Jackson, T., Liu, H., . . . Resn-
ick, R.Methods for distributed design and fabrication of parts with local com-
position control. Paper presented at the 2001 National Science Foundation 
(NSF) Design and Manufacturing Grantees Conference, 

Cho, W., Sachs, E., Patrikalakis, N., & Troxel, D. (2003). A dithering algo-
rithm for local composition control with three-dimensional printing. Comput-
er-Aided Design, 35(9), 851-867. doi:10.1016/S0010-4485(02)00122-7

Chronis, A., Dubor, A., Cabay, E., & Roudsari, M.Integration of CFD in com-
putational design - an evaluation of the current state of the art. Paper presented 
at the International Conference on Education and Research in Computer Aided 
Architectural Design in Europe (eCAADe) 35, , 1 601-610. 

Colburn, T., & Shute, G. (2007). Abstraction in computer science. Minds and 
Machines (Dordrecht), 17(2), 169-184. doi:10.1007/s11023-007-9061-7

Collins, T., Grineski, S., Ford, P., Aldouri, R., Aguilar, M. d. L., Velázquez-An-
gulo, G., . . . Lu, D. (2012). Mapping vulnerability to climate change-related 
hazards: Children at risk in a US–Mexico border metropolis. Population and 
Environment, 34(3), 313-337. doi:10.1007/s11111-012-0170-8

Conant, J. (2018). How useful might that used plastic water bottle be for the 
military?

Conway, J., & Torquato, S. (2006). Packing, tiling, and covering with tetrahe-
dra.103(28), 10612-10617. doi:10.1073/pnas.0601389103

Craveiro, F., Nazarian, S., Bartolo, H., Bartolo, P., & Duarte, J. (2020). An au-
tomated system for 3D printing functionally graded concrete-based materials. 
Additive Manufacturing, 33, 101146. doi:10.1016/j.addma.2020.101146

Crolla, K., Williams, N., Muehlbauer, M., & Burry, J.Smartnodes pavilion to-
wards custom-optimized nodes applications in construction. Paper presented 
at the The Association for Computer-Aided Architectural Design Research in 
Asia (CAADRIA) 2017, 467-477. 

Crump, S., Batchelder, S., & Hayes, S. (2020). In Stratasys I. (Ed.), System 
and method for 3D construction printing. United States:

Cruz, P., Knaack, U., Figueireido, B., & de Witte, D.Ceramic 3D printing – the 
future of brick architecture. Paper presented at the International Association 
for Shell and Spatial Structures (IASS), 

Culmann, C. (1866). Die graphische statik. Zürich: Meyer & Zeller. doi:10.3931/
e-rara-20052 Retrieved from https://doi.org/10.3931/e-rara-20052 

EOAT 



444

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



445

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Cupkova, D.Eco-machinic others: From polarities to gradients. Paper present-
ed at the 103rd Association of Collegiate Schools of Architecture ACSA An-
nual Meeting Proceedings, 1-9. 

Davila, J., Oyedele, L., Ajayi, A., Akanbi, L., Akinade, O., Bilal, M., & Owola-
bi, H. (2019). Robotics and automated systems in construction: Understanding 
industry-specific challenges for adoption. Journal of Building Engineering, 26 
doi:10.1016/j.jobe.2019.100868

Daynes, S., Feih, S., Lu, W., & Wei, J. (2017). Optimisation of functionally 
graded lattice structures using isostatic lines. Materials & Design, 127, 215-
223. doi:10.1016/j.matdes.2017.04.082

De Schutter, G., Lesage, K., Mechtcherine, V., Nerella, V., Habert, G., & Agus-
ti-Juan, I. (2018). Vision of 3D printing with concrete — technical, economic 
and environmental potentials. Cement and Concrete Research, 112, 25-36. 
doi:10.1016/j.cemconres.2018.06.001

Derrida, J. (1989). Edmund husserl’s origin of geometry: An introduction (Re-
vised ed.). Lincoln, United States: University of Nebraska Press.

Deshpande, V., & Fleck, N. (2001). Collapse of truss core sandwich beams 
in 3-point bending. International Journal of Solids and Structures, 38(36-37), 
6275-6305. doi:10.1016/S0020-7683(01)00103-2

Deshpande, V., Fleck, N., & Ashby, M. (2001). Effective properties of the 
octet-truss lattice material. Journal of the Mechanics and Physics of Solids, 
49(8), 1747-1769. doi:https://doi.org/10.1016/S0022-5096(01)00010-2

Didi-Huberman, G. (2000).  Être crâne lieu, contact, pensée, sculpture (Série 
Fable du lieu ed.) Les Editions de Minuit.

Diegel, O., Singamneni, S., Reay, S., & Withell, A. (2010). Tools for sustain-
able product design: Additive manufacturing. Journal of Sustainable Develop-
ment, 3(3), 68-75. doi:10.5539/jsd.v3n3p68

Diez, T. (2012). Personal fabrication: Fab labs as platforms for citizen-based 
innovation, from microcontrollers to cities. Nexus Network Journal, 14(3), 
457-468. doi:10.1007/s00004-012-0131-7

Dillenburger, B., & Hansmeyer, M. (2014). Printing architecture: Castles made 
of sand. fabricate: Negotiating design et making. In F. Gramazio, M. Kohler & 
S. Langenberg (Eds.), Fabricate (pp. 92-97). London: UCL Press.

Dillenburger, B., & Hansmeyer, M.The resolution of architecture in the digital 
age. Paper presented at the CAAD Futures 2013. Communications in Com-
puter and Information Science, , 369 347-357. doi:10.1007/978-3-642-38974-

EOAT 



446

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



447

0_33

Dirrenberger, J. (2018). From architectured materials to Large-scale additive 
manufacturing. Robotic building (pp. 79-96) Springer International Publish-
ing. doi:10.1007/978-3-319-70866-9_4

Discover Magazine.Physicist neil Gershenfeld—Time to make the computer 
vanish . Retrieved from https://www.discovermagazine.com/technology/phys-
icist-neil-gershenfeldtime-to-make-the-computer-vanish

Dissanayake, G., Newman, P., Clark, S., Durrant-Whyte, H., & Csorba, M. 
(2001). A solution to the simultaneous localization and map building (SLAM) 
problem. IEEE Transactions on Robotics and Automation, 17(3), 229-241. 
doi:10.1109/70.938381

Dombernowsky, P., & Søndergaard, A.Three-dimensional topology optimiza-
tion in architectural and structural design of concrete structures. Paper pre-
sented at the 50th Anniversary Symposium of the International Association for 
Shell and Spatial Structures (IASS), 268-269. 

Donahue, C., Mcauley, J., & Puckette, M.Adversarial audio synthesis. Paper 
presented at the The International Conference on Learning Representations 
(ICLR), 

Dong, G., Tang, Y., Li, D., & Zhao, Y. (2020). Design and optimization of 
solid lattice hybrid structures fabricated by additive manufacturing. Additive 
Manufacturing, 33 doi:10.1016/j.addma.2020.101116

Dong, L., & Wadley, H. (2015). Mechanical properties of carbon fiber com-
posite octet-truss lattice structures. Composites Science and Technology, 119, 
26-33. doi:10.1016/j.compscitech.2015.09.022

Dong, L., & Wadley, H. (2016). Shear response of carbon fiber composite oc-
tet-truss lattice structures. Composites Part A: Applied Science and Manufac-
turing, 81, 182-192. doi:10.1016/j.compositesa.2015.11.015

Dourish, P. (2004a). “Being-in-the-world”: Embodied interaction. Where the 
action is: The foundations of embodied interaction (pp. 99-126). Massachu-
setts, United States: The MIT Press. doi:10.7551/mitpress/7221.003.0005

Dourish, P. (2004b). A history of interaction. Where the action is: The founda-
tions of embodied interaction (pp. 1-23). Massachusetts, United States: The 
MIT Press.

Downey, A. (2012). Think complexity (1st ed.) O’Reilly Media.

Dritsas, S., & Soh, G. (2019). Building robotics design for construction. Con-

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

EOAT 



448

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



449

struction Robotics, 3, 1-10. doi:10.1007/s41693-018-0010-1

Du, Y., Gu, D., Xi, L., Dai, D., Gao, T., Zhu, J., & Ma, C. (2020). Laser addi-
tive manufacturing of bio-inspired lattice structure: Forming quality, micro-
structure and energy absorption behavior. Materials Science & Engineering A, 
773 doi:10.1016/j.msea.2019.138857

Dumont, E. R. (2010). Bone density and the lightweight skeletons of birds. 
Proceedings of the Royal Society. B, Biological Sciences, 277(1691), 2193-
2198. doi:10.1098/rspb.2010.0117

Dutta, B., Bagavath-Singh, V., & Lewan, M. (2020). In DM3D TECHNOLO-
GY L. (Ed.), Apparatus for multi-nozzle metal additive manufacturing. United 
States:

Economou, A., & Grasl, T.Paperless grammars. In Ji-Hyun Lee (Ed.), Com-
putational studies on cultural variation and heredity (pp. 139-160). Singapore, 
Singapore: Springer, Singapore. doi:10.1007/978-981-10-8189-7_12

Edemskaya, E., & Agkathidis, A.Rethinking complexity: Vladimir shukhov’s 
steel lattice structures. Paper presented at the &nbsp;International Associa-
tion for Shell and Spatial Structures (IASS), , 57(3) 201-208. doi:10.20898/j.
iass.2016.189.806

Edmonson, A. (1987). Isotropic vector matrix. A fuller explanation the syner-
getic geometry of R. buckminster fuller (pp. 127-142). Massachusetts, United 
States: Birkhäuser. doi:10.1007/978-1-4684-7485-5_9

Edwards, B., & Hyett, P. (2004). Guía básica de la sostenibilidad (Ilustrated 
ed.) Gustavo Gili Editorial S.A.

Elgammal, A., Liu, B., Elhoseiny, M., & Mazzone, M.CAN: Creative adver-
sarial networks, generating “art” by learning about styles and deviating from 
style norms. Paper presented at the International Conference on Computational 
Creativity, 

Elmas, S., & Saltik, E.Before and after NURBS: Investigation of changes in 
the material and fabrication processes of the monocoque structures. Paper pre-
sented at the The Virtual and the Physical – 5th Education and Research in 
Computer Aided Architectural Design in Europe (eCAADe) Regional Interna-
tional Symposium 2017, 

Emami, N., Giles, H., & Von Buelow, P.Continuous to discrete: Computational 
performative design and search of shell structures. Paper presented at the Inter-
national Association for Shell and Spatial Structures IASS, 

Enric ruiz-geli. Retrieved from https://www.ruiz-geli.com/

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

EOAT 



450

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



451

Epley, N., Waytz, A., & Cacioppo, J. (2007). On seeing human: A three-fac-
tor theory of anthropomorphism. Psychological Review, 114(4), 864-886. 
doi:10.1037/0033-295X.114.4.864

Etienne, J., Ray, N., Panozzo, D., Hornus, S., Wang, C., Martínez, J., . . . Lefe-
bvre, S. (2019). CurviSlicer: Slightly curved slicing for 3-axis printers. ACM 
Transactions on Graphics (TOG), 38(4), 1-11. doi:10.1145/3306346.3323022

Felbrich, B., Wulle, F., Allgaier, C., Menges, A., Verl, A., Wurst, K., & Nebel-
sick, J. (2018). A novel rapid additive manufacturing concept for architectural 
composite shell construction inspired by the shell formation in land snails. 
Bioinspiration & Biomimetics, 13(2) doi:10.1088/1748-3190/aaa50d

Felix, L., Gaál, V., Woellner, C., Rodrigues, V., & Galvao, D. (2020). Mechani-
cal properties of diamond schwarzites: From atomistic models to 3D-printed 
structures. Material Research Society (MRS) Advances, , 1-7. doi:10.1557/
adv.2020.175

Feng, J., Fu, J., Shang, C., Lin, Z., & Li, B. (2018). Porous scaffold design 
by solid T-splines and triply periodic minimal surfaces. Computer Meth-
ods in Applied Mechanics and Engineering, 336, 333-352. doi:10.1016/j.
cma.2018.03.007

Feng, Z., Hu, G., Sun, Y., & Soon, J. (2020). An overview of collaborative 
robotic manipulation in multi-robot systems. Annual Reviews in Control, 
doi:10.1016/j.arcontrol.2020.02.002

Ferrando, C. (2018). Towards a machine learning framework in spatial analy-
sis doi:10.1184/R1/7178417.v1

Feucht, T., Lange, J., Erven, M., Costanzi, C., Knaack, U., & Waldschmitt, B. 
(2020). Additive manufacturing by means of parametric robot programming. 
Construction Robotics, 4, 31-48. doi:10.1007/s41693-020-00033-w

Fischer, T., & Herr, C.Parametric customisation of a 3D concrete printed pavil-
ion. Paper presented at the 21st International Conference on Computer-Aided 
Architectural Design Research in Asia (CAADRIA) 2016 - Living Systems 
and Micro-Utopias: Towards Continuous Designing, 549-558. 

Fleck, N., Deshpande, V., & Ashby, M. (2010). Micro-architectured materi-
als: Past, present and future. Proceedings of the Royal Society A: Mathemati-
cal, Physical and Engineering Sciences, 466(2121), 2495-2516. doi:10.1098/
rspa.2010.0215

Flores, I., Boddeti, N., Hassani, V., Dunn, M., & Rosen, D. (2019). Design and 
additive manufacture of functionally graded structures based on digital materi-

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

EOAT 



452

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



453

als. Additive Manufacturing, 30 doi:10.1016/j.addma.2019.100839

Forcellese, A., Pompeo, V. d., Simoncini, M., & Vita, A.Manufacturing of 
isogrid composite structures by 3D printing. Paper presented at the 23rd In-
ternational Conference on Material Forming, , 47 1096-1100. doi:10.1016/j.
promfg.2020.04.123

Fratzl, P., & Weinkamer, R. (2007). Nature’s hierarchical materials. Progress in 
Materials Science, 52(8), 1263-1334. doi:10.1016/j.pmatsci.2007.06.001

Fry, N., Richardson, R., & Boyle, J. (2020). Robotic additive manufacturing 
system for dynamic build orientations. Rapid Prototyping Journal, 26(4), 659-
667. doi:10.1108/RPJ-09-2019-0243

Gaja I Díaz, F. (2003). Revolució Informacional, Crisi Ecològica I Urbanisme. 
Valencia, España: Universidad Politécnica de Valencia.

Gallanti, F. (2013). A roof can be anywhere

Gamma, E., Helm, R., Johnson, R., & Vlissides, J. (1994). Design patterns: 
Elements of reusable object-oriented software (1st ed.) Addison-Wesley Pro-
fessional.

Gao, W., Zhang, Y., Ramanujan, D., Ramani, K., Chen, Y., Williams, C., . . 
. Zavattieri, P. (2015). The status, challenges, and future of additive manu-
facturing in engineering. Computer-Aided Design, 69, 65-89. doi:10.1016/j.
cad.2015.04.001

García de Soto, B., Agustí-Juan, I., Hunhevicz, J., Joss, S., Graser, K., Habert, 
G., & Adey, B. (2018). Productivity of digital fabrication in construction: Cost 
and time analysis of a robotically built wall. Automation in Construction, 92, 
297-311. doi:10.1016/j.autcon.2018.04.004

García de Soto, B., Agustí-Juan, I., Joss, S., Hunhevicz, J., Habert, G., & Adey, 
B.Rethinking the roles in the AEC industry to accommodate digital fabrica-
tion. Paper presented at the 6th Creative Construction Conference 2018 CCC 
2018, 82-89. doi:10.3311/CCC2018-012

Gardiner, J. (2011). Exploring the emerging design territory of construction 3D 
printing-project led architectural research doi:10.13140/RG.2.2.11676.28807 ·

Gaudillière, N., Duballet, R., Bouyssou, C., Mallet, A., Roux, P., Zakeri, M., & 
Dirrenberger, J.Large-scale additive manufacturing of ultra-high-performance 
concrete of integrated formwork for truss-shaped pillars. Paper presented at 
the Robotic Fabrication in Architecture, Art and Design ROBARCH 2018, 
459-472. 

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

EOAT 



454

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



455

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

Gent, A., & Thomas, A. (1959). The deformation of foamed elastic ma-
terials. Journal of Applied Polymer Science, 1(1), 107-113. doi:10.1002/
app.1959.070010117

Gerland, P., Raftery, A., Sevcikova, H., Li, N., Gu, D., Spoorenberg, T., . . . 
Wilmoth, J. (2014). World population stabilization unlikely this century. Sci-
ence, 346(6206), 234-237. doi:10.1126/science.1257469

Gershenfeld, N. (2007). Fab: The coming revolution on your desktop--from 
personal computers to personal fabrication Basic Books.

Gershenfeld, N. (2012). How to make almost anything: The digital fabrication 
revolution. Foreign Affairs, 91(6), 43-57. 

Gershenfeld, N., Carney, M., Jenett, B., Calisch, S., & Wilson, S. (2014). Mac-
rofabrication with digital materials: Robotic assembly. Architectural Design, 
made by Robots: Challenging Architecture at a Larger Scale, 85 (5), 85(5), 
122-127. doi:10.1002/ad.1964

Gershenfeld, N., Gershenfeld, A., & Cutcher-Gershenfeld, J. (2017). Design-
ing reality: How to survive and thrive in the third digital revolution. New York: 
Basic Books.

Gharbia, M., Chang-Richards, A., Lu, Y., Zhong, R. Y., & Li, H. (2020). Ro-
botic technologies for on-site building construction: A systematic review. Jour-
nal of Building Engineering, 32, 101584. doi:10.1016/j.jobe.2020.101584

Giachini, P., Gupta, S., Wang, W., Wood, D., Yunusa, M., Baharlou, E., . . 
. Menges, A. (2020). Additive manufacturing of cellulose-based materials 
with continuous, multidirectional stiffness gradients. Science Advances, 6(8) 
doi:10.1126/sciadv.aay0929

Giannopoulou, E., Baquero, P., Warang, A., Orciuoli, A., & Es-
tévez, A.Stripe segmentation for branching shell structures 
A data set development as a learning process for fabrication efficiency and 
structural performance. Paper presented at the Architecture in the Age of the 
4th Industrial Revolution - the 37th eCAADe and 23rd SIGraDi Conference, 
63-70. 

Gibson, L. (1985). The mechanical behaviour of cancellous bone. Journal of 
Biomechanics, 18(5), 317-328. doi:10.1016/0021-9290(85)90287-8

Gibson, L. J. (2012). The hierarchical structure and mechanics of plant mate-
rials  . Journal of the Royal Society Interface, 9, 2749–2766. doi:https://doi.
org/10.1098/rsif.2012.0341

Gibson, L., & Ashby, M. (1997). Cellular solids: Structure and properties (2nd 

EOAT 



456

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



457

ed.) Cambridge university press. doi:10.1017/CBO9781139878326

Giedion, S. (1969). Mechanization takes command: A contribution to anony-
mous history. New York: W.W. Norton & Company.

Giedion, S. (2014). Mechanization takes command: A contribution to anony-
mous history (Ilustrated ed.) Univ Of Minnesota Press.

Goethe, J. W. v. (2009). In Introduction and Photography by, Gordon L. Miller. 
(Ed.), The metamorphosis of plants. Cambridge, Ma: MIT Press.

Gospill, J., Shindler, J., & Hicks, B. (2017). Using finite element analysis to 
influence the infill design of fused deposition modelled parts. Progress in Ad-
ditive Manufacturing, 3, 145–163. doi:10.1007/s40964-017-0034-y

Gramazio, F., & Kohler, M. (2014). Made by robots: Challenging architecture 
at a large scale. Architectural Design, 84(3), 44-53. 

Gramazio, F., Kohler, M., & Willmann, J. (2014). Authoring robotic processes. 
Architectural Design, 84(3), 14-21. doi:10.1002/ad.1751

Grigoryan, E. A., & Semenova, M. (2020). Automation of the construction 
process by using a hinged robot with interchangeable nozzles. Materials To-
day: Proceedings, doi:10.1016/j.matpr.2019.12.381

Guattari, F. (2018). The object of ecosophy. In S. Nadaud (Ed.), Ecosophy (pp. 
10-21) Bloomsbury Publishing Plc.

Gunal, M. (2019). Simulation for the better: The future in industry 4.0. Simu-
lation for industry 4.0 (1st ed., pp. 275-283). Cham, Switzerland: Springer. 
doi:10.1007/978-3-030-04137-3_16

Gunal, M., & Karatas, M. (2019). Industry 4.0, digitisation in manufactur-
ing, and simulation: A review of the literature. Simulation for industry 4.0 
(1st ed., pp. 19-37). Cham, Switzerland: Springer International Publishing. 
doi:10.1007/978-3-030-04137-3_2

Haas, C., Skibniewski, M., & Budny, E. (1995). Robotics in civil engineer-
ing. Computer‐Aided Civil and Infrastructure Engineering, 10(5), 371-381. 
doi:10.1111/j.1467-8667.1995.tb00298.x

Hack, N., Dörfler, K., Walzer, A. N., Wangler, T., Mata-Fálcon, J., Kumar, N., 
. . . Gramazio, F. (2020). Structural stay-in-place formwork for robotic in situ 
fabrication of nonstandard concrete structures: A real scale architectural dem-
onstrator. Automation in Construction, 115 doi:10.1016/j.autcon.2020.103197

Hack, N., Lauer, W., Gramazio, F., & Kohler, M.Mesh mould: Robotically 
fabricated metal meshes as concrete formwork and reinforcement. Paper pre-

Pre-stressing, optimizing and continuous AM of fibrous structures
Abstract

EOAT 



458

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



459

sented at the &nbsp;11th International Symposium on Ferrocement and 3rd 
ICTRC International Conference on Textile Reinforced Concrete, , 11 7-10. 

Hack, N., Lauer, W., Gramazio, F., & Kohler, M.Mesh mould: Differentiation 
for enhanced performance. Paper presented at the 19th International Confer-
ence on Computer-Aided Architectural Design Research in Asia CAADRIA 
2014, 139-148. 

Hall, P. (2014). Cities of tomorrow: An intellectual history of urban planning 
and design since 1880 (4th ed.) Wiley Blackwell Publishers.

Han, D. (2019). Slicing of tessellated models for additive manufacturing based 
on variable thickness layers 

Hardoy, J., & Morse, R. (1988). Repensando la ciudad de américa latina. Bue-
nos Aires, Argentina: Grupo Editor Latinoamericano.

Hauck, A., Bergin, M., & Bernstein, P. (2017). The triumph of the turnip. Fab-
ricate 2017 (pp. 16-21) UCL Press. doi:10.2307/j.ctt1n7qkg7.6

Helm, V., Ercan, S., Gramazio, F., & Kohler, M.Mobile ro-
botic fabrication on construction sites: DimRob. Paper pre-
sented at the 2012 IEEE/RSJ International Conference on 
Intelligent Robots and Systems IROS, 4335-4341. doi:10.1109/
IROS.2012.6385617

Hensel, M., Menges, A., & Weinstock, M. (2004). Emergence: Morphogenetic 
design strategies (1st ed.) John Wiley & Sons, Ltd.

Hensel, M., Menges, A., & Weinstock, M. (2010). Emergent technologies and 
design: Towards a biological paradigm for architecture (1st ed.) Routledge.

Herrmann, M., & Sobek, W. (2016). Functionally graded concrete - numerical 
design methods and experimental tests of mass-optimised structural compo-
nents. Structural Concrete, 18(1), 54-66. doi:10.1002/suco.201600011

Hight, C., & Perry, C. (2006). Collective intelligence in design. Architectural 
Design, 76(5) doi:10.1002/ad.314

Hilbert, D. (2005). The foundations of geometry (2nd ed.). Illinois, United 
States: The Open Court Publishing Co.

Hing, A. (1994). Truss framing system for cluster multi-level housing. United 
States:

Holzer, D., Hough, R., & Burry, M. (2007). Parametric design and structural 
optimisation for early design exploration. International Journal of Architec-
tural Computing, 5(4), 625-643. doi:10.1260/147807707783600780

Contributions
xxx

EOAT 



460

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



461

Hong’en, W., Sachs, E., Patrikalakis, N., Brancazio, D., Serdy, J., Jackson, T., 
. . . Resnick, R.Distributed design and fabrication of parts with local composi-
tion control. Paper presented at the 

Hopkinson, N., Hague, R., & Dickens, P. (2005). Rapid manufacturing: An 
industrial revolution for the digital age John Wiley & Sons Inc.

Huang, Y., Carstensen, J., Tessmer, L., & Muel-
ler, C.Robotic extrusion of architectural structures 
with nonstandard topology. Paper presented at the Robarch 2018, 377–389. 

Huang, Y., Cartensen, J., & Mueller, C.3D truss topology optimization for au-
tomated robotic spatial extrusion. Paper presented at the International Asso-
ciation for Shell and Spatial Structures IASS Symposium 2018 Creativity in 
Structural Design, 15-39. 

Huang, Y., Garrett, C., & Mueller, C. (2018). Automated sequence and motion 
planning for robotic spatial extrusion of 3D trusses. Construction Robotics, 
2(1), 15-39. doi:10.1007/s41693-018-0012-z

Huang, Y., Zhang, J., Hu, X., Song, G., Liu, Z., Yu, L., & Liu, L. (2016). 
FrameFab: Robotic fabrication of frame shapes. ACM Transactions on Graph-
ics (TOG), 35(6), 1-11. doi:10.1145/2980179.2982401

Hurst, M. (1998). Prestressed concrete design (2nd ed.). Oxford, United king-
dom: Taylor and Francis.

Huxley, A. (2012). Ends and means: An inquiry into the nature of ideals and 
into the methods employed for their realization Transaction Publishers.

IEAG. (2014). World that counts: Mobilising the data revolution for sustain-
able development. ().Independent Expert Advisory Group. 

Ingold, T. (2001). Beyond art and technology: The anthropology of skill. In M. 
Schiffer (Ed.), Anthropological perspectives on technology (pp. 17-31). New 
Mexico, United States: UNM Press.

Iwamoto, L. (2009). Digital fabrications: Architectural and material techniques 
(1st ed.) Princeton Architectural Press.

Izard, J., Dubor, A., Hervé, P., Cabay, E., Culla, D., Rodriguez, M., & Barrado, 
M. (2017). Large-scale 3D printing with cable-driven parallel robots. Con-
struction Robotics, 1(1), 69-76. doi:10.1007/s41693-017-0008-0

Izard, J., Dubor, A., Hervé, P., Cabay, E., Culla, D., Rodriguez, M., & Barrado, 
M. (2018). On the improvements of a cable-driven parallel robot for achieving 
additive manufacturing for construction. In Gosselin C., Cardou P., Bruckmann 

Contributions
xxx

EOAT 



462

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



463

T., Pott A (Ed.), Cable-driven parallel robots (pp. 69-76). Cham: Springer In-
ternational Publishing. doi:https://doi.org/10.1007/978-3-319-61431-1_30 Re-
trieved from https://link.springer.com/chapter/10.1007/978-3-319-61431-1_30

Jabi, W., Soe, S., Theobald, P., Aish, R., & Lannon, S. (2017). Enhancing para-
metric design through non-manifold topology. Design Studies, 52, 96-114. 
doi:10.1016/j.destud.2017.04.003

Jackson, R., Wojcik, A., & Miodownik, M. (2018). 3D printing of asphalt 
and its effect on mechanical properties. Materials & Design, 160, 468-474. 
doi:10.1016/j.matdes.2018.09.030

James Gardner, Tom Nethercott-Garabet, Kaill, N., Ian Campbell, Guy A. 
Bingham, Daniel Engstrom, & Balc, N.Aligning material extrusion direction 
with mechanical stress via 5-axis tool paths. Paper presented at the Solid Free-
form Fabrication Symposium 2018, 2005-2019. 

Jencks, C. (1997). The architecture of the jumping universe 
(Revised Edition ed.). ChichesterWest: John Wiley & Sons.

Jencks, C., & Kropf, K. (2006). Theories and manifestoes of contemporary 
architecture (2nd ed.) Wiley-Academy.

Jenett, B., Abdel-Rahman, A., Cheung, K., & Gershenfeld, N. (2019). Mate-
rial–Robot system for assembly of discrete cellular structures. IEEE Robotics 
and Automation Letters, 4(4), 4019-4026. doi:10.1109/lra.2019.2930486

Jennex, M. (2007). Knowledge management: Concepts, methodologies, tools, 
and applications (1st ed.) IGI Global. doi:10.4018/978-1-59904-933-5

Jiang, C., Tang, C., Seidel, H., & Wonka, P. (2017). Design and volume op-
timization of space structures. ACM Transactions on Graphics, 36(4), 1-14. 
doi:10.1145/3072959.3073619

Jiang, J., Xu, X., & Stringer, J. (2019). Effect of extrusion temperature on 
printable threshold overhang in additive manufacturing. Procedia CIRP, 81, 
1376-1381. doi:10.1016/j.procir.2019.04.047

Jimenez, X. (2019). Impact of temperature and screw speed on material meso-
structure and tensile strength in large area pellet-fed additive manufacturing 

Jin, W., Zhang, C., Jin, S., Tian, Y., Wellmann, D., & Liu, W. (2020). Wire arc 
additive manufacturing of stainless steels: A review. Applied Sciences, 10(5), 
1563. doi:10.3390/app10051563

Jipa, A., Giacomarra, F., Giesecke, R., Chousou, G., Pacher, M., Dillenburger, 
B., . . . Leschok, M.3D-printed formwork for bespoke concrete stairs. Paper 

References

Como plantear formulacion analitica
anadir que nombre y fecha
PRIMERO CIUDAD LUEGO EDITORIAL
INTERNERT DIA FECHA Y WEB, Author, EDITOR, WEB, VISTA X ULTIMA VEZ FECHA TAL
Normalmente despues de referencias totales

Si es del mismo ano, 2014a 2014b



464

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



465

presented at the SCF ‘19 Association for Computing Machinery ACM Sympo-
sium on Computational Fabrication, 1-12. doi:10.1145/3328939.3329003

Johnson, S. (2002). Emergence: The connected lives of ants, brains, cities, and 
software (Ilustrated ed.) Scribner.

Jonsson, A., & Eriksson, J. (2017). Modelling techniques for post-tensioned 
concrete slab bridges 

Jungck, J. R., Wagner, R., Margeurita Hagan, Loo, D. v., & Grossman, Bath-
sheba Noppadon Khiripet, Jutarat Khiripet, Khantuwan, Wongarnet.Art forms 
in nature: Radiolaria from haeckel and blaschka to 3D nanotomography, 
quantitative image analysis, evolution, and contemporary art. doi:https://doi.
org/10.1007/s12064-019-00289-z

Karakurt, I., & Lin, L. (2020). 3D printing technologies: Techniques, materi-
als, and post-processing. Current Opinion in Chemical Engineering, 28, 134-
143. doi:10.1016/j.coche.2020.04.001

Kattadiyil, M., Goodacre, C., & Baba, N. (2013). CAD/CAM complete den-
tures: A review of two commercial fabrication systems. Journal of the Califor-
nia Dental Association, 41(6), 407-16. 

Kaufman, A., Cohen, D., & Yagel, R. (1993). Volume graphics. Computer, 
26(7), 51-64. doi:10.1109/MC.1993.274942

Kayser, M., Cai, L., Bader, C., Falcone, S., Inglessis, N., Dar-
weesh, B., . . . Oxman, N.Fiberbots: Design and digital fabrication 
of tubular structures using robot swarms. Paper presented at the &nbsp;Robotic 
Fabrication in Architecture, Art and Design ROBARCH 2018, 285-296. 
doi:10.1007/978-3-319-92294-2_22

Keating, S. (2014). Beyond 3D printing: The new dimensions of additive fab-
rication. Designing for Emerging Technologies: UX for Genomics, Robotics, 
and the Internet of Things, , 379-405. 

Keating, S., Spielberg, N., Klein, J., & Oxman, N. (2014). Digital construc-
tion platform: A compound arm approach. Robotic fabrication in architecture, 
art and design 2014 (pp. 99-110). Cham, United Kingdom: Springer Nature. 
doi:10.1007/978-3-319-04663-1_7

Keaveny, T. M., Morgan, E. F., Niebur, G. L., & Yeh, O. C. (2001). Biome-
chanics of trabecular bone. Annual Review of Biomedical Engineering, 3(1), 
307-333. doi:10.1146/annurev.bioeng.3.1.307

Kedare, P., Khan, S. A., & Kumar, H.3D printer nozzle design and its pa-
rameters: A systematic review. Paper presented at the &nbsp;International 

Numerar notas - lenguajes. terminos geometrcos y matematicos
una situacion discreta es “que no tiene variables imaginarias”
definir yo por puntos de un espacio de una matriz
el concepto viene de variacinones complejas de ecuaciones euclidianas



466

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



467

Conference in Mechanical and Energy Technology&nbsp; , 174 777-785. 
doi:10.1007/978-981-15-2647-3_73

Kelly, K. (2016). The inevitable: Understanding the 12 technological forces 
that will shape our future (Reprint ed.). United States: Penguin Books.

Khan, M. S., Sanchez, F., & Zhou, H. (2020). 3-D printing of concrete: Be-
yond horizons. Cement and Concrete Research, 133 doi:10.1016/j.cem-
conres.2020.106070

Khoshnevis, B. (2004). Automated construction by contour Crafting—Related 
robotics and information technologies. Automation in Construction, 13(1), 
5-19. doi:10.1016/j.autcon.2003.08.012

Khoshnevis, B., Hwang, D., Yao, K. T., & Yeh, Z. (2006). Mega-scale fabrica-
tion by contour crafting. International Journal of Industrial and Systems Engi-
neering, 1(3), 301. doi:10.1504/IJISE.2006.009791

Khosravani, M. R., Zolfagharian, A., Jennings, M., & Reinicke, T. (2020). 
Structural performance of 3D-printed composites under various loads and en-
vironmental conditions. Polymer Testing, 91, 106770. doi:10.1016/j.polymer-
testing.2020.106770

Khurana, J. B., Simpson, T. W., & Frecker, M.Structurally intelligent 3D 
layer generation for active-Z printing. Paper presented at the Solid Free-
form Fabrication 2018: Proceedings of the 29th Annual International 
Solid Freeform Fabrication Symposium – an Additive Manufacturing Confer-
ence, 2413-2426. 

Kieran, S., & Timberlake, J. (2003). Refabricating ARCHITECTURE: How 
manufacturing methodologies are poised to transform building construction 
McGraw Hill Professional.

Kipnis, J. (1993). Towards a new architecture. Folding in architecture (pp. 40-
49) AD.

Klemmt, C., Pantic, I., Gheorghe, A., & Sebestyen, A.Discrete vs. discretized 
growth - discretized fabrication of geometries generated with cellular growth 
simulations. Paper presented at the Association for Computer-Aided Design in 
Architecture ACADIA 2019, 

Knippers, J. (2013).  From model thinking to process design. Architectural De-
sign, 83(2), 74-81. doi:10.1002/ad.1558

Kolarevic, B. (2003). Architecture in the digital age: Design and manufacturing 
(1st ed.). London: Taylor & Francis. doi:https://doi.org/10.4324/9780203634561

EOAT 



468

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



469

Kolarevic, B.Designing and manufacturing architecture in the digital age. Pa-
per presented at the 19th Education for Computer Aided Architectural Design 
in Europe eCAADe, 117-123. 

Krieg, O. D., Schwinn, T., Menges, A., Li, J., Knippers, J., Schmitt, A., & 
Schwieger, V. (2014). Biomimetic lightweight timber plate shells: Computa-
tional integration of robotic fabrication, architectural geometry and structural 
design. Advances in architectural geometry 2014 (pp. 109-125). Cham: Spring-
er International Publishing. doi:10.1007/978-3-319-11418-7_8 Retrieved from 
http://link.springer.com/10.1007/978-3-319-11418-7_8

Kruse, A. (2017). Bespoke fragments - materials and digital fabrication in ar-
chitectural design 

Kubalak, J., Mansfield, C., Pesek, T., Snow, Z., Cottiss, E., Ebeling-Koning, 
O., . . . Wicks, A.Design and realization of a 6 degree of freedom robotic extru-
sion platform. Paper presented at the 27th Annual International Solid Freeform 
Fabrication Symposium SFFS 2016, 1314–1332. 

Kubalak, J., Wicks, A., & Williams, C.Deposition path planning for material 
extrusion using specified orientation fields. Paper presented at the 47th SME 
North American Manufacturing Research Conference&nbsp;NAMRC, 754-
763. doi:10.1016/j.promfg.2019.06.209

Kuipers, T., Wu, J., & Wang, C. (2019). CrossFill: Foam structures with graded 
density for continuous material extrusion. Computer-Aided Design, 114, 37-
50. doi:10.1016/j.cad.2019.05.003

Kuligowsky, E., & Peacock, R. (2005). A review of building evacuation mod-
els (1st ed.). Washington, United States: National Institute of Standards and 
Technology NIST. doi:10.6028/nist.tn.1471

Kulkarni, P., Marsan, A., & Dutta, D. (2000). A review of process planning 
techniques in layered manufacturing. Rapid Prototyping Journal, 6(1), 18-35. 
doi:10.1108/13552540010309859

Kumar, S., & Kruth, J. (2010). Composites by rapid prototyping technology. 
Materials and Design, 31(2), 850-856. doi:10.1016/j.matdes.2009.07.045

Kusiak, A. (2020). Open manufacturing: A design-for-resilience approach. In-
ternational Journal of Production Research, 58(15), 4647-4658. doi:10.1080/0
0207543.2020.1770894

Kwon, H., Eichenhofer, M., Kyttas, T., & Dillenburger, B.Digital composites: 
Robotic 3D printing of continuous carbon fiber-reinforced plastics for func-
tionally-graded building components. Paper presented at the Robotic Fabrica-

EOAT 



470

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



471

tion in Architecture, Art and Design ROBARCH 2018, 363-376. 

La Magna, R., Gabler, M., Reichert, S., Schwinn, T., Waimer, F., Menges, A., 
& Knippers, J. (2013). From nature to fabrication: Biomimetic design prin-
ciples for the production of complex spatial structures. International Journal of 
Space Structures, 28(1), 27-39. doi:10.1260/0266-3511.28.1.27

Labonnote, N., Rønnquist, A., Manum, B., & Rüther, P. (2016). Additive con-
struction: State-of-the-art, challenges and opportunities. Automation in Con-
struction, 72, 347-366. doi:10.1016/j.autcon.2016.08.026

Ladron de Guevara, M., Borunda, L., Byrne, D., & Krishnamurti, R. (2020). 
Multi-resolution in architecture as a design driver for additive manufac-
turing applications. International Journal of Architectural Computing, 
doi:10.1177/1478077120924802

Ladron de Guevara, M., Borunda, L., Ficca, J., Byrne, D., & Krishnamurti, 
R.Robotic free-oriented additive manufacturing technique for thermoplastic 
lattice and cellular structures. Paper presented at the Computer Aided Archi-
tectural Design Research in Asia CAADRIA 2019, , 2 333-342. 

Ladrón de Guevara, M., Borunda, L., & Krishnamurti, R.A multi-
resolution design methodology based on discrete models. Paper pre-
sented at the Computer-Aided Architectural Design. “Hello, Culture” 
18th International Conference, CAAD Futures 2019, 91-104. doi:10.1007/978-
981-13-8410-3_7

Ladrón de Guevara, M., & Ficca, J. (. s. (2018). Multi-resolution in archi-
tectural design and robotic fabrication:Novel resolution based computational 
method and free oriented additive manufacturing technique 

Lanfranco, A., Castellanos, A., Desai, J., & Meyers, W. (2004). Robotic sur-
gery: A current perspective. Annals of Surgery, 239(1), 14-21. doi:10.1097/01.
sla.0000103020.19595.7d

Leach, N. (1997). Rethinking architecture: A reader in cultural theory (1st ed.). 
London, United Kingdom: Routledge. doi:10.4324/9780203975251

Leach, N. (2002). Designing for a digital world (1st ed.). West Sussex, United 
Kingdom: Academy Press.

Leach, N. (2019). There is no such thing as a digital building: A critique of the 
discrete. Architectural Design, 89(2), 136-141. doi:10.1002/ad.2423

Leckie, F., & Dal Bello, D. (2008). Failure criteria. Strength and stiffness 
of engineering systems (pp. 1-15). Massachusetts, United States: Springer. 
doi:10.1007/978-0-387-49474-6_9

EOAT 



472

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



473

Li, C., Zaheer, M., Zhang, Y., Poczos, B., & Salakhutdinov, R. (2018). Point 
cloud GAN. arXiv:1810.05795, , 1-19. 

Liebschner, M., & Wettergreen, M. (2003). Optimization of bone scaffold en-
gineering for load bearing applications. Topics in tissue engineering () Univer-
sity of Oulu.

Liew, A., López, D., Van Mele, T., & Block, P. (2017). Design, fabrication and 
testing of a prototype, thin-vaulted, unreinforced concrete floor. Engineering 
Structures, 137, 323-335. doi:10.1016/j.engstruct.2017.01.075

Lim, S., Buswell, R., Le, T., Wackrow, R., Austin, S., Gibb, A., & Thorpe, 
T.Development of a viable concrete printing process. Paper presented at the 
28th International Symposium on Automation and Robotics in Construction 
(ISARC 2011), 665-670. doi:10.22260/ISARC2011/0124

Lim, S., Le, T., Webster, J., Buswell, R., Austin, S., Gibb, A., & Thorpe, 
T.Fabricating construction components using layer manufacturing technology. 
Paper presented at the Global Innovation in Construction Conference&nbsp; 
2009 (GICC’09), 512-520. 

Linkwitz, K. (2014). Force density method: Design of a timber shell . In S. 
Adriaenssens, C. Williams, D. Veenendaal & P. Block (Eds.), Shell structures 
for architecture form finding and optimization (1st Edition ed., pp. Chapter 6 
P. 59-69) Routledge.

Liu, S., Li, Y., & Li, N. (2018). A novel free-hanging 3D printing method for 
continuous carbon fiber reinforced thermoplastic lattice truss core structures. 
Materials & Design, 137, 235-244. doi:10.1016/j.matdes.2017.10.007

Liu, W., Song, H., Wang, Z., Wang, J., & Huang, C. (2019). Improving me-
chanical performance of fused deposition modeling lattice structures by a snap-
fitting method. Materials & Design, 181 doi:10.1016/j.matdes.2019.108065

Liu, W., Jia, C., Guo, M., Gao, J., & Wu, C. (2019). Compulsively constricted 
WAAM with arc plasma and droplets ejected from a narrow space. Additive 
Manufacturing, 27, 109-117. doi:10.1016/j.addma.2019.03.003

Llau, A., Jason, L., Dufour, F., & Baroth, J.Modelling strategies of prestressing 
tendons and reinforcement bars in concrete structures. Paper presented at the 
ECCOMAS Congress 2016, 234-241. doi:10.7712/100016.1807.8463

Loh, G., & Pei, E.Building a conceptual understanding of functionally graded 
additive manufacturing

Loh, G., Pei, E., Harrison, D., & Monzón, M. (2018). An overview of func-
tionally graded additive manufacturing. Additive Manufacturing, 23, 34-44. 

EOAT 



474

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



475

doi:10.1016/j.addma.2018.06.023

López, D., Veenendaal, D., Akbarzadeh, M., & Block, P.Prototype of an ultra-
thin, concrete vaulted floor system. Paper presented at the International Asso-
ciation for Shell and Spatial Structures IASS-SLTE 2014 Symposium “Shells, 
Membranes and Spatial Structures: Footprints”, 

Lu, X., Lee, Y., Yang, S., Hao, Y., Evans, J., & Parini, C. (2009). Fine lattice 
structures fabricated by extrusion freeforming: Process variables. Journal of 
Materials Processing Technology, 209(10), 4654-4661. doi:10.1016/j.jmatpro-
tec.2008.11.039

Luo, Z., Zhang, Q., Ma, Y., Singh, M., & Adib, 
F.3D backscatter localization for FineGrained 
robotics. Paper presented at the 16th USENIX Symposium on Networked Sys-
tems Design and Implementation NSDI 2019, 765–781. 

Lynn, G. (1998). Folds, bodies & blobs : Collected essays (books-by-archi-
tects). Collected essays books-by-architects (pp. 240 / 236) La Lettre volee.

Lynn, G. (1993a). Architectural curvilinearity: The folded, the pliant and the 
supple. In A. Papadakis (Ed.), Folding in architecture: Architectural design 
profile no.102 (pp. 8-15). London: Architectural Design Academy Group Ltd.

Lynn, G. (Ed.). (1993b). Folding in architecture: Architectural design profile 
no. 102. London: Academy Press. Retrieved from https://onlinelibrary.wiley.
com/doi/abs/10.1002/9781118795811.ch2

Lynn, G. (1999). Animate form (Ilustrated ed.). New York, United States: 
Princeton Architectural Press.

Lynn, G. (2008). In Lynn G., Rappolt M. (Eds.), Greg lynn form. New York: 
Rizzoli.

Lynn, G. (2013a). Archaeology of the digital. Los Angeles, United States: 
CCA Collection.

Lynn, G. (Ed.). (2013b). Archaeology of the digital: Peter eisenman, frank 
gehry, chuck hoberman, shoei yoh Canadian Centre for Architecture Sternberg 
Press.

Lynn, G., & Foster, M. (2011). Composites, surfaces, and software: High per-
formance architecture (Ilustrated ed.) Yale School of Architecture.

MacDonald, K.Digital postmodernism: Making architec-
ture from virtual tropes. Paper presented at the Architectural Re-
search Centers Consortium ARCC 2019 International Conference 



476

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



477

Future Praxis: Applied Research as a Bridge between Theory and Practice, 
93-98. 

MacDonald, K., Schumann, K., & Hauptman, J.Digital fabrication of stan-
dardless materials. Paper presented at the Association for Computer Aided De-
sign in Architecture (ACADIA)&nbsp; 266-275. 

Maeda, J.Development and application of the SMART system. Paper present-
ed at the 11th International Symposium on Automation and Robotics in Con-
struction ISARC&nbsp; 457-464. 

Mak, T., & Shu, L. (2004). Abstraction of biological analogies for design. 
CIRP Annals - Manufacturing Technology, 53(1), 117-120. doi:10.1016/
S0007-8506(07)60658-1

Malda, J., Visser, J., Melchels, F., Jüngst, T., Hennink, W., Dhert, W., . . . Hutm-
acher, D. (2013). 25th anniversary article: Engineering hydrogels for biofabri-
cation. Advanced Materials, 25(36), 5011-5028. doi:10.1002/adma.201302042

Malé, M. (2016). El potencial de la fabricación aditiva en la arquitectura : Ha-
cia un nuevo paradigma para el diseño y la construcción 

Manoj Prabhakar, M., Saravanan, A. K., Haiter Lenin, A., Jer-
in leno, I., Mayandi, Mayandi, K., & Sethu Ramalingam, P. (2020). 
A short review on 3D printing methods, process parameters 
and materials. Materials Today: Proceedings, 16(3) doi:https://doi.
org/10.1016/j.matpr.2020.10.225.

Manovich, L. (2008). Software takes command (1st ed.). New York, United 
States: Creative Commons. doi:10.5040/9781472544988

Marascio, M., Antons, J., Pioletti, D., & Bourban, P. (2017). 3D printing of 
polymers with hierarchical continuous porosity. Advanced Materials Technol-
ogies, 2(11) doi:10.1002/admt.201700145

Marchment, T., & Sanjayan, J. (2020). Mesh reinforcing method for 3D con-
crete printing. Automation in Construction, 109, 102992. doi:10.1016/j.aut-
con.2019.102992

Martínez, J., Hornus, S., Song, H., & Lefebvre, S. (2018). Polyhedral voronoi 
diagrams for additive manufacturing. ACM Transactions on Graphics (TOG), 
37(4), 1-15. doi:10.1145/3197517.3201343

Martínez, J., Song, H., Dumas, J., & Lefebvre, S. (2017). Orthotropic k -near-
est foams for additive manufacturing. ACM Transactions on Graphics, 36(4), 
1-12. doi:10.1145/3072959.3073638



478

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



479

Mata-Falcón, J., Bischof, P., & Kaufmann, W.Exploiting the potential of digi-
tal fabrication for sustainable and economic concrete structures. Paper pre-
sented at the Digital Concrete&nbsp; DC 2018, 157-166. doi:10.1007/978-3-
319-99519-9_14

Matsuzaki, R., Ueda, M., Namiki, M., Jeong, T., Asahara, H., Horiguchi, K., 
. . . Hirano, Y. (2016). Three-dimensional printing of continuous-fiber com-
posites by in-nozzle impregnation. Scientific Reports, 6, 23058. doi:10.1038/
srep23058

Lev Maslov (Producer), & Maxim Tomash (Director). (2014). Minibuilders 
. [Video/DVD] Barcelona: Stereotactic. Retrieved from https://vimeo.
com/97976677

McDonough, W., & Braungart, M. (2002). Cradle to cradle: Remaking the way 
we make things (1st ed.) North Point Press.

Meagher, D. (1982). Geometric modeling using octree encoding. Com-
puter Graphics and Image Processing, 19(2), 129-147. doi:10.1016/0146-
664X(82)90104-6

Mechtcherine, V., Nerella, V., Will, F., Näther, M., Otto, J., & Krause, M. (2019). 
Large-scale digital concrete construction – CONPrint3D concept for on-site, 
monolithic 3D-printing. Automation in Construction, 107 doi:10.1016/j.aut-
con.2019.102933

Melchels, F., Domingos, M., Klein, T., Malda, J., Bartolo, P., & Hutmacher, D. 
(2012). Additive manufacturing of TIssues and organs. Progress in Polymer 
Science, 37(8), 1079-1104. doi:10.1016/j.progpolymsci.2011.11.007

Melenbrink, N., Rinderspacher, K., Menges, A., & Werfel, J. (2020). Auton-
omous anchoring for robotic construction. Automation in Construction, 120 
doi:10.1016/j.autcon.2020.103391

Melenbrink, N., Werfel, J., & Menges, A.On-site autonomous construction ro-
bots: Towards unsupervised building. Retrieved from https://www.sciencedi-
rect.com/science/journal/09265805

Menges, A., & Ahlquist, S. (2011). Computational design thinking John Wiley 
& Sons.

Miller, J.Fundamentals of post-tensioned concrete design for buildings

Miravete, A. (1999). 3-D textile reinforcements in composite materials (Re-
print ed.). Florida, United States: Woodhead Publishing.

Miravete, A. (2008). Los Nuevos Materiales en la Construcción (2ª ed.) Re-



480

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



481

verté.

Mireles, J., Espalin, D., Roberson, D., Zinniel, B., Medina, F., & Wicker, 
R.Fused deposition modeling of metals. Paper presented at the The 23th 
Annual International Solid Freeform Fabrication (SFF) Symposium – an 
Additive Manufacturing Conference, 836-845. 

Mitchell, A., Lafont, U., Hołyńska, M., & Semprimoschnig, C. (2018). Addi-
tive manufacturing — A review of 4D printing and future applications. Addi-
tive Manufacturing, 24, 606-626. doi:10.1016/j.addma.2018.10.038

Mitchell, W. (1989). The logic of architecture: Design, computation, and cog-
nition (3rd ed.) MIT Press.

Mitchell, W. (1999). Essays on science and society: A tale of two cities: Archi-
tecture and the digital revolution. Science, 285(5429), 839-841. doi:10.1126/
science.285.5429.839

Mitchell, W. J.Constructing complexity . Paper presented at the 11th Inter-
national CAAD Futures Conference, 41-50. doi:rg/10.1007/1-4020-3698-1_3

Moini, M., Olek, J., Youngblood, J., Magee, B., & Zavattieri, P. (2018). Addi-
tive manufacturing and performance of architectured Cement‐Based materials. 
Advanced Materials, 30(43) doi:10.1002/adma.201802123

Montagu, A. (Sep 1998). (Sep 1998). Desde La Computación Gráfica a los 
Sistemas CAD Actuales. Una Vision Histórica de la Revolución Producida en 
los Sistemas de Representación Gráfica(1966-1998). Paper presented at the II 
Seminario Iberoamericano De Grafico Digital [SIGRADI&nbsp; 14-21. 

Monteiro, J. G., Sardinha, M., Alves, F., Ribeiro, A. R., Reis, L., Deus, A. M., . . 
. Vaz, M. F. (2020). Evaluation of the effect of core lattice topology on the prop-
erties of sandwich panels produced by additive manufacturing. Proceedings of 
the Institution of Mechanical Engineers. Part L, Journal of Materials, Design 
and Applications, , 146442072095801. doi:10.1177/1464420720958015

Moreno, D., & Molina, S. (2019). Large-format fused deposition additive man-
ufacturing: A review. Rapid Prototyping Journal, 26(5), 793-799. doi:10.1108/
RPJ-05-2018-0126

Moussavi, F., & Kubo, M. (2008). The function of ornament (1st ed.) ACTAR, 
Harvard Graduate School of Design.

Mueller, S., Im, S., Gurevich, S., Teibrich, A., Pfisterer, L., Guimbretiere, F., 
& Baudisch, P.WirePrint: 3D printed previews for fast prototyping. Paper pre-
sented at the Proceedings of the 27th Annual ACM Symposium on User Inter-
face Software and Technology, 273-280. doi:10.1145/2642918.2647359



482

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



483

Mukhopadhyay, S., Das, S., & Chakraborty, T. (2012). Computer aided design 
in digital human modeling for human computer interaction in ergonomic as-
sessment: A review. International Journal of Advanced Computer Research, 
2(6), 130-138. 

Mumford, L. (1934). Technics and civilization (1st ed.). England, United 
Kingdom: Routledge & Kegan Paul PLC.

Muscio, E. (2020). Geometría, estructura y nudo en la constitución de superfi-
cies de entramados espaciales con fibras de bambú 

Naboni, R., & Breseghello, L.Additive formwork for concrete shell construc-
tions. Paper presented at the International Association for Shell and Spatial 
Structures (IASS) 2019 Barcelona Symposium: Advanced Manufacturing and 
Non-Conventional Materials, 1-8. 

Naboni, R., Breseghello, L., & Kunic, A. (2019). Multi-scale design and fab-
rication of the trabeculae pavilion. Additive Manufacturing, 27, 305-317. 
doi:10.1016/j.addma.2019.03.005

Naboni, R., Kunic, A., & Breseghello, L. (2020). Computational design, en-
gineering and manufacturing of a material-efficient 3D printed lattice struc-
ture. International Journal of Architectural Computing, , 147807712094799. 
doi:10.1177/1478077120947990

Naddeo, F., Cappetti, N., & Naddeo, A. (2017). Novel “load adaptive algo-
rithm based” procedure for 3D printing of cancellous bone-inspired struc-
tures. Composites. Part B, Engineering, 115, 60-69. doi:10.1016/j.compos-
itesb.2016.10.033

Nagy, D. (2012). Introduction to computational design.

Negroponte, N. (1969). Toward a theory of architecture machines. Journal of 
Architectural Education, 23(2), 9-12. doi:10.1080/00472239.1969.11102296

Negroponte, N. (1975). The architecture machine. Computer-Aided Design, 
7(3), 190-195. doi:10.1016/0010-4485(75)90009-3

Negroponte, N. (1996). Being digital (1st ed.). United States: Vintage Books.

Newell, C. (2019). Multiple axis robotic additive manufacturing system and 
methods. United States:

Ney, L., & Adriaenssens, S. (2014). Shell structures for architecture  
form finding and optimization. In S. Editors: Adriaenssens, C. Williams, D. 
Veenendaal & P. Block (Eds.), (1st Edition ed., pp. Chapter Two, P. 14-19) 
Routledge.



484

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



485

Ngim, D., Liu, J., & Soar, R. (2009). Design optimization of consolidated 
granular-solid polymer prismatic beam using metamorphic development. In-
ternational Journal of Solids and Structures, 46(3), 726-740. doi:10.1016/j.
ijsolstr.2008.09.031

Ngo, T., Kashani, A., Imbalzano, G., Nguyen, K. T. Q., & Hui, D. (2018). Addi-
tive manufacturing (3D printing): A review of materials, methods, applications 
and challenges. Composites Part B: Engineering, 143, 172-196. doi:10.1016/j.
compositesb.2018.02.012

Novitskaya, E., Ruestes, C. J., Porter, M. M., Lubarda, V. A., Meyers, M. A., 
& McKittrick, J. (2017). Reinforcements in avian wing bones: Experiments, 
analysis, and modeling. Journal of the Mechanical Behavior of Biomedical 
Materials, 76, 85-96. doi:10.1016/j.jmbbm.2017.07.020

Oesterreich, T., & Teuteberg, F. (2016). Understanding the implications of 
digitisation and automation in the context of industry 4.0: A triangulation ap-
proach and elements of a research agenda for the construction industry. Com-
puters in Industry, 83, 121-139. doi:10.1016/j.compind.2016.09.006

Oh, B., & Jeon, S. (2004). Advanced automatic generation scheme of prestress-
ing tendons for efficient FE analysis of PSC shell structures. Finite Elements in 
Analysis and Design, 40(8), 913-931. doi:10.1016/S0168-874X(03)00120-3

Olsson, N., Shafqat, A., Arica, E., & Økland, A.3D-printing technology in con-
struction: Results from a survey. Paper presented at the 10th Nordic Confer-
ence on Construction Economics and Organization - Volume 2&nbsp; 349-
356. doi:10.1108/S2516-285320190000002044

Otto, F., & Rasch, B. (1996). Finding form - towards an architecture of the 
minimal. Stuttgart-Fellbach: Axel Menges GmbH.

Ottoson, O. (1938). Teapot. United States:

Oxman, N. (2010). Material-based design computation 

Oxman, N. (2011). Variable property rapid prototyping. Virtual and Physical 
Prototyping, 6(1), 3-31. doi:10.1080/17452759.2011.558588

Oxman, N., Keating, S., & Tsai, E.Functionally graded rapid prototyping. Pa-
per presented at the International Conference on Advanced Research in Virtual 
and Rapid Prototyping, 483-489. doi:10.1201/b11341-78

Oxman, N., Laucks, J., Kayser, M., & Gonzalez Uribe, C. D.Biological com-
putation for digital design and fabrication. Paper presented at the eCAADe 
2013, 



486

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



487

Oxman, N., Laucks, J., Kayser, M., Gonzalez, C., & Duro-Royo, J.A biologi-
cally-informed nite element approach to structural performance and material 
optimization of robotically deposited bre structures. Paper presented at the 
31st International Conference on Education and Research in Computer Aided 
Architectural Design in Europe&nbsp;eCAAde 2013, 585-594. 

Oxman, N., Laucks, J., Kayser, M., Tsai, E., & Fistenberg, M.Freeform 3D 
printing: Towards a sustainable approach to additive manufacturing. Paper pre-
sented at the doi:10.1201/b15002-93

Oxman, N., & Louis-Rosenberg, J. (2007). Material-based design computa-
tion an inquiry into digital simulation of physical material properties as de-
sign generators. International Journal of Architectural Computing, 5(1), 25-44. 
doi:10.1260/147807707780912985

Oxman, N., Tsai, E., & Firstenberg, M. (2012). Digital anisotropy: A variable 
elasticity rapid prototyping platform. Virtual and Physical Prototyping, 7(4), 
261-274. doi:10.1080/17452759.2012.731369

Oxman, R. (2005).  The conceptual content of digital architecture. A content 
analysis in design. Arquiteturarevista, 1(1), 3-3. 

Oxman, R. (2006). Theory and design in the first digital age. Design Studies, 
27(3), 229-265. doi:10.1016/j.destud.2005.11.002

Oxman, R. (2008). Digital architecture as a challenge for design pedagogy: 
Theory, knowledge, models and medium. Design Studies, 29(2), 99-120. 
doi:10.1016/j.destud.2007.12.003

Oxman, R. (2012). Informed tectonics in material-based design. Design Stud-
ies, 33(5), 427-455. doi:10.1016/j.destud.2012.05.005

Oxman, R. (2013). Naturalizing design: In pursuit of tectonic materiality. Or-
léans, France: Frac Centre-Val de Loire.

Oxman, R. (2017). Thinking difference: Theories and models of parametric 
design thinking. Design Studies, 52, 4-39. doi:10.1016/j.destud.2017.06.001

Oxman, R.MFD: Material-fabrication-design: A classification of models from 
prototyping to design. Paper presented at the International Association for 
Shell and Spatial Structures (IASS), 

Oxman, R., & Oxman, R. (2014). Theories of the digital in architecure (1st 
ed.). New York: Routledge.

Palmer, F. (2009). Using emergent technologies to develop sustainable archi-
tectural composites 



488

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



489

Parascho, S., Knippers, J., Dörstelmann, M., Prado, M., & Menges, 
A.Modular fibrous morphologies: Computational design, simulation and fab-
rication of differentiated fibre composite building components. Paper pre-
sented at the Advances in Architectural Geometry Conference, AAG 2014, 
doi:10.13140/2.1.4219.4728

Pardal, C., & Lopez, J. (2019). Filtering and photocatalytic slats to be integrated 
in ventilation facade modules. Retrieved from https://futur.upc.edu/24254717

Pasquarelli, G., Sharples, W., Sharples, C., Caillouet, R., Cerone, J., Gulliford, 
J., . . . Tam, K.Additive manufacturing revolutionizes lightweight gridshells. 
Paper presented at the International Association for Shell and Spatial Struc-
tures IASS Annual Symposium 2017, 

Patil, H., Nalavade, S., & Pisal, N. (2019). Contour crafting (A management 
tool for swift construction). International Research Journal of Engineering and 
Technology (IRJET), 6(12), 837-840. 

Pearce, J. (2012). The case for open source appropriate technology. Environ-
ment, Development and Sustainability, 14(3), 425-431. doi:10.1007/s10668-
012-9337-9

Pearce, J., Blair, C., Laciak, K., Andrews, R., Nosrat, A., & Zelenika-Zovko, I. 
(2010). 3-D printing of open source appropriate technologies for self-directed 
sustainable development. European Journal of Sustainable Development, 3

Pelanconi, M., & Ortona, A.Review on the design approaches of cellular ar-
chitectures produced by additive manufacturing. Paper presented at the Inter-
national Conference on Additive Manufacturing in Products and Applications, 
52-64. doi:10.1007/978-3-030-54334-1_5 Retrieved from http://link.springer.
com/10.1007/978-3-030-54334-1_5

Peltola, S., Melchels, F., Grijpma, D., & Kellomäki, M. (2009). A review of 
rapid prototyping techniques for tissue engineering purposes. Annals of Medi-
cine, 40(4), 268-280. doi:10.1080/07853890701881788

Pera, R., & De Vicente, J. L. (2019). Radical curiosity: In the buckminster 
fuller orbit. Espacio Telefónica Foundation:

Percoco, G., Uva, A., Florentino, M., Gatullo, M., Manghisi, V., & Bocaccio, 
A. (2020). Mechanobiological approach to design and optimize bone tissue 
scaffolds 3D printed with fused deposition modeling: A feasibility study. Ma-
terials, 13(3), 648. doi:10.3390/ma13030648

Pessoa, S., & Guimarães, A. (2020). The 3D printing challenge in buildings. 
E3S Web of Conferences, 172, 19005. doi:10.1051/e3sconf/202017219005



490

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces



491

Peters, B.Additive formwork: 3D printed flexible formwork. Paper presented 
at the &nbsp;34th Annual Conference of the Association for Computer Aided 
Design in Architecture (ACADIA), 517-522. 

Picon, A. (2011). Smart cities: A spatialised intelligence (Reprint ed.) John Wi-
ley & Sons. doi:10.1017/S1359135511000820

Picon, A. (2020). Beyond digital Avant‐Gardes: The materiality of architecture 
and its impact. Architectural Design, 90(5), 118-125. doi:https://doi.org/10.1002/
ad.2618

Pinochet, D.Making mistakes embedding errors in computational design. Paper 
presented at the 18th International Conference, CAAD Futures 2019, 425-441. 
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8. Appendices

8.1 Spatial additive manufacturing 

electromechanical signal configure for 

marlin firmware 

8.2 Spatial additive manufacturing 

electromechanical signal configure 

manual application 

8.3 Multi resolution membrane 

discretization method and tessellation 

target configure
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nozzleERatio = 0.7/1.75

nozzleERatio = .1 ##.18 base 1mm

"""

##CALCULATE E ACCORDING TO BaseGCODE

xyLst=[]

eLst=[]

for i in range(len(baseCode)):

    if "G1" in baseCode[i] and "F" not in baseCode[i]:

        iX=baseCode[i].find("X")

        iY=baseCode[i].find("Y")

        iE=baseCode[i].find("E")

        

        x= float(baseCode[i][iX+1:iY-1])

        y= float(baseCode[i][iY+1:iE-1])

        e= float(baseCode[i][iE+1:])

        xyLst.append((x,y,0))

        eLst.append(e)

for i in range(1,len(xyLst)):

  

    dist=rs.Distance(xyLst[i-1],xyLst[i])

    print i

    print "  " ,dist 

    print "CHECK",eLst[i]-eLst[i-1]

    eRate= eLst[i]-eLst[i-1]/dist

    print eRate
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"""

####CREATE NEW GEOMETRY GCODE####

geoCoorLst=[]

test=[]

for geo in geoLst:

    

    pointLst = rs.CurveEditPoints(geo)

    coorLst=[]

    for point in pointLst:

        coorLst.append((round(point[0],3),round(point[1],3),round(point[2],3)))

        test.append((round(point[0],3),round(point[1],3),round(point[2],3)))

    geoCoorLst.append(coorLst)

####ANALYZE POINTS TO WEAVE GCODE COMMANDS####

eCount=0

avoid=avoidCollision

geoCode=['G1 X0 Y0 Z50 F2000; Approach home position to start print',\

            'M107; Fans off']

printedPointLst=[]

for i in range(len(geoCoorLst)):

    for j in range(len(geoCoorLst[i])):

        

        

        x=str(geoCoorLst[i][j][0])

        y=str(geoCoorLst[i][j][1])

        z=str(geoCoorLst[i][j][2])

        zAvoid=str(geoCoorLst[i][j][2]+avoid)
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        if j == 0:

        ## if first point (approaching, not extruding)##

           

          

            geoCode.append(';#######INITIATE LINE')

            #geoCode.append('G1 X'+x +' Y'+y+' Z'+zAvoid+' F2000')

            geoCode.append('M107; Fans OFF!!!!!')

            

            geoCode.append('G1 X'+x +' Y'+y+' Z'+str(geoCoorLst[i][j][2]+avoid-
Collision)\

                              +' F1200')

            geoCode.append('G1 X'+x+' Y'+y+' Z'+z+' E'+str(eCount+.2)+' F800')

            geoCode.append('G4 S1; begin line, wait seconds')

            eCount += .5

            

        elif j > 0:

        ## add interior coord (extruding)##

            dist = rs.Distance(geoCoorLst[i][j-1],geoCoorLst[i][j])

            eCount += dist*nozzleERatio

            if geoCoorLst[i][j][2] < 3 and geoCoorLst[i][j-1][2] < 3:

            ### IF BASE ###

                geoCode.append(';##BASE##')

                geoCode.append('M107; Fans off')

                #geoCode.append('G4 S2; wait seconds')

                geoCode.append('G1 X'+x +' Y'+y+' Z'+z \

                              +' E'+str(round(eCount)) \

                              +' F70')

                #geoCode.append('G4 S2; wait seconds')
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            elif geoCoorLst[i][j] in printedPointLst:

            ### IF reaching JOINT ###

                geoCode.append(';##JOINT##')

                geoCode.append('M106 S250; Fans on')

                geoCode.append('G4 P500; wait seconds')

                geoCode.append('G1 X'+x +' Y'+y+' Z'+z \

                              +' E'+str(round(eCount,5)) \

                              +' F40')

                #geoCode.append('M107; Fans OFF JOINT')

                geoCode.append('G1 E'+str(round(eCount,5)+0.1)+ " F500")

                geoCode.append('G4 P500; wait seconds')

                geoCode.append('M106 S250; Fans on')

            

            else:

             ### IF MIDAIR ###

                print eCount

                geoCode.append(';##MID-AIR##')

                geoCode.append('M106 S250; Fans on')

                geoCode.append('G1 X'+x +' Y'+y+' Z'+z \

                              +' E'+str(round(eCount,5)) \

                              +' F30')

                geoCode.append('G4 P500; wait seconds')

                geoCode.append('M106 S250; Fans on')

        else:

            print "check !!!! someone is out of Code",geoCoorLst[i][j]

            

        if j == len(geoCoorLst[i])-1: 
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        ## if last point add avoidCollision (travelling, not extruding) 0.4 mm min 
avoid collision##

            geoCode.append(';INITIATE TAVELLING#######')

            geoCode.append('G4 P300; wait seconds')

            

            geoCode.append('G1 X'+x +' Y'+y+' Z'+str(geoCoorLst[i][j][2]+.4)\

                              +' F500')

            

            geoCode.append('G4 P500; wait seconds')

            geoCode.append('G1 X'+x +' Y'+y+' Z'+str(geoCoorLst[i][j][2]+avoid-
Collision)\

                              +' F300')

                              

            geoCode.append('M107; Fans OFF')

            geoCode.append('G4 S1; wait seconds')

            geoCode.append('M106 S200; Fans ON')

            #geoCode.append('G1 X'+x +' Y'+y+' Z'+zAvoid+' F300')

            

        printedPointLst.append(geoCoorLst[i][j])

####INSERT IN BASE GCODE AFTER CLEAN ROUTINE#####

geoCode = geoCode[::-1]

newGCode = baseCode[:]          

for i in range(len(baseCode)):

    if "; Filament-specific end gcode" in baseCode[i]:

        newGCode.insert(i,';##############################')

        newGCode.insert(i+1,';#####Here NEW RHINO gcode#####')

        newGCode.insert(i+2,';##############################')

        newGCode.insert(i+3,';##############################')
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        newGCode.insert(i+4,'G92 E0')

        newGCode.insert(i+4,'M107; YA ACABE APAGO EL AIRE Y ME VOY 
ARRIBA')

        for line in geoCode:

            newGCode.insert(i+3,line)

            

        break

geoCoorLst=list2dToTree(geoCoorLst)
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Annex I. Multi-resolution algorithmic design description 
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Multi-resolution algorithm 

 
The algorithm uses a 3D grid to store all information. Each unit of the grid represents, enables, produces, 
draws, transforms, etc, each unit of geometry of a discretized global shape. 
 
 

 
Figure 1. Custom Python component and geometry visualizaxtion 

 
The code is written in Python and is interpreted by Grasshopper plugin in Rhino. Following a global shape, 
the serialized printable discrete units forming a continuous tool path geometry is entirely produced by the 
Python Code. 
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1 Grid class 
 
"""The base of the MultiResolution algorithm is indexing the space through a class Grid. 
This 3dGrid has a variable 
given number of columns, rows and heights, and a given variable voxel size. This 3dGrid 
has the ability 
to offset its cells in a positive (separation) or negative (overlap) direction.""" 
 
class Grid(): 
 
2 Grid initialization 
 
    def __init__(self, resolution, floors, rows, cols): 
        #All variables here are necessary for the functioning of the grid 

#There is no geomtery created here. Only lists with little information that will 
be filled  

        #in other definitions. 
        self.printed=[] 
        self.step = resolution 
        self.cols = cols 
        self.rows = rows 
        self.floors = floors 
        self.counter = 0 
         
        ### LISTS WITH BASIC INFO OF THE GRID ### 
        self.cellLines = []    #LINES 
        self.grid = []    #INDEXES 
        self.code = []    #CODE OF SIDES 
        self.centroid = []#CELL CENTER POINT 
        self.index = [] 
        self.geos = []   #geometries 
        self.boxes = []   #8 POINTS THAT FORM EACH CELL 
        self.srfs = [] 
        self.globalS = []  #IN / OUT / BOUNDARY 
        self.infos = [] 
        self.globalInfo = None 
        self.blowUps = [] 
        self.bucketL = [] 
        self.checks= 0  
        self.allPatternsLst=[] 
        self.blowUpsCounter = 0 
        self.baseSizeCounter = 0 
        self.totalLength = 0 
        self.patternsQuantity = 0 
        self.boundaryCounter = 0 
        self.insideCounter = 0   
        self.outBoundaries = 0 
        self.totalArxel = 0 
        self.pointsToHAL = [] 
        """when we get into loops here is due to the necessity of creating list of lists. 
        There are 3 nested loops that corresponde to the 3 dimensions of the grid.""" 
        for i in range(self.floors): 
            temp2Centpt = [] 
            temp2ind = [] 
            temp2srfs = [] 
            temp2globalS = [] 
            temp2geos = [] 
            temp2info = [] 
            temp2blowUps = [] 
            temp2pointsToHAL = [] 
            for j in range(self.rows): 
                temp1Centpt = [] 
                temp1ind = [] 
                temp1srfs = [] 
                temp1globalS = [] 
                temp1geos = [] 
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                temp1info = [] 
                temp1blowUps = [] 
                temp1pointsToHAL = [] 
                for k in range(self.cols): 
                    centpt = rs.AddPoint(self.step*j + self.step/2 + separation*j, \ 
                                        self.step*k + self.step/2 + separation*k, \ 
                                        self.step*i + self.step/2 + separation*i) 
                    temp1blowUps.append(None) 
                    temp1info.append(None) 
                    temp1geos.append(None) 
                    temp1globalS.append(None) 
                    temp1pointsToHAL.append(None) 
                    temp1srfs.append([None,None,None,None,None,None]) 
                    temp1ind.append('i:{}, j:{}, k:{}'.format(i,j,k)) 
                    temp1Centpt.append(centpt) 
                temp2blowUps.append(temp1blowUps) 
                temp2pointsToHAL.append(temp1pointsToHAL) 
                temp2info.append(temp1info) 
                temp2geos.append(temp1geos) 
                temp2globalS.append(temp1globalS) 
                temp2srfs.append(temp1srfs) 
                temp2Centpt.append(temp1Centpt) 
                temp2ind.append(temp1ind) 
            self.pointsToHAL.append(temp2pointsToHAL) 
            self.blowUps.append(temp2blowUps) 
            self.infos.append(temp2info) 
            self.geos.append(temp2geos) 
            self.globalS.append(temp2globalS) 
            self.srfs.append(temp2srfs) 
            self.centroid.append(temp2Centpt) 
            self.grid.append(temp2ind) 
        self.createCells(resolution, self.centroid) #fills self.cellLines and self.boxes 
        return self.grid #returns just the index of the grid 
 
3 Grid draw 
def createBox(self, dimension, point): 
        """This definition takes a dimension and a center point as arguments and return a 
wireframed  
        box (12 lines drawing a box!!) with the given dimension. The point is the 
centroid of the box. """ 
         
        pt = rs.PointCoordinates(point) 
        #cell takes the coordinate of the given point and creates the new points of the 
box  
        #following a simple mathematic operation. 
        cell = [(pt[0]- dimension/2, pt[1]-dimension/2, pt[2]-dimension/2), 
            (pt[0] + dimension/2, pt[1]-dimension/2, pt[2]-dimension/2), 
            (pt[0] + dimension/2, pt[1]+dimension/2, pt[2]-dimension/2), 
            (pt[0] - dimension/2, pt[1]+dimension/2, pt[2]-dimension/2), 
            (pt[0] - dimension/2, pt[1]-dimension/2, pt[2]+dimension/2), 
            (pt[0] + dimension/2, pt[1]-dimension/2, pt[2]+dimension/2), 
            (pt[0] + dimension/2, pt[1]+dimension/2, pt[2]+dimension/2), 
            (pt[0] - dimension/2, pt[1]+dimension/2, pt[2]+dimension/2)] 
             
        self.line0 = rs.AddLine(cell[0], cell[1]) 
        self.line1 = rs.AddLine(cell[1], cell[2]) 
        self.line2 = rs.AddLine(cell[2], cell[3]) 
        self.line3 = rs.AddLine(cell[3], cell[0]) 
        self.poly0 = [self.line0, self.line1,self.line2,self.line3] 
         
        self.line4 = rs.AddLine(cell[3], cell[0]) 
        self.line5 = rs.AddLine(cell[0], cell[4]) 
        self.line6 = rs.AddLine(cell[4], cell[7]) 
        self.line7 = rs.AddLine(cell[7], cell[3]) 
        self.poly1 = [self.line4, self.line5, self.line6, self.line7]                     
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        self.line8 = rs.AddLine(cell[0], cell[1]) 
        self.line9 = rs.AddLine(cell[1], cell[5]) 
        self.line10 = rs.AddLine(cell[5], cell[4]) 
        self.line11 = rs.AddLine(cell[4], cell[0]) 
        self.poly2 = [self.line8, self.line9, self.line10, self.line11] 
         
        self.line12 = rs.AddLine(cell[1], cell[2]) 
        self.line13 = rs.AddLine(cell[2], cell[6]) 
        self.line14 = rs.AddLine(cell[6], cell[5]) 
        self.line15 = rs.AddLine(cell[5], cell[1]) 
        self.poly3 = [self.line12, self.line13, self.line14, self.line15] 
         
        self.line16 = rs.AddLine(cell[2], cell[3]) 
        self.line17 = rs.AddLine(cell[3], cell[7]) 
        self.line18 = rs.AddLine(cell[7], cell[6]) 
        self.line19 = rs.AddLine(cell[6], cell[2]) 
        self.poly4 = [self.line16, self.line17, self.line18, self.line19] 
         
        self.line20 = rs.AddLine(cell[4], cell[5]) 
        self.line21 = rs.AddLine(cell[5], cell[6]) 
        self.line22 = rs.AddLine(cell[6], cell[7]) 
        self.line23 = rs.AddLine(cell[7], cell[4]) 
        self.poly5 = [self.line20, self.line21, self.line22, self.line23] 
         
        polis = [self.poly0, self.poly1, self.poly2, self.poly3, self.poly4, self.poly5] 
        return cell, polis  
 
    def createCells(self, dim, ptlist): 
        """This function calls the precedent, so it draws all the "voxels" of the grid. 
""" 
        #self.centroid contains all the centroids of the grid. The main pts of the grid.  
        for floor in self.centroid: 
            cell2d = [] 
            box2d = [] 
            for row in floor: 
                cell1d = [] 
                box1d = [] 
                for point in row: 
                    cell = self.createBox(dim, point)[0] #draws the lines 
                    polis = self.createBox(dim, point)[1] #draws the corner points of the 
voxel 
                    box1d.append(cell) 
                    cell1d.append(polis) 
                box2d.append(box1d) 
                cell2d.append(cell1d) 
            self.cellLines.append(cell2d) #just append this to an empty list in the init 
            self.boxes.append(box2d) #just append this to an empty list in the init 

 
Figure 2. Generation of an empty 3d Grid 

   
4 Multiresolution grid scale transformations 
 
 def checkRangeBlowUp(self, (i,j,k),step): 
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        """Given a step (dimension of the scaledUpCell), checks if the cells are inside 
the  
        global geometry or at the boundary. If they are, returns valid. Otherwise, it 
cannot  
        be possible to scale up the cell""" 
        count=0 
        for n in range(1,step): 
            if (self.globalS[i][j][k+n] == "IN" or \ 
            self.globalS[i][j][k+n] == "BOUNDARY")      and \ 
            (self.globalS[i][j+n][k] == "IN" or \ 
            self.globalS[i][j+n][k] == "BOUNDARY")      and \ 
            (self.globalS[i][j+n][k+n] == "IN" or \ 
            self.globalS[i][j+n][k+n] == "BOUNDARY")    and \ 
            (self.globalS[i+n][j][k] == "IN" or \ 
            self.globalS[i+n][j][k] == "BOUNDARY")      and \ 
            (self.globalS[i+n][j][k+n] == "IN" or \ 
            self.globalS[i+n][j][k+n] == "BOUNDARY")    and \ 
            (self.globalS[i+n][j+n][k] == "IN" or \ 
            self.globalS[i+n][j+n][k] == "BOUNDARY")    and \ 
            (self.globalS[i+n][j+n][k+n] == "IN" or \ 
            self.globalS[i+n][j+n][k+n] == "BOUNDARY"): 
                count+=1 
        if count == step-1: 
            return True 
        return False 
 
    def continuousBlowUp(self,start,end, step=2): 
        """Given a range that starts with a tuple of (i,j,k), and ends is a tuple of 
(i,j,k),  
        this definition checks that for this range: 
            -all cells are inside the global shape 
            -all cells have not been blown up yet 
            -all cells are within the range of teh grid. 
        If these conditions are given, this definition calls the function that draws a 
bigger cell""" 
        indexTestLst=[] 
        if end[0]>=floors:  
            end=(floors-1,end[1],end[2]) 
        if end[1]>=rows: 
            end=(end[0],rows-1,end[2]) 
        if end[2]>=cols: 
            end=(end[0],end[1],cols-1) 
        for i in range(start[0],end[0]-1,step): 
            for j in range(start[1],end[1]-1,step): 
                for k in range(start[2],end[2]-1,step): 
                     
                    if (self.globalS[i][j][k] == "IN" or \ 
                    self.globalS[i][j][k] == "BOUNDARY") \ 
                    and self.blowUps[i][j][k] == None: 
                        if i+step-1<floors and j+step-1<rows and k+step-1<cols: 
                            indexTestLst.append((i,j,k)) 
        for (i,j,k) in indexTestLst: 
            if self.checkRangeBlowUp((i,j,k),step): 
                line = rs.AddLine(self.centroid[i][j][k],\ 
                self.centroid[i+step-1][j+step-1][k+step-1]) 
                t = rs.CurveParameter(line,0.5) 
                midPt= rs.EvaluateCurve(line, t) 
                newCentroid = rs.AddPoint(midPt) 
                self.blowUpCell((i,j,k),newCentroid,step) 
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def randomBlowUp(self,num): 
        """Creates a given number of blownUp cells in random locationss within the grid. 
        It is a recursive function. Creates a copy of a list of the grid and checks if  
        the random location is valid to have a blownUp cell. If it is not valid, tries 
again 
        until reaching the number of tries, that is, the given num""" 
        if num == 0: 
            return None 
        comb = copy.deepcopy(self.centroid) 
        availableL = [] 
        for i in range(0,floors-1): 
            for j in range(0,rows-1): 
                for k in range(0,cols-1): 
                    cell =(i,j,k) 
                    availableL.append(cell) 
                     
        for x in range(num): 
            #this just picks a random index 
            testCell = random.choice(availableL) 
            i = testCell[0] 
            j = testCell[1] 
            k = testCell[2] 
             
            if self.blowUps[i][j][k] == None and self.blowUps[i][j][k+1] == None and 
self.blowUps[i][j+1][k] == None and self.blowUps[i][j+1][k+1] == None and 
self.blowUps[i+1][j][k] == None and self.blowUps[i+1][j][k+1] == None and 
self.blowUps[i+1][j+1][k] == None and self.blowUps[i+1][j+1][k+1] == None: 
                self.blowUpCell((i,j,k)) 
                self.counter +=1 
            elif self.counter == num: 
                return None 
            else: 
                print 'recursive' 
                self.randomBlowUp(num-1) 
             
             
    def blowUpCell(self, (i,j,k), newCentroid, step): 
        """ 
        Scales up a cell given a location, a centroid point and its size (step).  
        Delets all previous information of the individual cells that belong now to this 
        new bigger cell. 
        """ 
        #draws the cell (8 corner points and lines of the voxel) 
        newCell = self.createBox(resolution*step, newCentroid)[0] #lines 
        newCellLines = self.createBox(resolution*step, newCentroid)[1] #points  
         
        #### THE 8 CELLS AFFECTED WILL SHARE THE SAME CENTROID #### 
        #### ELIMINTATE INFO OF THESE CELLS #### 
        self.centroid[i][j][k] = newCentroid 
        self.geos[i][j][k] = None 
        self.cellLines[i][j][k] = newCellLines 
        self.blowUps[i][j][k] = 1 
         
        for x in range(1,step): 
            self.centroid[i][j][k+x] = newCentroid 
            self.centroid[i][j+x][k] = newCentroid 
            self.centroid[i+x][j][k] = newCentroid 
             
            self.geos[i][j][k+x] = None 
            self.geos[i][j+x][k] = None 
            self.geos[i+x][j][k] = None 
             
            self.cellLines[i][j][k+x] = None 
            self.cellLines[i][j+x][k] = None 
            self.cellLines[i+x][j][k] = None   
             
            self.blowUps[i][j][k+x] = 1     



544

Impresión digital 3d, diseño y fabricación digital de superficies continuas 
Digital 3d printing, design and fabrication of continuous surfaces

 

  

            self.blowUps[i][j+x][k] = 1 
            self.blowUps[i+x][j][k] = 1 
             
            for y in range(1,step): 
                self.centroid[i][j+x][k+y] = newCentroid 
                self.centroid[i+x][j][k+y] = newCentroid 
                self.centroid[i+x][j+y][k] = newCentroid 
                 
                self.geos[i][j+x][k+y] = None 
                self.geos[i+x][j+y][k] = None 
                self.geos[i+x][j][k+y] = None 
                 
                self.cellLines[i][j+x][k+y] = None 
                self.cellLines[i+x][j][k+y] = None 
                self.cellLines[i+x][j+y][k] = None 
                
                self.blowUps[i][j+x][k+y] = 1 
                self.blowUps[i+x][j][k+y] = 1 
                self.blowUps[i+x][j+y][k] = 1 
                 
                for z in range(1,step): 
                    self.centroid[i+x][j+y][k+z] = newCentroid 
                    self.geos[i+x][j+y][k+z] = None 
                    self.cellLines[i+x][j+y][k+z] = None 
                    self.blowUps[i+x][j+y][k+z] = 1 
        self.blowUpsCounter +=1 
         
        allPatternBucket = self.createPatternBucket() 
        testGeoFns = range(0,len(allPatternBucket)) 
        random.shuffle(testGeoFns) #lista de numeros random de 0 a len patternLst 
        testGeoFns.append("NONE FOUND") 
        for fn in testGeoFns: 
            self.geos[i][j][k] = None 
            if fn == "NONE FOUND": 
                self.geos[i][j][k] = None 
            self.geos[i][j][k] = self.createPatternBucket((i,j,k),fn) 
            validFloor=False 
            for x in range(step): 
                for y in range(step): 
                    if self.isValidFloor((i,j+x,k+y)): 
                        validFloor = True 
  
        return newCellLines, newCentroid        
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Figure 3. Red voxels are double the size of the resolution base of the 3d Grid 
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5 Drawing arxel patterns 
   def pattern1(self,(i,j,k)): 
        """ 
        Draws the pattern 3 by virtue of getting points from the edges of the       
        cells.""" 
        cell = self.cellLines[i][j][k] 
        t = rs.CurveParameter(cell[1][0], lenLine) 
        pt = rs.EvaluateCurve(cell[1][0], t) 
        horL = rs.AddLine(rs.CurveStartPoint(cell[1][0]), pt) 
        t1 = rs.CurveParameter(cell[3][3], lenLine2) 
        pt1 = rs.EvaluateCurve(cell[3][3], t1) 
        diaU = rs.AddLine(pt, pt1) 
        vertL = rs.AddLine(pt1, rs.CurveStartPoint(cell[3][3])) 
        last = 
rs.AddLine(rs.CurveEndPoint(cell[3][2]),rs.CurveStartPoint(cell[3][2])) 
        self.geo = [horL,diaU,vertL, last]           
         
        for crv in self.geo: 
            self.totalLength += rs.CurveLength(crv) 
        self.baseSizeCounter +=1 
        return self.geo 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Arxel pattern A 
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    def pattern2(self,(i,j,k)): 
        """ 
        Draws the pattern 3 by virtue of getting points from the edges of the  
        cells.""   
        cell = self.cellLines[i][j][k] 
        t0 = rs.CurveParameter(cell[0][0], .5) 
        pt0 = rs.EvaluateCurve(cell[0][0], t0) 
        hor0 = rs.AddLine(pt0, rs.CurveStartPoint(cell[0][0])) 
        # 
        t1 = rs.CurveParameter(cell[1][0], .75) 
        pt1 = rs.EvaluateCurve(cell[1][0], t1) 
        hor1 = rs.AddLine(rs.CurveEndPoint(cell[1][0]), pt1) 
        # 
        t2 = rs.CurveParameter(cell[5][2], .3) 
        pt2 = rs.EvaluateCurve(cell[5][2], t2) 
        diaU = rs.AddLine(pt1,pt2) 
        hor2 = rs.AddLine(pt2,rs.CurveStartPoint(cell[5][2])) 
        # 
        t3 = rs.CurveParameter(cell[5][1], .8) 
        pt3 = rs.EvaluateCurve(cell[5][1], t3) 
        t4 = rs.CurveParameter(cell[0][1], .2) 
        pt4 = rs.EvaluateCurve(cell[0][1], t4) 
        hor3 = rs.AddLine(rs.CurveStartPoint(cell[5][2]),pt3) 
        # 
        diaD = rs.AddLine(pt3,pt4) 
        hor4 = rs.AddLine(pt4,rs.CurveStartPoint(cell[0][1])) 
        # 
        lastDup = rs.AddLine(rs.CurveStartPoint(cell[0][1]),  
        rs.CurveStartPoint(cell[5][0])) 
         

 self.geo = [hor0, hor1, diaU,hor2, hor3, diaD,hor4,lastDup] 
         
        for crv in self.geo: 
            self.totalLength += rs.CurveLength(crv) 
        self.baseSizeCounter +=1 
        return self.geo 
 

 
Figure 5. Arxel pattern B 
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def randomBlowUp(self,num):         """Creates a given number of blownUp cells in random locationss within the grid.         It is a recursive function. Creates a copy of a list of the grid and checks if          the random location is valid to have a blownUp cell. If it is not valid, tries again         until reaching the number of tries, that is, the given num"""         if num == 0:             return None         comb = copy.deepcopy(self.centroid)         availableL = []         for i in range(0,floors-1):             for j in range(0,rows-1):                 for k in range(0,cols-1):                     cell =(i,j,k)                     availableL.append(cell)                              for x in range(num):             #this just picks a random index             testCell = random.choice(availableL)             i = testCell[0]             j = testCell[1]             k = testCell[2]                          if self.blowUps[i][j][k] == None and self.blowUps[i][j][k+1] == None and self.blowUps[i][j+1][k] == None and self.blowUps[i][j+1][k+1] == None and self.blowUps[i+1][j][k] == None and self.blowUps[i+1][j][k+1] == None and self.blowUps[i+1][j+1][k] == None and self.blowUps[i+1][j+1][k+1] == None:                 self.blowUpCell((i,j,k))                 self.counter +=1             elif self.counter == num:                 return None             else:                 print 'recursive'                 self.randomBlowUp(num-1)                               def blowUpCell(self, (i,j,k), newCentroid, step):         """         Scales up a cell given a location, a centroid point and its size (step).          Delets all previous information of the individual cells that belong now to this         new bigger cell.         """         #draws the cell (8 corner points and lines of the voxel)         newCell = self.createBox(resolution*step, newCentroid)[0] #lines         newCellLines = self.createBox(resolution*step, newCentroid)[1] #points                   #### THE 8 CELLS AFFECTED WILL SHARE THE SAME CENTROID ####         #### ELIMINTATE INFO OF THESE CELLS ####         self.centroid[i][j][k] = newCentroid         self.geos[i][j][k] = None         self.cellLines[i][j][k] = newCellLines         self.blowUps[i][j][k] = 1                  for x in range(1,step):             self.centroid[i][j][k+x] = newCentroid             self.centroid[i][j+x][k] = newCentroid             self.centroid[i+x][j][k] = newCentroid                          self.geos[i][j][k+x] = None             self.geos[i][j+x][k] = None             self.geos[i+x][j][k] = None                          self.cellLines[i][j][k+x] = None             self.cellLines[i][j+x][k] = None             self.cellLines[i+x][j][k] = None                            self.blowUps[i][j][k+x] = 1     

 

  

    def pattern3(self,(i,j,k)): 
        "””Draws the pattern 3 by virtue of getting points from the edges of  
        the cells.""" 
   cell = self.cellLines[i][j][k] 
        ##base 
        t = rs.CurveParameter(cell[0][3],.75) 
        pt = rs.EvaluateCurve(cell[0][3], t) 
        horL = rs.AddLine(rs.CurveEndPoint(cell[0][3]),pt) 
        t1 = rs.CurveParameter(cell[0][1], .65) 
        pt1 = rs.EvaluateCurve(cell[0][1], t1) 
        t2 = rs.CurveParameter(cell[0][1], .8) 
        pt2 = rs.EvaluateCurve(cell[0][1], t2) 
         
        diaPla =rs.AddLine(pt,pt1) 
        hor2 = rs.AddLine(pt1,pt2) 
         
        t3 = rs.CurveParameter(cell[0][3], .2) 
        pt3 = rs.EvaluateCurve(cell[0][3], t3) 
        diaPla2 = rs.AddLine(pt2,pt3) 
         
        hor3 = rs.AddLine(pt3,rs.CurveStartPoint(cell[0][3])) 
        ##up 
        t4 = rs.CurveParameter(cell[1][3], .75) 
        pt4 = rs.EvaluateCurve(cell[1][3], t4) 
        vert = rs.AddLine(rs.CurveStartPoint(cell[0][3]), pt4) 
         
        t5 = rs.CurveParameter(cell[2][1], .5) 
        t6 = rs.CurveParameter(cell[2][1], .6) 
        pt5 = rs.EvaluateCurve(cell[2][1], t5) 
        pt6 = rs.EvaluateCurve(cell[2][1], t6) 
        diaU = rs.AddLine(pt4,pt5) 
        vert2 = rs.AddLine(pt5,pt6) 
         
        t7 = rs.CurveParameter(cell[1][3], .3) 
        pt7 = rs.EvaluateCurve(cell[1][3], t7) 
         
        diaU2 = rs.AddLine(pt6,pt7) 
        t8 = rs.CurveParameter(cell[1][3], .2) 
        pt8 = rs.EvaluateCurve(cell[1][3], t8) 
         
        vert3 = rs.AddLine(pt7,pt8) 
         
        t9 = rs.CurveParameter(cell[3][1], .85) 
        pt9 = rs.EvaluateCurve(cell[3][1], t9) 
         
        hor4 = rs.AddLine(pt8,pt9) 
         
        lastV = rs.AddLine(pt9, rs.CurveEndPoint(cell[3][1])) 
        lastD = rs.AddLine(rs.CurveEndPoint(cell[3][1]),  
        rs.CurveEndPoint(cell[1][1])) 
         

 self.geo = [horL,diaPla,hor2,diaPla2, 
 hor3,vert,diaU,vert2,diaU2,vert3,hor4,lastV,lastD] 

        for crv in self.geo: 
            self.totalLength += rs.CurveLength(crv) 
        self.baseSizeCounter +=1 
         
        return self.geo 
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Figure 6. Arxel pattern C 
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6.1 Global shape 
   def globalShape(self,srf): 
        """ 
        Returns information about the location of the cell with regards of the  
        global shape. 
        """ 
        for i in range(floors): 
            for j in range(rows): 
                for k in range(cols): 
                    boxPts = [] 
                    for l in range(8): 
                        pt = self.boxes[i][j][k][l] 
                        if rs.IsPointInSurface(srf,pt): 
                            boxPts.append(pt) 
                    if len(boxPts) == 8: 
                        self.globalS[i][j][k] = 'IN' 
                        self.insideCounter +=1 
                    elif len(boxPts)>4:  
                        self.globalS[i][j][k] = 'BOUNDARY' 
                        self.boundaryCounter +=1 
                    else: self.globalS[i][j][k] = 'OUT' 
        return self.globalS 

 
Figure 7. Global shape to test  the Multi-Resolution algorithm 
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6.2 Global shape population 
def shapeGrid(self): 
        """ 
        Creates a pattern in a empty cell that lies inside or in the boundary 
of  
        the globalShape geometry and is printable. Also adds 1 to the arxel  
        counter. 
        """ 
        allPatternBucket = self.createPatternBucket()         
        allPatternBucket = allPatternBucket[:] 
        indices =[] 
        for i in range(floors): 
            for j in range(rows): 
                for k in range(cols): 
                    indices.append((i,j,k)) 
        for (i,j,k) in indices: 
            testGeoFns = range(0,len(allPatternBucket)) 
            random.shuffle(testGeoFns) #lista de numeros random de 0 a len  
            ##patternLst 
             

     testGeoFns.append("NONE FOUND") 
            for fn in testGeoFns: 
                self.geos[i][j][k] = None 
                if fn == "NONE FOUND" and self.globalS[i][j][k] == 'OUT': 
                    self.geos[i][j][k] = None 
                    self.checks +=1   ### O PONER UN PUNTO O UNA MINI LINEA POR  
                    ##TESTS 
                    #print (i,j,k), "is NOT VALID and is replaced with None" 
                     
                elif self.globalS[i][j][k] == 'IN': 
                    self.geos[i][j][k] = self.createPatternBucket((i,j,k),fn) 
                    if self.isValidFloor((i,j,k)) and  
                    self.isValidRowsCols((i,j,k)): 
                        self.totalArxel +=1 
                        break 
                elif self.globalS[i][j][k] == 'BOUNDARY': 
                    self.geos[i][j][k] = self.createPatternBucket((i,j,k),fn) 
                    if self.isValidFloor((i,j,k)) and  
                    self.isValidRowsCols((i,j,k)): 
                        self.totalArxel +=1                        
            break 

 
Figure 8. Discretized global shape 
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7 Is Printable geometry gate 
   def isValidFloor(self, (i,j,k)): 
        """ 
        Returns True if there is a point at the same location of each of the  
        points 
        of the current pattern arxel. Basically, checks if there is an already  
        printed 
        supporting in which gets physical support to print. 
        """ 
         
        testGeo = self.geos[i][j][k] 
        floorLst=[] 
        floorPointLst=[] 
        if testGeo == None or i ==0: 
            return True 
        if i > 0: 
            #APPEND ALL FLOOR CRVS TO STUDY 
            floorLst.append(g.geos[i-1][j][k]) 
            #ORTHOGONAL FLOORS 
            if j != 0:       floorLst.append(self.geos[i-1][j-1][k]) 
            if j != rows-1:  floorLst.append(self.geos[i-1][j+1][k]) 
            if k != 0:       floorLst.append(self.geos[i-1][j][k-1]) 
            if k != cols-1:  floorLst.append(self.geos[i-1][j][k+1]) 
            #DIAGONAL FLOORS 
            if k != cols-1   and  j != rows-1:   
                            floorLst.append(self.geos[i-1][j+1][k+1]) 
            if k != 0        and  j != rows-1:        
                            floorLst.append(self.geos[i-1][j+1][k-1]) 
            if k != 0        and  j != 0:        
                            floorLst.append(self.geos[i-1][j-1][k-1]) 
            if k != cols-1   and  j != 0: 
                            floorLst.append(self.geos[i-1][j-1][k+1]) 
 
        for geo in floorLst: 
            if geo != None: 
                for crv in geo: 
                    if type(crv) == type(line): 
                        stpoint=rs.CurveStartPoint(crv) 
                        endpoint=rs.CurveEndPoint(crv) 
                        floorPointLst.append(stpoint) 
                        floorPointLst.append(endpoint) 
 
        for crvTest in testGeo: 
            if crvTest != None and type(crvTest) == type(line): #CHECK AGAIN SO  
            #GENERAL LOOP (AFTER OPACITIES) ALSO VALID TEST 
                stPointsTest= rs.CurveStartPoint(crvTest) 
                for floorPoint in floorPointLst: 
                    if stPointsTest == floorPoint:  
                        return True 
        return False 
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   def isValidRowsCols___test(self, (i,j,k)): 
        """ 
        Returns True if there is no physical collisions between neighbouring  
        arxels. 
        First inserts in a list all the already printed neighbour arxel  
        indexes.  
        Second, for each point in the test pattern, checks each point on the  
        surrounding neighbor pattern's 
        points, and if a 3d cone representing the nozzle collides with each of  
        the neighbour points, it is not 
        valid.  
        """ 
        testGeo = self.geos[i][j][k] 
        rowsColsst=[] 
        if testGeo == None : 
            return True 
        #STUDY PREVIOUS THUS "PRINTED" COL, ROW AND COLROW 
        if j > 0:   rowsColsLst.append(self.geos[i][j-1][k]) 
        if k > 0:   rowsColsLst.append(self.geos[i][j][k-1]) 
        if j > 0 and k > 0:  
                    rowsColsLst.append(self.geos[i][j-1][k-1]) 
        #including diagonal +col+row in case of corner intersectino 
        if k != cols-1  and  j > 0 : 
                    rowsColsLst.append(self.geos[i][j-1][k+1]) 
        #EVALUATE INTERSECTIONS OF NOZZLE WITH PRINTED CRVS 
        for geo in rowsColsLst: 
            if geo!= None: 
                pointsCollision=[] 
                for crv in geo: 
                    if type(crv) == type(line): 
                        pointsCollision.append(rs.CurveEndPoint(crv)) 
                        pointsCollision.append(rs.CurveStartPoint(crv)) 
                for crvTest in testGeo: 
                    if type(crvTest) == type(line): 
                        testPoint= rs.CurveStartPoint(crvTest) 
                        upperPt=testPoint[0],testPoint[1],testPoint[2]+130 
                        lowerPt=testPoint[0],testPoint[1],testPoint[2]+14 #  
                        #DEFINE  
                        #TOLERANCE BY SOLID POSITION AND DIMENSIONS 
                        cone = rs.AddCone(upperPt,lowerPt,150,True) 
                        for point in pointsCollision: 
                            test = rs.IsPointInSurface(cone,point) 
                            if test: 
                                #if (point[0] == testPoint[0] and point[1] ==  
                                #testPoint[1] and point[2] > testPoint[2]): 
                                #print (i,j,k),"COLLISION, THE TEST IS False" 
                                #    print "False", (point[0] == testPoint[0]  
                                and  
                                #point[1] == testPoint[1] and point[2] >  
                                #testPoint[2]),point[2],testPoint[2] 
                                return False 
        return True 
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Figure 9 Sorting geometries to make them printable 
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8 Multi-resolution opacity variable 
   def createPatternBucket(self, (i,j,k)=(0,0,0), fn=-1): 
        """ 
        Creates a list with all possible 90degrees rotations on XY plane of  
        each arxel pattern. If fn has a number, returns a determined rotation. 
        limpiar: 
        fucntions=[self.pattern1,self.pattern2,self.pattern3] 
        for fn in functions: 
        """ 
        #INDIVIDUAL RETURNS SO THAT IT CALCULATES ONLY ONCE PER INDEX 
        if   fn ==0: return self.pattern1((i,j,k)) 
        elif fn ==1: return rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
        elif fn ==2: return rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
        elif fn ==3: return rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
        elif fn ==4: return self.pattern2((i,j,k)) 
        elif fn ==5: return rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
        elif fn ==6: return rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
        elif fn ==7: return rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
        elif fn ==8: return self.pattern3((i,j,k)) 
        elif fn ==9: return rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
        elif fn ==10: return rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
        elif fn ==11: return rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
        else:  #Separate case for initializing a allPatternsInOneCell  
                #for comparison of qualities, BY DEFAULT ON (0,0,0) 
            a0 = self.pattern1((i,j,k)) 
            a1 = rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
            a2 = rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
            a3 = rs.RotateObjects(self.pattern1((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
            b0 = self.pattern2((i,j,k)) 
            b1 = rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
            b2 = rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
            b3 = rs.RotateObjects(self.pattern2((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
            c0 = self.pattern3((i,j,k)) 
            c1 = rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],90) 
            c2 = rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],180) 
            c3 = rs.RotateObjects(self.pattern3((i,j,k)),\ 
                                self.centroid[i][j][k],270) 
            self.allPatternsLst= [a0,a1,a2,a3,b0,b1,b2,b3,c0,c1,c2,c3] 
             
            return self.allPatternsLst[:] 
             
    def getIndicesInSrf(self, solid,  gradient=False, offsetsP=4): 
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        """ 
        -Given a closed surface or polysurface, and a number of offsets, this f 
        function 
        scales offsetP times the given surface, and returns the arxels beloning  
        to each of the scaled surfaces, labeled accordingly. 
        """ 
        result =[] 
        if gradient: 
            offsets = [solid] 
            centroid = rs.SurfaceAreaCentroid(solid) 
            if offsetsP > 0: 
                for i in range(1,3): 
                    scale=((offsetsP*i*0.1+1),(offsetsP*i*0.1+1), 
                    (offsetsP*i*0.1+1)) 
                    offset= rs.ScaleObject(solid,centroid[0],scale, True) 
                    offsets.append(offset) 
        for i in range(floors): 
            for j in range(rows): 
                for k in range(cols): 
                    if self.geos[i][j][k] != None: 
                        if gradient: 
                            if   rs.IsPointInSurface(offsets[0],  
                            g.centroid[i][j][k]): 
                                result.append((i,j,k,0)) 
                            elif rs.IsPointInSurface(offsets[1],  
                            g.centroid[i][j][k]): 
                                result.append((i,j,k,1)) 
                            elif rs.IsPointInSurface(offsets[2],  
                            g.centroid[i][j][k]): 
                                result.append((i,j,k,2)) 
                        else: 
                            if rs.IsPointInSurface(solid, g.centroid[i][j][k]): 
                                result.append((i,j,k,0)) 
        return result 
 
    def getOpacityLevel(self, pattern): 
        """Gets the length of a given arxel, the longer the pattern, the more  
        opaque. 
        Returns the length of the arxel.""" 
        testPoints=[] 
        for crv in pattern: 
            points= rs.CurveEditPoints(crv) 
            for (x,y,z) in points: 
                testPoints.append((0,y,z)) 
        testCrv=rs.AddPolyline(testPoints[:-1]) 
        parameter=rs.CurveLength(testCrv) 
        return int(parameter) 
 
    def opacityLvlByIndices(self, indicesG, level =None, gradient=False): 
        """ 
        Given index (location) and an index of opacity, creates geometries  
        accordingly, organized in such 
        a fashion that generates a desired opacity in a chosen location. All  
        geometries generated are  
        printable, as this definition checks them. 
        """ 
        if len(indicesG)==0 or level == None : return 
        opacityLst=[] 
        allPatternBucket = self.createPatternBucket() 
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        for i in range(len(allPatternBucket)): 
            opacityLst.append((self.getOpacityLevel(allPatternBucket[i]), i)) 
         
        opacityLst.sort() 
        opacityLst = opacityLst[::-1] 
        if level >= len(opacityLst):  

 #MAP LEVEL! TO A REASONABLE INT OR MAP HERE 
            level = len(opacityLst)-1 
        nextOptionFn = [0,1,-1] 
        for (i,j,k,n) in indicesG: 
            randomGate= random.randint(1,5) 
            ##BOUNDS 
            if level < len(opacityLst)/2: 
                n = -n 
            """ 
            if n == 1 and level <1: 
                n = 0 
            elif n == 2 and level <2: 
                n = 1 
            """ 
            ##MAKE TRANSFORMATIONS WITH RANDOM FOR IN OFFSETS 
            if n==2 and randomGate==1: 
                for tries in nextOptionFn : 
                    if (tries + level - n >= len(opacityLst)-1) or (tries +  
                    level – n < 1) : 
                        self.geos[i][j][k] = None 
                    else: 
                        self.geos[i][j][k] =  
                         
                        self.createPatternBucket((i,j,k),opacityLst 
                        [tries+level- n][1]) 
 
                        if self.isValidFloor((i,j,k)) and  
                        self.isValidRowsCols((i,j,k)):  
                            break 
            if (n== 1 and randomGate==1) or (n==1 and randomGate==2)\ 
                or (n==1 and randomGate==3): 
                for tries in nextOptionFn : 
                    if (tries + level - n >= len(opacityLst)) or (tries + level 
- n  
                    < 0) : 
                        self.geos[i][j][k] = None 
                    else: 
                        self.geos[i][j][k] =  
                         
                        self.createPatternBucket((i,j,k),opacityLst 

   [tries+level- n][1]) 
 
                        if self.isValidFloor((i,j,k)) and  
                        self.isValidRowsCols((i,j,k)):  
                            break 
            if n == 0: 
                for tries in nextOptionFn : 
                    if (tries + level - n >= len(opacityLst)) or (tries + level  
         n < 0) : 
                        self.geos[i][j][k] = None 
                    else: 
                        self.geos[i][j][k] =  
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    self.createPatternBucket((i,j,k),opacityLst 
   [tries+level- n][1]) 

                        if self.isValidFloor((i,j,k)) and  
                        self.isValidRowsCols((i,j,k)):  
 
                            break 
 
 
 

 
Figure 10. Opacity levels 
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9 Information    
 
def info(self): 
        """ 
        Prints info of each individual arxel. 
        """ 
        for i in range(floors): 
            for j in range(rows): 
                for k in range(cols): 
                    if self.globalS[i][j][k] == 'IN': 
                        infor = ("""INDEX: {},{},{} \n 
                                    CONDITION: {}\n 
                                    MATERIAL: {}\n 
                                    MATERIAL LENGTH: {}mm\n 
                                    PATTERN: {}""".format(i,j,k,"FULL","PLA A", 
self.patternLen((i,j,k)), "Type 3")) 
                    elif self.globalS[i][j][k] == 'OUT': 
                        self.outBoundaries +=1 
                        infor = 'CONDITION: OUT' 
                    elif self.globalS[i][j][k] == 'BOUNDARY': 
                        infor = ("""INDEX: {},{},{} \n 
                                    CONDITION: {}\n 
                                    MATERIAL: {}\n 
                                    MATERIAL LENGTH: {}mm\n 
                                    PATTERN: {}""".format(i,j,k,"BOUNDARY","PLA 
B", self.patternLen((i,j,k)) , "Type 1")) 
         
                    self.infos[i][j][k] = infor 
                     
    def computeWeightForPla3mm(self, curveLength): 
        """ 
        Gets the weight of the filament given a length 
        """ 
        #1) get the volume of a pipe with length curveLength and 2.85mm 
diameter in  
        #mm3 
        pipeVol = math.pi*math.pow((2.85/2),2)*curveLength 
        #2) convert mm3 to cm3 
        pipeVol /=1000 
        #3) multiply by 1.24 wich is the density of PLA  
        weight = pipeVol*1.24 
        #4) conver to kg 
        weight/=1000 
        return weight 
  
    def computeVolume(self,curveLength): 
        """ 
        Gets the volume of a 2.85mm diameter filament given a length. 
        """ 
        #1) get the volume of a pipe with length curveLength and 2.85mm 
diameter in  
        #mm3 
        pipeVol = math.pi*math.pow((2.85/2),2)*curveLength 
        #2) convert mm3 to cm3 
        pipeVol /=1000 
        return pipeVol 
         
    def generalInfo(self):  
        """ 
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        Prints general info of the general Piece. 
        """ 
        numOfbaseCells = self.baseSizeCounter - (self.blowUpsCounter*8) 
        infor = ("""        Element: {} \n 
         iD: {} \n 
         ///////// \n 
         fabrication Date: {} \n 
         fabrication time: {} h \n 
         filament type: PLA 2.85mm \n 
         materials quantity: 4 \n 
         number of used patterns: 3 \n 
         number of sizes: 2 \n                      
         ///////// \n 
         total Volume: {}m3 \n 
         total Area: {}m2 \n 
         total Length: {}m \n 
         total Weight: {}kg \n 
         number of base size: {} \n 
         number of scaledUp size: {} \n 
         number of nonValid: {} \n 
         number of arxels: {} \n 
         number of material A: x \n 
         number of material B: x \n 
         number of external pieces: x \n 
         number of voids: x \n 
         number of boundary Arxels: {} \n 
         number of interior Arxels: {} \n 
         number of out boundary Arxels: {} \n 
         """).format('CurvedWall', '#0001',\ 
                     '04/29/2018', round((self.totalLength*0.25)/3600),\ 
                     round(self.computeVolume(self.totalLength),2),\ 
                     round(rs.Area(surface)/100000,2),\ 
                     round(self.totalLength,2), \ 
                     round(self.computeWeightForPla3mm(self.totalLength),3),\ 
                     numOfbaseCells, self.blowUpsCounter,\ 
                     self.checks - self.outBoundaries, self.totalArxel,\ 
                     self.boundaryCounter, self.insideCounter, 
self.outBoundaries) 
         
        self.globalInfo = infor 
        return None 
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Figure 11. Global information 
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Figure 12. Arxel's information 
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Annex II. Digital pulse Arduino Command Programming 
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Arduino 1. Temperature Control Closed Feedback Loop 
 
 

 
Figure 13. Extrusion Equipment 
Setup Process: 
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1. Setup  of initial variables: temperature in ºC (200 – 340ºC). 
2. 12V cartdrige delivers current to hot end Nichrome wire coil resistance. 
3. 3.5 ohm resistance at Hot End dissipates 30J/s of heat . 

 
Heating Process: 

4. Once heating a K Thermistor sends pulse to Arduino analog temperature read. 
5. Aruino software based PID (Proportional Integral Derivative) adjusts temperature 

based on history of temperature reads. Optional External PID requires an 
additional Thermocouple temperature read. 

 
Heating Adjustment Current Gate Process: 

6. Arduino sends an ON / OFF signal to Solid State Relay. Optionally, also can 
reduce gradually gate if MOSFET transistor is used. Solid State Relay shows 
safer procedure as it does not heat up and is also able to manage continuous 
On/Off cycles correctly. 

7. Electrical Current is moderated from 12V to 0V. PID history read and 
temperature adjustment tends to reduce spikes of  current to achieve a constant 
temperature. 

 
Constant Temperature Printing Process Process: 

8. Once temperature is stable for a certain amount of time. Arduino sends Digital 
Signal to Start Extruder (in this setup located in a second processor board) 

9. PID will continue to adjust temperature along the printing process, taking into 
account feed rate changes and  air cooling. 
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Heating System Arduino Code: 
 
#include <PID_v1.h> 
// Analog output pin 
#define tempPin 9 
// thermistor analog pin 
#define THERMISTORPIN A0 
// how many samples to take and average 
#define NUMSAMPLES 5 
// how long between pid/sampling 
#define SAMPLETIME 1000 
//Define Variables we'll be connecting to 
double Setpoint, currentTemp, Output; 
//Specify the links and initial tuning parameters 
 
PID myPID(&currentTemp, &Output, &Setpoint,10,0.1,0, DIRECT);// ok for 
SSR RELAY MODELS!! 
//PID myPID(&currentTemp, &Output, &Setpoint,5,1,0, DIRECT);// ok for 
SSR RELAY MODELS!! 
 
//////////////////////////////// FROM HERE BELOW SETTING TO SEND SIGNAL 
WHEN TEMPERATURE OK TO PRINT ///////////////// 
//const int casoA = 3;  
 
int counter = 0; 
bool SENDSIGNAL = false; 
//////////////////////////////////// 
 
 
void setup() { 
  Serial.begin(115200); 
  analogReference(EXTERNAL); 
  pinMode(tempPin, OUTPUT); 
  //initialize PID setpoint *C 
  Setpoint = 340; //Setup initial temperature  
  //340 in contact with ground, 280 rest. Good PLA transp 
 
 
  myPID.SetMode(AUTOMATIC); 
  myPID.SetSampleTime(SAMPLETIME); 
  //pid Autotuner 
   
} 
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void loop() { 
  if (Serial.available() > 0) { 
    // get incoming byte: 
    Setpoint = Serial.parseFloat(); 
  } 
  uint8_t i; 
  double average = 0; 
  // take N samples in a row, with a slight delay 
  for (i = 0; i < NUMSAMPLES; i++) { 
    average += analogRead(THERMISTORPIN); 
    delay(10); 
  } 
  average /= NUMSAMPLES; 
  currentTemp=resistanceToC(inputToResistance(average)); 
  myPID.Compute(); 
  digitalWrite(tempPin, Output); 
  Serial.print("Set Point: "); 
  Serial.print(Setpoint); 
  Serial.println(" *C)"); 
  Serial.print("Temperature: "); 
  Serial.print(currentTemp); 
  Serial.println(" *C)"); 
  Serial.print("PID output "); 
  Serial.println(Output); 
  delay(SAMPLETIME); 
 
  if(abs(currentTemp - Setpoint) < 5){   
    Serial.println("READY TO PRINT!!!"); 
    for(int i = 0; i>5; i++){ 
      delay(1000); 
    } 
    counter +=1; 
    SENDSIGNAL = true; 
  if(SENDSIGNAL == true and counter >= 10){ 
    Serial.print("Counter: "); 
    Serial.println(counter); 
    //digitalWrite(casoA,HIGH); 
    //delayMicroseconds(10000); 
    //digitalWrite(casoA,LOW); 
  } 
  
  if(abs(currentTemp - Setpoint) >5){ 
  SENDSIGNAL = false; 
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  //digitalWrite(casoA, LOW); 
  counter = 0; 
  } 
 }  
} 
 
double inputToResistance(double input) { 
  // funtion to convert the input value to resistance 
  // the value of the 'other' resistor 
  double SERIESRESISTOR = 10000; 
  input = 1023 / input - 1; 
  return SERIESRESISTOR / input; 
} 
double resistanceToC(double resistance) { 
  // funtion to convert resistance to c 
  // temp/resistance for nominal 
  double THERMISTORNOMINAL = 118000; 
  double TEMPERATURENOMINAL = 25; 
  // beta coefficent 
  double BCOEFFICIENT = 3950; 
  double steinhart; 
  steinhart = resistance / THERMISTORNOMINAL;     // (R/Ro) 
  steinhart = log(steinhart);                  // ln(R/Ro) 
  steinhart /= BCOEFFICIENT;                   // 1/B * ln(R/Ro) 
  steinhart += 1.0 / (TEMPERATURENOMINAL + 273.15); // + (1/To) 
  steinhart = 1.0 / steinhart;                 // Invert 
  steinhart -= 273.15;   // convert to C 
  return steinhart; 
} 
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Arduino 2. Robot Interpreter 
 
 

 
Figure 14. Digital Output / Input socket in ABB robot 
 
 

 
Figure 15. Stepper Motor Control Arduino wiring 
 
 
 
Command Writing Process: 
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1. The full robot tool path is exported from Grasshopper from HAL plugin as 
RAPID code.  This code weaves stepper motor commands with robot speeds to 
synchronize all procedures. 

2. The RAPID code Stepper Motor Commands are written as Digital Outputs 
signals. These signals are transmitted through the 24V Digital Input / Output 
socket in the robots End Effector. A voltage divider must turn the signal to  5V 
for Arduino to read.  

 
Command Output Process: 

3. Commands consist of determined lengths in the range of 10000 milliseconds. A 
digital “write” output signal emitted during 10000 ms for instance is interpted by 
the Arduino as a “Start Stepper Motor at Mode 1” for instance. iA 20000 ms will 
“Start Stepper Motor at Mode 2” and so on.  

 
Command Interpreting Process: 

4. Because of noise in signals it is important to “gate” the signals through tolerance 
value of about 2000 ms. These ensures that Arduino will read the signal 
regardless of small interferences.  

5. The interpreted signal is transmitted by the Arduino to the Stepper Motor. These 
is emitted as a Low signal to a Stepper Motor Driver, two drivers have been 
tested, finding most successful the use of a A4988 driver.  Fans cool down the 
driver 

 
Command Implementation Process: 

6. The motor Speed is regulated in two ways: either by changing the frequency of  
the digital signals by introducing delays in between or by enumerating the amount 
of steps the motor will take.  

7. Most reliable resuts were achieved when signaling continuous loops of a fixed 
rate of steps and using “interrupt” signals that break loops whenever  a new 
command is required. 

 
Motor System Arduino Code: 
Motor System Arduino Code: 
 



573

 

  

const byte abbInterruptPin = 2; // READS THE SIGNAL FROM THE ROBOT // 
do not change this casually; it needs to be an interrupt pin 
 
int FUZZ = 3500; // number of microseconds to fudge on either side of 
pulse width result 
volatile unsigned long diff; // volatile because it will be affected by 
the ISR 
volatile byte mode = 0; 
// target pulse width in microseconds of to-be-defined commands. Array 
length can be changed, 
// but check that motorMode reasonably matches 
unsigned long COMMAND[] = {0, 9500, 19500, 29500, 39500, 49500, 59500}; 
int COMMANDLENGTH = sizeof(COMMAND) / sizeof(unsigned long); 
 
const int stepPin = 5; 
const int dirPin = 4; 
 
int extrudeSteps =0; 
int retractSteps =0; 
 
unsigned long pulseDuration; 
unsigned long time; 
int currentMillis = 0; 
int previousMillis = 0; 
 
//// FROM HERE BELOW FAN AND LEDS ///// 
const int fanPin = 11; 
const int LEDPin= 6; 
 
//////////////////////////////// FROM HERE BELOW SETTING TO SEND SIGNAL 
WHEN TEMPERATURE OK TO PRINT ///////////////// 
const int casoH = 3; // 10000 delay (speed of the robot) and rotate CW 
int casos; 
int vel = 0; 
int dir = 1; 
int val = 0; 
long interval = 10000; 
bool SENDSIGNAL = false; 
 
////////////////////////////////////////////////// 
void setup() { 
  Serial.begin(115200); 
  Serial.setTimeout(50); 
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  ////////////ABB6640 Pulse In 
  pinMode(abbInterruptPin, INPUT); 
  attachInterrupt(digitalPinToInterrupt(abbInterruptPin), readPulse, 
CHANGE); 
  
  ////////////Stepper Motor through Pololu A4988 
  pinMode(stepPin, OUTPUT); 
  pinMode(dirPin, OUTPUT); 
 
  ////////////FAN AND LED 
  pinMode(fanPin, OUTPUT); 
  pinMode(LEDPin, OUTPUT); 
} 
 
 
 
void loop() { 
  analogWrite(LEDPin, 255); 
  digitalWrite(fanPin, HIGH); 
   
  static unsigned long loopTime = 0; 
  int wait = 10; // milliseconds between loops 
  if (millis() - loopTime > wait) { 
    motorMode(mode); 
    loopTime = millis(); 
  } 
} 
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void readPulse() { 
  static unsigned long startTime = 0; 
  static uint8_t lastState = 0; // state of the pin last time the 
interrupt was triggered 
  uint8_t readState = (PIND & (0b00000100)); // port access is quicker 
than digitalRead 
   
  if (readState != lastState) { 
    if (readState) startTime = micros(); // if just went high, start 
timer 
    else { 
      diff = micros() - startTime; // if just went low, stop timer and 
count difference 
      // drive motor based on pulse read 
      for (int i = 0; i < COMMANDLENGTH; i++) { 
        Serial.print(i); 
        if ( abs(diff - COMMAND[i]) < FUZZ ) { 
          mode = i; 
          break; // no need to continue loop if it's already found a 
motorMode 
        } 
      } 
       
      Serial.print("pulse width received = "); 
      Serial.print(diff); 
      Serial.print("\tmotorMode = "); 
      Serial.println(mode); 
       
    } 
    lastState = readState; 
  } 
} 
 
void motorMode(byte in) { // based off of motor_pos_from_serial_command 
sketch 
  //static unsigned long lastMoveTime = 0; 
  switch (in) { 
    Serial.println(in); 
    case 0: // pass 
      { 
        break; 
      } 
    case 1: // for extrude normal downwards 
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      { 
        //lastMoveTime = millis(); 
        extrudeVerySlow(); 
        mode=12; 
        Serial.println("extrude pulse"); 
        break; 
      } 
    case 2: // for extrude Slow upwards 
      { 
        extrudeVerySlow(); 
        mode=22; 
        Serial.println("quick + extrude Slow pulse"); 
        break; 
      } 
    case 3: // retractQuick + stopStepper 
      { 
//        retractQuick(); 
//        extrudeQuick(); // for more complex commands 
        mode=0; 
        ; 
        break; 
      } 
    case 4: // retract 
      { 
        retract(); 
        Serial.println("retract pulse"); 
        break; 
      } 
     
    case 12: // from 1 for extrude 
      { 
        extrude(); 
        break; 
      } 
       
    case 22: // from 2 for extrudeSlow  
      { 
        extrudeSlow(); 
        break; 
      } 
  }} 
void extrudeQuick(){ 
      unsigned long currentMillis = millis();       



577

 

  

    for(int x = 0; x < 400; x++) { // 1200stepsGOOD TRY TO FIND A SPOT 
TO ANCHOR! 
      extrudeSteps = extrudeSteps +1; 
      digitalWrite(fanPin,HIGH); 
      digitalWrite(dirPin, LOW); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(5800); // 5000stepsGood TRY TO FIND A SPOT TO 
ANCHOR! 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(500); 
    } 
}  
void extrude(){ 
      unsigned long currentMillis = millis();     
    for(int x = 0; x < 200; x++) { // 200 steps at full driver step is 
1 complete rotation 
      extrudeSteps = extrudeSteps +1; 
      digitalWrite(fanPin,HIGH); 
      digitalWrite(dirPin, LOW); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(5000); //5600 BASE! 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(500); 
    } 
} 
 
void extrudeSlow(){ 
      unsigned long currentMillis = millis();   
    for(int x = 0; x < 200; x++) { // 200 steps at full driver step is 
1 complete rotation 
      extrudeSteps = extrudeSteps +1; 
      
      digitalWrite(dirPin, LOW); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(9000); // 6200 BASE! 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(500); 
    } 
} 
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void extrudeVerySlow(){ 
      unsigned long currentMillis = millis(); 
    for(int x = 0; x < 500; x++) { // 200 steps at full driver step is 
1 complete rotation 
      extrudeSteps = extrudeSteps +1; 
      
      digitalWrite(dirPin, LOW); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(9500); // 9500 reasonable 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(500); 
    } 
} 
 
 
void retract(){ 
      unsigned long currentMillis = millis(); 
    for(int x = 0; x < 1; x++) { // 200 steps at full driver step is 1 
complete rotation 
      retractSteps = retractSteps +1; 
      digitalWrite(dirPin, HIGH); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(4000); 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(500); 
    } 
} 
 
void retractQuick(){ 
      unsigned long currentMillis = millis();    
    for(int x = 0; x < 100; x++) { // 200 steps at full driver step is 
1 complete rotation 
      retractSteps = retractSteps +1; 
      digitalWrite(dirPin, HIGH); 
      digitalWrite(stepPin, HIGH); 
      delayMicroseconds(130); 
      digitalWrite(stepPin,LOW); 
      delayMicroseconds(100); 
    }   
} 
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void stopStepper(){ 
  digitalWrite(stepPin, LOW); 
} 
////////////// DEBUGGING SERIAL COMMANDS ////////////// 
void serialEvent() { 
  while (Serial.available()) { 
 
    int in = Serial.read(); 
 
 
    // read letter command if that's what's transmitted 
    if (in == '0') { // pass 
      mode = 0; 
      Serial.println("pass"); 
    } 
    else if (in == '1') { // extrude 
      mode = 1; 
      Serial.println("received serial command '1' for extrude"); 
    } 
    else if (in == '2') { // extrude Slow 
      mode = 2; 
      Serial.println("received serial command '2' for extrude Slow"); 
    } 
    else if (in == '3') { // stop Stepper 
      mode = 3; 
      Serial.println("received serial command '3' for stop Stepper"); 
    } 
    else if (in == '4') { // retract 
      mode = 4; 
      Serial.println("received serial command '4' for retract"); 
    } 
    else if (in == '5') { // retract Quick 
      mode = 5; 
      Serial.println("received serial command '4' for retract Quick"); 
    } 
  } 
} 
 

  




