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Abstract. The recent convergence of computational design and digital
fabrication has made new forms of architectural materialization possible. A workshop conducted at the Royal Melbourne Institute of Technology investigated how differentiated lightweight metal structures
may be designed and fabricated under these new conditions. The
workshop aim was to complete three such structures; each one is aggregated from aluminum profiles that are robotically assembled according to computationally driven geometric logics. The key challenge was to enable participants, assumed to lack programming and
robotic fabrication experience, to design and construct their structures
within imposed time constraints. This paper describes the subsequent
development of accessible computational design tools and a robust robotic fabrication method for the workshop, and highlights the key decisions taken with their implementation. The workshop results are discussed and the design tools evaluated with respect to them. The paper
concludes by recommending an approach to developing computational
design tools which emphasizes the importance of usability and integration with the fabrication process.
Keywords. Robotic fabrication; computational design; visual programming; lightweight structures.

1. Introduction
Three-dimensional lightweight structures composed of discrete metal elements, also referred to as space-frames, have been used in the building industry since the start of the 20th century (Chilton, 1999). In order to ease
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manual construction, space-frames have thus far resorted to repetition-based
designs. Today, this dependency on repetition may be challenged through
the use of computation and digital fabrication.
A workshop conducted at the Royal Melbourne Institute of Technology
(RMIT) investigated how differentiated lightweight metal structures could
be realized under these new design and production conditions. Departing
from earlier space-frame typologies, a new joint-less construction system is
introduced that involves directly connecting orthogonal elements. The workshop aim was to realize three structures with this system. Each one is aggregated from aluminium square profiles which are robotically assembled according to computationally derived geometric logics.
The key challenge was to enable participants, who were assumed to lack
programming and robotic fabrication experience, to design and construct
their structures within imposed time constraints. This paper describes how
accessible computational design tools and a robust robotic fabrication process were consequently developed, and highlights the key decisions taken
with their implementation. The paper concludes with a discussion of the results and a focused evaluation of the computational design tools.
2. Background
The aggregation of linear elements into three-dimensional assemblies has
been a design topic of past elective courses conducted the Professorship of
Architecture and Digital Fabrication at ETH Zurich. In Spatial Aggregations
2, plastic circular rods were assembled freely in space to form the final structures.1 One problem that emerged was weak joint connections, resulting
from rods only meeting at a point. Subsequently, in Spatial Aggregations 4,
square wooden beams were used instead to introduce a planar interface for
connections; beams were assembled into orthogonally arranged structures.2
Robotic Metal Aggregations continues this lineage of work. However, it explores the potential to realize non-orthogonal, complex spatial arrangements
from a system of orthogonal members; this was previously left unpursued.
A new construction process and material system is introduced. The primary building element is a square tube aluminium profile. Two profiles are
connected face-to-face and share a common plane. One profile can freely rotate and translate in this plane with respect to the other profile, so long as
they overlap (figure 1). Profiles are iteratively aggregated in this way to form
the final structure. Compared to the previous system with circular profiles,
joints are stiffer as the contact area is now planar. In addition, nonorthogonal configurations can be designed with this system as it has sufficient degrees of freedom. This is because joint parameters (choice of face,
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translation and rotation of a profile) are unfixed and thus the structure remains under-determined.

Figure 1. The construction system

However, this system presents specific design and building challenges.
All profiles in a structure based on this system must connect flush with its
neighbour. Depending on the topological complexity of the structure, this
constraint problem may only be solvable through computation. Therefore,
non-orthogonal aggregations cannot be designed through digitally modelling,
but must instead be computationally derived. Furthermore, these structures
have to be precisely built, as the accumulation of even slight positioning errors will eventually lead to profiles failing to meet. In order to address these
inter-linked design and fabrication challenges, bespoke computational tools
and robotic fabrication processes were developed.
3. Custom computational tools
For the workshop, participants designed the structures, while instructors
were responsible for programming the robotic fabrication process. While the
design and fabrication tasks are carried out by different actors, the computational tools were developed in tandem with the fabrication process. A Python
package targeting the Rhinoceros 3D modeller was written that contained
two modules. The first, design.py, defined a set of classes for generating the
metal structures. Based on it, further visual programming tools were developed to aid participants in their design task. The second, rmit.py, contained
functions for parsing geometry and generating machine code; it was used by
instructors for robot programming.
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3.1. ALGORITHMIC DESIGN TOOLS
The aim of the design tools is to enable participants to quickly explore different non-orthogonal structural configurations. Three key decisions influenced their implementation.
First, fabrication constraints would be directly addressed in the tools. In
response to the robot’s highly-constrained building envelop, a decision was
made to design structures that were decomposable. Thus, a structure is composed of sub-assemblies called branches. Each branch fits completely within
the robot’s building envelop and is in turn made out of a further set of profiles. The object model was designed according to this hierarchical schema.
In design.py, classes were defined for structure, branch and profile objects;
each possesses its own attributes and behaviours.
Second, a visual programming environment, in this case Grasshopper,
was chosen for computational design. Compared to scripting, visual programming was expected to be more accessible3 to participants, who were assumed to lack programming experience. Seven custom Grasshopper user objects were created; each was a Python scripting component. Five were design
related and directly referenced design.py, while the remaining two were utility components. A sample Grasshopper file for generating a structure consisted of these custom objects and several standard interface components.

Figure 2. Example of the algorithmic growth process (from left to right): grow first branch
(Py_Grow), create new root plane (Py_CreateRoot), grow second branch (Py_GrowTowards)
and connect branches 1 and 2 (Py_Connect)
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Third, a growth-based metaphor was introduced to describe the algorithmic design process. A structure is analogous to branches that grow recursively and then reconnect (figure 2). Each branch has an origin called a root
plane which is generated using the Py_CreateRoot object. Next, profiles are
iteratively added to grow a branch. One face of a profile is selected as the
site to position the next; the added profile is translated in the plane of the selected face and then rotated around the connection point. This operation is
encapsulated by the Py_Grow object, which takes a root plane and three lists
- face indices, translation vectors and rotation angles, as input parameters. A
variant of this object called Py_GrowTowards allows users to input a list of
target planes instead. It generates a branch configuration that automatically
intersects all planes. Finally, any two profiles belonging to separate branches
may be connected by a new branch. Two objects Py_Select and Py_Connect
are used to perform this operation; the former for selecting connection sites
and the latter to generate two-profile branch solutions.
Finally, the designed structure is baked. Branches are re-oriented and organized in separate layers in preparation for fabrication. Due to safety reasons, participants were not allowed to control the robot. Therefore at this
stage, the digital model is handed over to instructors.
3.2. ROBOT PROGRAMMING TOOLS
The aim of the robot programming tools is to enable instructors to validate
the constructability of designs and then seamlessly generate machine (KRL)
code. Instructors run the main export script in fabrication.py. It parses the
baked digital model, which defines the position and orientation of every profile in a branch, and creates an aligned reference plane at the centre of every
profile in a branch. Each plane defines the final pose of the robot’s end effector when placing the profile.
Next, the script translates these geometrical data into a series of movement commands containing position (Cartesian coordinates) and orientation
(Euler angle) information, which are then written to a .src file. In addition,
the export script produces visualizations of placing planes for an entire
branch. This allows instructors to inspect the design and identify probable
building errors such as unreachability and collision. If necessary, modifications are made to the design. The KRL code is finally uploaded to the robot.
4. Fabrication process
The objective was to develop a robust and precise fabrication method to realize the geometrically complex branches. For the workshop, a KUKA KR150
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robot was used; its six degrees of freedom are fully utilized in order to orient
the 20mm x 20mm x 750mm profiles freely in space.
To avoid additional tooling and complicated trajectory planning, a decision was made to use a direct joining method - gluing. This has been widely
applied in the automotive industry, where industrial robots glue structural
parts of cars in assembly lines. To connect aluminium profiles to one another,
a cleaning and activating agent is first used to prepare the bonding surfaces.
Next, a quick-curing two component structural adhesive is applied.
Each branch is built from a central base outwards. A pneumatically actuated two finger gripper is engineered for the robot. It has a custom 3dprinted attachment that matches the profile’s dimensions. Each pre-cut profile is centred on the gripper by a workshop participant. Following this, a
signal is given and the profile is mechanically clamped.
In a next step, the robot moves the profile with a five centimetre offset to
the designated final position and orients it. The bonding surfaces are marked
with tape and the robot retracts. After the surfaces are treated with the activator, the two-component glue is mixed and applied (figure 4). The robot
moves the element to its final position and holds it there for five minutes.
This allows the adhesive to cure and achieve sufficient structural strength.
During the curing process, the robot operates as a clamp, holding the profile
securely in space; this is essential for proper bonding to take place. Using
this method, individualised strands are fabricated without requiring custom
scaffolding to be built each time.

Figure 4 – Application of 2 component glue
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The fabricated branches are manually assembled by participants on site.
To know how each branch joins to its neighbour, a spatial relation system is
introduced. The connection information is embedded in each branch in the
form of a dummy profile that is a copy of a profile from another branch.
Each branch is attached to its neighbour by aligning the dummy profile to its
counterpart. Once the profiles are aligned in terms of position and orientation, the branches are glued and clamped together. The redundant dummy is
then removed. Branches are assembled in this way and attached to a MDF
base to form the final structure.
5. Results
By the end of the workshop, every participant team successfully designed
and built a 4m tall metal structure that was made out of 59 to 88 profiles, organized in 6 to 12 branches (figure 5). Different design approaches were taken. For the first structure, a primary branch was designed and sub-branches
were subsequently grown from it. The second structure was a single strand
of branches that undulated up and down before forming a closed loop. For
the final structure, a warp and weft logic was applied, with vertically oriented branches connected by a system of horizontal ones.

Figure 5. Completed final structures from team 1 (left), team 2 (middle) and team 3 (right)

Each team was able to finish designing their structures despite only being
allocated one day for the task. Contrary to expectations, not all participants
were inexperienced programmers. Two other groups were identified: experi-
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enced text programmers who were novice Grasshopper users and skilful
Grasshopper users who had some text programming experience. All participants were observed to be able to modify the given sample Grasshopper file
after introduction to the tools. Though each team eventually had their most
skilled Grasshopper user develop the final program, every member could
participate productively in design discussions since they had used the tools
and understood their algorithmic principles. The building tasks were also
completed under tight time constraints, with one day set aside for prefabrication of branches and another half-day for assembly. The process of
generating robot programs from design data took place seamlessly and errors
during robotic fabrication were infrequent. The final assembled structures
were able to support their own self-weight.
6. Evaluation of computational design tools
Two factors underlying the successful completion of the structures were
the immediacy with which participants could commence design exploration
and the constructability of the developed design solutions. Here, the decisions behind the development of the tools are evaluated in terms of their contribution to these factors.
A visual programming environment was chosen on the basis of accessibility. However, participants who were experienced text programmers expressed their difficulties with the unfamiliar visual programming paradigm.
A graphical notation system has its own implicit syntactic and semantic rules
which must be learnt. Instead, the introduction of only five design-related
user objects played a more significant role in increasing accessibility. Each
object is an abstraction that hides the details of the computation it performs
from the user. To begin design, participants only had to learn how these few
objects worked – this constituted a low abstraction barrier4.
Basing all the custom objects on a familiar metaphor improved their usability. Descriptive names were given to each object that reflected the operation performed; these operations were also intuitive to understand. Consequently, participants could correctly infer how objects would function and
their relation to one another. As their performances matched expectations,
the user objects can be described as having good role-expressiveness5. However, this was not fully successful for Py_Connect. Participants knew what
its function was but did not understand why it failed to compute solutions in
exceptional cases. To address this, visual feedback should have been provided during exceptions as well; this would facilitate recognition and recovery
from errors (Pane and Myers, 1996, pp. 58).
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The decomposition of the algorithmic process into several objects facilitated an incremental design approach. Participants could progressively evaluate6 the effects of modifying selected objects in a working Grasshopper
program. Initial design ideas were rapidly prototyped using cut-and-paste
operations to compose objects in different ways. Hence, the tools supported
exploratory design by having low viscosity7 – modifications could be easily
made to the graphical program. However, this did not extend to design.py.
Experienced text programmers were encouraged to edit the code library and
create new components, but this did not take place. Due to time constraints,
the risk of introducing changes that may break the functionality of existing
code outweighed the potential benefit of increased design freedom.
The decision to address fabrication constraints in the design tools helped
minimize the incidence of fabrication errors. By default, the growth algorithm prevents profiles from being positioned too closely together as this increases robot collision risks. In addition, it ensures profiles are aligned with
optimal contact area for gluing. The algorithm’s default offset and angle parameters were empirically determined through early physical building tests.
Unless users explicitly override these parameters, the tools predispose them
to generate constructible designs.
7. Conclusions
While the Robotic Metal Aggregations workshop is specific in terms of its
problem domain and context, it serves as a useful case study to illustrate how
computational design and robotic fabrication strategies may be developed. In
this regard, two general recommendations are offered.
First, the cognitive dimensions of a user task should be well-understood
before computational tools are developed to support them. Consequently, a
suitable environment and metaphor can be chosen, and appropriate abstractions designed from the start. The usability of the final product would be
greatly enhanced as a result. This is especially important when the task is
complex, as is the case with designing robotic fabricated artefacts.
Second, an integral approach should be taken with the development of the
computational design tools and robotic fabrication process. With this approach, fabrication-related constraints can be identified early enough to be
addressed by the computational strategy. Design algorithms can be informed
by empirically determined tectonic rules. In this way, the relationship between constructability and design complexity is not pre-determined but instead subject to negotiation.
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Endnotes
1. Spatial Aggregations 2 was an elective course taught at the Professorship of
Architecture and Digital Fabrication, ETH Zurich.
2. Spatial Aggregations 4 was an elective course taught at the Professorship of
Architecture and Digital Fabrication, ETH Zurich.
3. Grasshopper’s interactive features and the non-requirement of prior specialized
background (programming) knowledge contribute to its accessibility (Leitao, Santos
and Lopes, 2012).
4. Abstraction barrier is a cognitive dimension (Green and Petre ,1996) that refers to the
minimum number abstractions that must be learnt prior to using a system.
5. Role-expressiveness is a cognitive dimension that refers to the ease with which a
function can be inferred.
6. Progressive evaluation is a cognitive dimension that refers to the ability to check
partially completed work.
7. Viscosity is a cognitive dimension that refers to the resistance of making changes.
Changes are easily made for low viscous systems; conversely, it is difficult for highly
viscous systems.
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