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Abstract. In architecture, the use of Additive Manufacturing (AM)
technologies has been primarily limited to the production of scale
models. Its application for functional buildings components has
been typically undermined by the long production time, elevated
cost to manufacture parts and the low mechanical properties of 3D
printed components. As AM becomes faster, cheaper and stronger,
opportunities for architectures that make creative use of AM to produce
functional architectural pieces are emerging. In this paper, we propose
and discuss the application of AM in complex space frames and the
theoretical and practical implications. Three built projects by the
authors support our hypothesis that AM has a clear application in
architecture and that space frames constitutes a promising structural
typology. In addition, we investigate how AM can be used to resolve
architectural systems beyond structure and enclosure, such as data
and power transmission. The paper presents background research and
our contribution to the digital design tools, the manufacturing and
assembly processes, and the analysis of the performances of the building
components and the final built pieces.
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1. Introduction
Additive Manufacturing (AM) technologies are well-established technologies to
produce, primarily, prototypes of products and parts. Increasingly, they gained a
share in the manufacturing of final functional parts in high value-added industries
such as automotive and aerospace. In architecture, AM is habitually used to
produce scale models and it’s use in construction is negligible. The main limiting
factors include the elevated time and cost to manufacture parts, the low mechanical
properties of 3D printed components and the small build volume.
Advances in AM technologies are reducing cost and time, while expanding
material options with higher strength capacities and build volume, approaching
requirements for construction applications and opening two main lines of research.
The first focuses on large scale printing, aiming to expand the build size and reduce
the consumable costs to meet architectural requirements. The second research line
concentrates on AM methods that deliver high mechanical strength, such as metal
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printing. Due to the cost, the applications are complex, small parts, that can resolve
high complexity with minimal material consumption.
Our research is located within this line of research that aims to shed light
on how Additive Manufacturing can increase structural, material and spatial
performance of architectural designs, in a broad range of scales.
The paper is organized in five units. Following this Introduction, the section
Background, we discuss the state of the art and the gaps in the knowledge.
In Methods, we clarify research questions and the research implementation.
Results and Reflections describes the outcomes of the experiments. Finally, in
Conclusions, we discuss the implications of this research in the larger domain of
architecture.
2. Background
Applications of AM in the construction of architecture is limited to a handful
of cases with diverging goals. Most approaches ambition to enlarge the build
volume and reduce operation costs. An initial example is concrete contour crafting,
which utilizes large scale gentry to control the extrusion and contouring of concrete
(Khoshnevis 2004). Following a similar approach, the recent formwork structure
by the Mediated Matter Group at the Media Lab introduces a foam as mold for
cast concrete (Keating et al 2017). To take advantage of the fine detail potential
of AM, Dillenburger and Hansmeyer utilize large scale binder-jetting (2014)
A second approach involves the use of AM to produce small,
complex-geometry architectural components. The application in space frames
or similar types becomes apparent, since this type of structures combine larger
standard components -bars- and small specialized connectors -nodes-, which
concentrates the complexity in a relatively small volume. Several designers have
explored this idea, but limited to furniture scale projects. At an architectural
scale, the unbuilt project tensegrity structures for the Grote Marktstraat in The
Hague, investigates the use of metal SLS as technology to manufacture complex
3D connectors (Galjaard et al 2014).
This line of research, remains a seldom explored area with potential for
architectural innovation, posing questions for which evidence is currently missing.
How can architects design complex structures and the required 3D parts? What
are the challenges in the printing process? What architectural systems can the 3D
printed part simultaneously address? What are the main challenges in the assembly
process?
3. Methods
Our research investigates the feasibility of AM to produce functional architecture
and, more specifically, centered in space frame assemblies. It advances custom
digital design tools, understanding on manufacturability of complex geometry part,
integration of structural and information systems in architecture, and assembly
of complex structures. Our ongoing project started in late 2015, and completed
two full-scale projects. The first project, vMesh, completed in 2016, sets the
basic instruments that are needed to design, manufacture and assemble a complex
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3D structure (see Figure 1a). This project was a temporary structure to hold an
exhibition in the SUTD main hall (Raspall and Banon 2016)
The second project, “(ultra) light network”, designed and built for the iLight
Marina Bay 2017 festival in Singapore, constitutes the main matter of this paper.
It was design and built as a light art installation as a mesh that combines structure
and interactive light (see Figure 1b). As a research project, it focuses on enlarging
the scale, durability and complexity of space frame structures using 3D printed
components and its main innovation relies on the integration of data and power
transmission into the structural frame. The main objective was to test how of AM
manufacturing can enable the creation of very complex parts which can be used to
solve multiple architectural problems concurrently.
The methodology covers all stages in the design and manufacturing process,
using a single demonstrative project to advance associative modeling, electronics
design, part manufacturing, assembly and operation.

Figure 1. Designs for vMesh –left– and (ultra) Light Network –right–.

3.1. ASSOCIATIVE MODEL

A robust parametric script was developed to accurately manage the geometric
complexity of both the space frame and its nodes. The modeling and programming
platform was McNeel’s Rhinoceros and Grasshopper. The algorithm first
generates a tetrahedral three-dimensional mesh from an input 10x5x2.5m prismatic
volume. This basic form meets our initial concept of a floating prism hovering on
top of three vertical supports. The result, a three-dimensional wireframe model,
contains the basic graph of the space frame and the topology of every node (see
Figure 2). The naming system of nodes and bars, which will be used for the
assembly, is also defined at this stage. (Ultra) light network consists of 152 nodes
and 715 bars.
The conceptual and visual lightness of the design was complemented by the
actual light weight of the physical structure, for which we favored very slender
linear elements arranged into a hyper-redundant mesh. The total weight of the
structure, which covers 50m2 , was 150kg. We conducted structural analysis of the
structural frame directly in the same modeling and programming platform, which
validated the structural stability of the project before moving into the next stages
of design development.
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Figure 2. Elevation.

The script, then, defines the geometry of each node and produces the file for
printing. The main steps of this script are described in Figure 3. The first step
involves the creation of the basic topology, where the length of the branch in each
node is determined by the angle with its closest neighbor branch. Branches that
are very close together will be longer, to avoid self-intersections.
The length of the branches is then further adjusted to secure that the bars are all
standard lengths -in modules of 5cm- to simplify production of bars and assembly.
The script then generates the solid, using truncated pyramids with a wall thickness
of 3mm. The connectors that will receive the bars, then are then generated and
added to the model. The final step is the addition of the ID of the node, as well as
the ID of the bar for each branch in the node.
For the bars, the procedure is simpler. The initial tetrahedral mesh has bars of
all different lengths, which makes the assembly process tedious. Therefore, the
bars are adjusted to standard lengths in increments of 5cm and the printed nodes
absorb the difference between the total bar length and the rounded length.
3.2. INTERACTIVE LIGHTING SYSTEM

The project integrates an interactive lighting system that illuminates the structure in
response to the public behavior. Physically, the structure and light sources coexist
in the same space. Consequently, LED strips were placed inside of the bars and
nodes, where the electronic components such as wires, LEDs, connectors, and
controllers are hidden inside the translucent structure.
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Figure 3. Main steps in the algorithm. From left to right: a. Creation of the basic geoemtry. b.
Adjustment of branch length to round up the length of bars. c. Creation of the inspection
access on the least “crowded” area of the node. d. Addition of the connectors. e. Addition of
the numbering. f. Final file for print .

Organized in 35 individual linear circuits, the 50.000 individually addressable
LED dots are controlled by a bespoke algorithm running simultaneously on five
Teensy micro-controllers. The program uses the information from three ultrasonic
sensors to detect the presence of visitors and trigger light pulses through the
structure, emulating the firing of neurons in the brain. Figure 4 illustrates the
diagram of circuits, which maps the individual address of each pixel into its
physical location in the structure.

Figure 4. Diagram of the LED circuits in the structure.
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3.3. MANUFACTURING OF STRUCTURAL ELEMENTS

Because of the translucent properties required for the desired light effect, all
the elements in the mesh are made of translucent polymers. The 715 bars are
polycarbonate square tubes with high density LED strips embedded inside. This
material evenly diffuses and smooth the individual light sources. As it was
initially foreseen, the waterproofing of the electronics inside the bars constituted
a time-consuming operation, which required design and 3D-printing of special
lids, inserted in-between the LED stripes and the nodes, and further sealed with
transparent silicon.
For the 152 unique nodes, we tested two printing technologies. 70 nodes were
manufacturing using FDM of clear ABS and 82 nodes were printed using SLS of
polyamide (PA). Figure 5 shows sample prints of the ABS node and the PA node,
with and without light. Both AM technologies were satisfactory, but we identified
some difference.
The optic properties of clear ABS were superior in the amount of light that it let
pass, but its transparency also made the LED points more visible. On the contrary,
the PA node emitted less light, but the light was very even. The printing quality
had higher resolution with SLS, but the FDM process was good enough.
We conducted tensile tests of the connectors using an UTM, and we estimated
that the tensile capacity of each node was over 2 kN. No significant differences
between the two materials were detected.
The printing process did not present major problems, but the process is still
time consuming. The lead time to get the 152 nodes ready was one month.

Figure 5. Samples of 3D printed nodes. On the left, FDM clear ABS. On the right, SLS PA.

3.4. ASSEMBLY PROCESS

Contrarily to its complex appearance, the assembly sequence was relatively
undemanding and speedy. Simple equipment was required throughout the entire
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process, thanks to a straightforwardly designed bar-node mechanical connection,
which only required a single bolt and nut. The millimetric precision in both bars
and nodes made the construction easy.
The electronic connections were more onerous, because each bar and node
requires ground, power and signal, totaling over 2000 connections (see Figure
6). Three main parts of the structure were pre-assembled in our lab, but due to
transportation constraints, a substantial part of the assembly was conducted on-site.
The assembly process took 10 days.
At a first instance, the structure felt wobbly and unsteady, due to it is made
of extremely slender elements, with 30:1 to 135:1 aspect ratios. However, and
unlike other systems now in use, its hyper-redundancy enabled the network to
absorb stresses and evenly respond to expansion, contraction and loads such as
wind or other eventual punctual forces.
For the same reason, this type of space frames is highly resilient as damages
to members are absorbed by a mesh that does not contain a single but multiple
stable conditions, with an average of ten members converging into each node, and
a maximum of 23.
Three polygonal heavy bases, machined in 18mm plywood and cladded in
10mm white opal polycarbonate, served as a necessary ballast to grant the stability
of the system, and to house the electric boxes that powered the installation.

Figure 6. Detail of the connection .

The results demonstrate that AM can be successfully used to produce
functional elements in architecture, and open new paths for designers to deal with
complex geometries where lightness, continuity and sleekness play an important
role. The resulting hyper-redundant structure is not only structurally functional,
but also reinforces a narrative of lightness, both conceptually and literally.
The complexity of the project was successfully managed through the use

222

F. RASPALL AND C. BANON

of custom programming of an associative model that automatically solves the
structure graph, standardizes the bars lengths, produces each node geometry and
validates the structural performance.
The manufacturing process was straightforward, as the associative model
produced the print files and cut length sheets automatically. The standard lengths
of bars made its manufacturing precise and simple, but the waterproofing was more
time consuming than expected, which will benefit from better detail engineering.
The assembly process was very smooth for a structure of such complexity
(see Figure 7a). The precision of nodes and bars and well-designed node-bar
connection simplified the process. We experienced some challenges related to the
accessibility of the higher nodes, which required the use of temporary scaffolding
or platforms to operate. In addition, the electric connections between nodes
and bars were the most time-consuming and improve detailing will mitigate this
bottleneck.

Figure 7. Views of the installation during the event. On the left, close-up of the nodes and bars.
On the right, side view of the design.

4. Results and Reflection
The behavior of the holistic structure was extremely sturdy and stable due to its
tetrahedral composition and redundancy. From the individual elements vantage
point, only some of the bars with a length greater than 1.8m under compressive
stress, showed visible traces of buckling.
The performance of the structure during the month that it was exhibited
presented no problems (see Figure 7b). However, the electronic system suffered
from the relentless rain, and maintenance was required, reinforcing our concern
with the bar detailing. Upon disassembly, we took the opportunity to conduct a
destructive test, whereby we added 3kN to two nodes in the bottom of the structure.
Although the structure presented slight signs of deflection, withstood the load.
Consecutively, we progressively cut bars until the structure collapsed under its
own weight. The hyper-redundancy allowed it to survive with at least 30% of bars
cut. In addition, the structure did not suddenly collapse, but visible manifested its
failure before breaking.
Based on the high structural requirements under wind and heavy rain
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conditions, and according to its material behavior, the system opens new directions
to fabricate stable and complex functional geometries that can span large distances
with high material efficiency. Using AM, complex three-dimensional structures
can be designed and manufactured to highest precision, making the assembly
process simple. In addition, space frame system can integrate other technical
systems such as information and power transmission seamlessly, which takes
advantage of the design flexibility of AM.
5. Conclusion
This project validates that AM technologies has a promising future in architecture
beyond model making. The proposed space frame system takes advantage of
the geometric freedom of AM and translates it into architectural and structural
efficiency and expression. As each part can be uniquely designed and produced,
the formal possibilities are maximised.
Moreover, the high resolution of AM enables the integration of other functional
layers in an inconspicuous manner and discloses the promise of a way to reduce
construction costs and increase the efficiency of space frames in a broad range of
scales. In our project, information and power transmission were included in the
project, but we envision other systems such as transmission of fluids -water and
air among others- can be successfully resolved. Similarly, complex connection
details to interface with the envelope, flooring and supports can be integrated into
the design of the node.
Applications of space frames using AM in architecture are numerous, from
shelters to large span infrastructure projects. The benefits of AM are evident,
increasing the design flexibility and therefore the efficiency and aesthetic
possibilities. Substantial future research is needed to transfer our findings into
the architectural practice successfully. Two ongoing projects address conceptual
and practical questions that will advance the introduction of AM into architecture.
The first project aims to understand the challenges and limitations of metal
AM with a smaller scale application. Metal AM, due to its high mechanical
strength, is more compatible with architectural applications. In this research, we
parametrically designed and are currently manufacturing a large meeting table,
which will shed light on the design, feasibility of assembly, cost and time (see
Figure 8).

Figure 8. Design for a table usign metal AM .
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The second project is a recently awarded 3-year grant with the overarching
goal of better understand the structural opportunities of metal SLS and binder
jetting technologies for architecture, engineering and construction from the case
of space frames. The project will be carried out in collaboration with the civil
engineering department at ZJU Zhejiang University will investigate, in depth,
the technical feasibility of space frames using AM. The research will cover
form-finding methods, AM design guidelines, engineering of connection details,
integration of architectural services, and structural testing and simulation. By the
end of this project, we plan to have two demonstrative projects and we aim to
develop a commerciable system.
References
Galjaard, S., Hofman, S. and Ren, S.: 2015, New opportunities to optimize structural designs in
metal by using additive manufacturing, Advances in Architectural Geometry 2014, Springer,
Cham., 79-93.
Gramazio, F., Kohler, M. and Langenberg, S.: 2014, Negotiating design & making,
FABRICATE, Eidgenössische Technische Hochschule Zürich .
Keating, S.J., Leland, J.C., Cai, L. and Oxman, N.: 2017, Toward site-specific and self-sufficient
robotic fabrication on architectural scales, Science Robotics, Vol. 2 Issue 5, 1-15.
Khoshnevis, B.: 2004, Automated construction by contour crafting—related robotics and
information technologies., Automation in construction, 13, no. 1, 5-19.
Raspall, F. and Bañon, C.: 2016, vMESH: How to print Architecture?, Blucher Design
Proceedings 3.1, SIGraDi 2016, XX Congreso de la Sociedad Ibero-americana de Gráfica
Digital.

