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Abstract

Cooperative robotic fabrication enables the development of new types
of spatial structures, provided that assembly sequence and robot
path-planning is considered in the design process early on. This paper
presents a design strategy for a lightweight steel structure assembled
by two robots. The developed structure describes a novel typology of
spatial structures and consists of steel tubes that form spatial confi-
gurations through their three-dimensional aggregation. The bars are
joined notch-free through welding and without additional connecting
elements. Besides fabrication-driven constraints, the design process is
informed by functional, geometric and structural parameters. The paper
presents the development of a novel connection system and the resul-
ting dependencies for the geometric and structural system, as well as
a four-step computational design method that allows to explore a large
area of the design space of such structures. Optimisation methods are
employed to solve the complex dependencies of the presented structures

and find a valid design.

Figure 1: Multi-robotic assembly of spatial structures.
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1. Problem statement

The introduction of robotic manufacturing methods in architecture and
construction has augmented the range of the design possibilities that
are currently available. Particularly processes that require assembly profit
from the robot’s capacity to precisely hold, move and position an element
in three-dimensional space. Through the use of industrial robotic arms
for the placement of discrete elements, it has become possible to build
bespoke structures with elements of non-standard dimensions, which
can be freely placed in numerically defined positions and orientations
(Helm et al, 2017). This greatly increases the design space of spatial
structures, allowing more geometric freedom than manually assembled
structures. However, the robotic assembly procedure also introduces
new constraints, such as robot reachability and sequencing. In addi-
tion, the higher geometric complexity requires advanced computational
methods in order to handle the large number of dependencies during
the design process.

Addressing these new possibilities, this paper presents a design
method for a new typology of spatial metal structures consisting of steel
bars (round hollow profiles) that are assembled by two robots and an
implementation of a corresponding computational design tool in Python.
The bars have individual lengths and are welded manually after being
robotically positioned. The assembly method relies on the use of two
robotic arms, which alternatingly place elements in space (Parascho et
al, 2017) such that while one robot places a new element, the other one
serves as support for the already built structure (Mirjan, 2016) (Fig. 1). This
results in a fabrication method that does not require additional support
structures or scaffolds. Furthermore, the alternating placing of elements
prevents the accumulation of tolerances as both the supporting robot
and the one placing an element serve as a reference.

The design process is based on this sequential fabrication procedure
in order to ensure successful fabrication. Related research projects
where robotic fabrication directly informs the design process applied
constraints in particle spring models (Parascho et. al, 2015) or predefi-
ned the potential design scope through constraining the assembly logic
to, for example, layer-based systems (Apolinarska, 2016). However, these
strategies do not prioritise the fabrication sequence and describe it as
either a pre-defined order or a post-rationalisation step. Defining the

assembly sequence directly in the design process leads to a reinter-
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pretation of fabrication as a main driver for the design. This enables the
design process to explore buildable geometries while generating them

and not constrain the solution space artificially beforehand to predict a
feasible design space.

In addition to fabrication, the design requires to consider other
factors, such as geometric rules, structural behaviour and functionality.
Strategies to simultaneously address multiple of these parameters in
the design process are difficult to identify due to the large number of
parameters and their different nature (discrete, continuous, binary). One
possible method implies the use of optimisation to improve material
efficiency, robot reachability or stability. However, problems of discrete
nature require different optimisation methods than continuous ones. As
a result, this research proposes a combination of methods to negotiate

between the individual design problems.

2. Design procedure

The design procedure follows four steps which individually address

one or more of the different design constraints (Fig. 2). The following
presents an overview of these steps which are described in detail in the
subsequent sections. The design is generated by adding bars one by
one, defining the order which will later reflect the fabrication sequence.
Each bar must fulfil following requirements: a) its position must allow to
connect to two existing bars of the already defined structure, b) its posi-
tion must guarantee stability during assembly and in the structure’s final

state and c) the robot has to reach its placement pose without collisions.

: : i !

2. i i 3 i i i
topology structural f generation of
definition : : aptimisation fabrication

: H data
, parameters - discrete: - parameters - continuous: parameters:
i nodes to connect to : vertex positions | Eripping pose,
i bars to connect to - le—_u robot number
| side to connect 1o : : ;
| sub processes: : - sub processes: ! i sub processes:
geometry: bar position : : structure: minimise : ! fabrication: robot
«caleulation, collision check < valume : assignment,
i structure: minimise stresses ! H ] i robot paths generation
| fabrication; path planning : ] :

| check

Figure 2: Design workflow describing involved sub-processes and vari-
ables to be defined or changed in each step.
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Figure 3: Design workflow, step 2: topology definition. A new vertex is
chosen and connected to the existing structure via three bars. The input
vertices are pre-defined and connections are chosen based on structural
considerations.

Figure 4: Design workflow, step 3: structural optimisation. Locations for
vertices are refined to minimise the material usage for a given load case.

In short, the generation process can be summarised as follows: In step
1a set of points (which will be referred to as vertices) is defined that
describes a goal-geometry by being distributed in a given boundary
geometry. This input set includes the points’ sequence, pre-defined
support points and a given load case (position and magnitude of one or
more point load vectors). In step 2 the topology is established: for each

consecutive vertex, three bars are created that connect it to the already
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defined structure, forming a stable configuration (Fig. 3). Due to the
chosen connection logic, each bar has to touch at least two existing bars
(see Section 3). The two bars to connect to are chosen such that the
stresses in the structure are minimised (see Section 6.1). This process,
run through all input vertices, defines the connectivity between elements
of the structure, which remains constant in further steps. In step 3 the
structure is optimised for structural behaviour by refining the positions/
coordinates of the input vertices via an optimisation process (Fig. 4)
(see Section 6.2). Finally, in step 4 fabrication data, including final poses
for bars and robotic paths, is generated. The design and analysis tools
are implemented in python using the COMPAS library (Van Mele et al,,
2017) and are thus CAD independent. Visualisation of the results is done

in Rhinoceros 3D (McNeel, 2015).

Figure 5: Example of options for three connections from a new vertex to
the existing structure.

3. Geometric system

The chosen design strategy is based on the sequential definition of the
bars’ positions in space. In addition to fabrication feasibility, this ensures
that geometric dependencies that require knowledge of previously pla-

ced bars are fulfilled. The final structure consists of groups of three bars
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which form stable sub-structures and lead to a structurally determinate
system. These groups will be referred to as three-bar-groups. Since the
system is not restrained to a regular geometry, multiple options of con-
nections are possible for a vertex (Fig. 5). The choice of connections is

performed in the topology definition step which is described in Section 6.1.

3.1 Node configuration

Fabrication efficiency and structural performance of spatial structures
are strongly influenced by the chosen connection system. Standardised
systems use identical connection elements and same-lengths bars,

for example the Mero system (Chilton, 2000), which leads to a simple
fabrication process but limits the design to regular space frames. For dif-
ferentiated space frame structures individual elements can be produced
but require precise prefabrication and lead to an increased logistic effort

in their assembly.

Node

N

/4 h NS

Figure 6: Definition of node, sub-node and joint. A node develops out of
every vertex once bars are generated around it.
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The presented research addresses these limitations of prevailing
connection systems through the proposal of a novel node for spatial
structures, which can potentially be fully integrated in the robotic fabri-
cation process and does not rely on additional prefabricated elements.
In the context of this paper the term node has been defined to include
all connections that topologically come together in one vertex point. A
sub-node represents all connections forming a reciprocal configuration
between three or more bars in a node, while a joint refers to a single
connection between two bars (Fig. 6).

In the proposed geometric system, a node is composed of a cluster
of joints, which connect no more than two bars at a point. However, this
node configuration reduces the stiffness of the overall structure through
introducing bending moments in the bars. To counteract this effect,
the stiffness of the node is increased through connecting each bar
additionally in a second point to another existing bar, leading to closed

reciprocal sub-nodes (Fig. 7).

Figure 7: Geometric development of node in an aggregation of 6 bars.

In order to generate the reciprocal sub-nodes in the design definition,
one needs to find the possible solution space for newly added bars that
fulfil the geometric constraints of a node. Visualising all possible angles
of attachment for a tangent line to two given bars allows to identify
areas where no solution exists (Fig. 8). This leads to discontinuities

in the descriptive function which need to be taken into account in the
input and topology definition process (steps 1 and 2) as well as in the
optimisation process (step 3) (see Sections 6.2, 6.3). For steps 1 and 2, if
vertices are located in areas where no solution exists, a correction pro-
cess is performed which moves the vertex to the closest feasible point

of the solution space.
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Figure 8: Visualisation of the solution space for a bar tangent to two
existing bars. The volume shows all possible angles of attachment for a
new bar and two fixed existing ones.

The very vast, but still locally constrained solution space additionally
shows the necessity of implementing computational methods in order to
be able to explore the entire geometric design space of the developed

system.

Z,_,_,__,one joint

3 endpoint endpoint

two joints

startpoint i
W
F,,‘

Figure 9: Sequential adding of three bars onto an existing structure
leading to two joints, three joints and four joints.

_.two joints
startpoint

_two joints
“startpoint

3.2 Calculation of bar positions

The described node configuration leads to various geometric depen-
dencies within the system. A bar needs to be tangent to two, three or
four existing bars accordingly, depending on whether the considered
bar is the first, second or third to be added among the three new bars
of a vertex (Fig. 9). For any bar connecting to two existing bars, four
solutions can be found depending on which side it attaches to (Fig. 10
right). These options are used to either react to collisions or if a robotic
path cannot be found (see Sections 4 and 6). The position fulfilling the
geometric constraints of two, three or four tangent connections is found

by the calculations shown in the following three cases.
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Figure 10: Dependencies between three tangent bars (left) and four
possible solutions for one bar tangent to two other bars (right).

Case 1: For the first bar of a three-bar-group b its centreline |  has to
be found, such that it touches the two other bars b_ and b_, passing
through a given vertex point P, (Fig. 10, left). This can be described
through calculating a line which is tangent to two cylinders C, and C, de-
fined by the axes of the existing bars |_ and |_, and a radius equal to the
sum of the existing bars’ radius r_, or r_, and the radius of the bar to be
added r_. This problem is mathematically determinate and can be solved
as follows (Fig. 11, left): the line | is calculated at the intersection of
the planes p, and p, that pass through the given point P and are tangent
to the two cylinders defined by the given bars axes and the determined

radii.

Figure 11: Case 1. Calculation of the first bar tangent to two existing
bars b, b, (Ieft). Calculation of a vector v, tangent to a cylinder through a
given point P, (right).
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The planes p, and p, are calculated through Pythagoras relations in the
following triangles (Fig. 11, right): AMP, resulting from the vertex point
P, M (the projection of P_onto the bar's axis (I or | )) and A (the point
resulting from the intersection of the perpendicular through M to P M
and the tangent to the cylinder P A) and AMB described by the Points
A, M and B (the intersection between the radius MB perpendicular to
the line P A). The sought tangent plane is defined by the point P, the

vector v, and the vector of the bar's axis (I_ or | ).

Figure 12: Case 2. Calculation of the second bar tangent to two bars at
the base and the already defined first bar at the top.

Case 2: The axis of the second bar b , can be found by searching for a

point on the circumference of a cylinder C_ (Fig. 12) defined by the axis

of the element b and the radius r=r_ +r_ such that the resulting line

I, istangentto C_. P describes the input vertex point through which the

axis of the first bar b_ passes and t the parameter between 0 and 10n a

circle perpendicular to the axis of the first bar and with a radius r equal

to the sum of the radii of the existing first bar and the bar to be placed.

From each resulting P, on the circumference of C_ aline |  tangent

to the two given bars b_ and b_, can be calculated. A search method

is needed to find such point P, that this line is tangent to the first bar,

i.e. the angle a = 90°. This is achieved by minimising the function

fx) = 190 — a|. P_is expressed through x and its position is calculated

in relation to P, through the coordinate system described by e, and e,
Case 3: The axis of the third bar b can be found by searching

through points on a plane p_(Fig. 13) which has been defined perpendi-

cular to the vector connecting the base vertex position in a point M and
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Figure 13: Case 3. Calculation of the third bar tangent to two bars at
the base and the already defined first and second bars at the top.

the new vertex position. The vectors e _and e define a new two-dimensi-
onal coordinate system with origin in M where e, and e, describe the
orientation of the plane p_and e, and e, the coordinates of a point P, in
this new coordinate system. Through the resulting point P, two tangent

lines |n3| and |n32 can be calculated, one to the two bars b_, b_, and one to

the already calculated first two bars of the group (b , b, ). The goal of
the search is to find the point P, on the plane p,_ in which the two
calculated tangents are collinear, i.e. the angle a = 180°. This is found
through minimising a function f(ey,e;) = 180 — .

Both searches for case 2 and case 3 have been implemented using
SciPy's optimisation library (Jones et al,, 2001) and its minimisation
function fminbound() which relies on Brent's method for finding a local
minimum of a scalar function (Brent, 1973).

The developed connection system has been tested for feasibility in
a physical prototype, where a structure consisting of thirty-three bars,
including a central node with fourteen elements was designed and
assembled with two robotic arms of the Robotic Fabrication Laboratory
(RFL) at ETH Zurich (Fig. 14). In theory a node can be infinitely expan-
ded to incorporate more bars, as long as physical collisions between the
bars are avoided. In practice, the maximum number of bars in a node
is strongly dependent on the attachment angles of the bars and the
chosen connection bars and sides. The prototype additionally served
for identifying fabrication challenges such as tolerances resulting from
the robotic set-up. These ranged up to £3 mm and were dealt with by
slightly forcing the elements until they are tangent to their neighbours.
[t was also shown that tolerances do not add up over time, as the robot

positioning a new bar serves as a reference for the structure at every step.
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Figure 14: Physical test of a structure in which 14 bars come together in
one node.
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4. Fabrication feasibility evaluation

The described geometric system is a direct result of the robotic
fabrication procedure, allowing two robots to cooperatively assemble
spatial structures while ensuring stability and simple connection of the
elements. However, the cooperative assembly method strongly depends
on the sequence of placing elements, which determines the buildability
of the structure. Beside assembly sequence, reachability and trajectory
planning need to be taken into account during the design process.

The chosen strategy is to evaluate the buildability at two steps: first,
during the topology definition process (step 2) and second, after the
structural optimisation process (step 4). The main goal of these evalu-
ations is to identify whether bar positions are reachable by the robotic
arms, and whether collision-free robot trajectories can be found to
place each bar in the given sequence. For this purpose, a path planning
method relying on random sampling algorithms is integrated into the
computational set-up and used to search for feasible paths (Gandia
et al, 2018). The path planning algorithm requires a starting configura-
tion and a final pose to be reached as an input and results in a list of
joint values describing the collision-free movement of the robot. Three
parameters can influence the success of this procedure and need to be
defined during the design process: 1. the robot assigned to place the bar,
2. the gripping position and orientation on the bar and 3. the final pose
to be reached by the robot. The assignment of the robot placing the bar
is performed within a three-bar-group such that it ensures the stability of
the structure throughout the placing process. It is based on the logic that
the first and third bar of a three-bar group can be placed by any of the
two robots while the second bar needs to be placed by the other robot
than the one that placed the first bar. An initial assignment is performed
by approximating which robot has better reachability, but is changed
if no path can be found for the placement of the bar. In order to find
collision-free paths, different gripper positions and orientations can be
tested until a feasible one is found. The path planning process does not
calculate a trajectory to the final position of a bar, but to a translational
and rotational offset pose that guarantees that a linear robot movement
towards the final position does not encounter collisions. This is done to
induce more flexibility into the path planning process since this pose
can be adjusted if no path is found. In both fabrication evaluations the

following process is performed: For each bar, a path is searched for and
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if a collision-free one cannot be found parameters are changed from

local ones to global design ones (Fig. 15).

vertices position (tlgrc:el_ssgru:;cuep) gripper position generate
and orientation
and sequence robot assignment robot paths
A
T H if no path
is found

Figure 15: Workflow for the generation of robot paths. If no path is
found for a bar parameters are changed from the right to the left.

Due to the low speed of the path planning process, requiring 30 to 60

seconds per bar, its use has not been fully automated in the computa-

tional geometry generation process. However, path planning checks are

performed after the topology definition (step 2), in order to early identify

situations where no path can be found, and in a final step before fabrica-

tion (step 4) in order to generate fabrication data.

5. Integrated structural analysis

The investigated geometric system shows high complexity in load bea-

ring behaviour. On the one hand, this means the interplay of geometric

parameters and structural performance is not obvious, thus strategies

for geometric changes to improve the structural behaviour are difficult

to define. On the other hand, complexity means the system is statically

sensitive to changes in geometric configuration, hence slight geome-

tric modifications of the structure may have a very large impact on its

load bearing performance. A major reason for these behaviours is the

reciprocity of the nodes, as for example shown by investigations of

reciprocal frame structures in (Kohlhammer 2014) and (Kohlhammer et

al, 2017). Due to this complexity, structural optimisation of the discussed

system is a highly non-trivial problem and can only be solved through

iterative tools. These require a fast structural analysis to evaluate a large

number of parametric system states.
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In consequence of this, the computational design environment includes
algorithmic methods of structural analysis, which enable immediate
feedback about the static performance of the system during the design
and optimisation process. To establish a direct and seamless integra-
tion, the structural analysis is implemented in the same environment as
the geometric design. Figure 16 shows the workflow of the developed
structural analysis, which is divided in the three following steps: model-

ling, calculation and evaluation.
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Figure 16: Workflow diagram of the integrated structural analysis. The
structural analysis is used in step 2 and 3 of the design process.

5.1 Modelling

As a basis for the structural analysis, an appropriate static model with
linear elements is generated. It is an abstraction of the real volumetric
geometry and includes two types of elements: 1. bars which represent
the steel rods and 2. connectors which represent the welded connec-
tions of two rods (Fig. 17). For each single element translational and
rotational stiffness values have to be defined in order to emulate the
real structural behaviour of the system. While for bars these values are
defined by respective cross-section geometries and material properties,
for connectors a specific mechanical model was assumed based on
positions and geometries of the weld points which connect two steel
rods. This model was verified by physical test series. The tests were
performed on single nodes with two or four welding points and five force
directions (compression, tension, shear and two rotations). In addition,
the tests showed very little deviations of the values throughout a test
series, meaning that the welds display a similar behaviour even if they

are executed manually.
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Figure 17: Geometry of part of the system (left) and corresponding
linear static model (right).

5.2 Calculation

As a result of assumed load scenarios the inner forces and deformations
of bars and connectors are calculated. Therefore, a direct interface to an
FEM engine was established. In this case the finite element base engine
(feb) of the static analysis software Karamba (Preisinger et al,, 2015) was

used, which is a fast and programmable finite element core.

5.3 Evaluation

In the final step of the analysis the calculated inner forces and defor-
mations are evaluated for every bar and connector of the static model.
The evaluation is based on the criterion of utilization u. In this research,

u is defined as the ratio of an inner force to its corresponding maximum
value which is here represented by the yield point. For bars this evalua-
tion corresponds to the Swiss steel codes SIA 263. For connectors the
calculated inner forces are transformed into a resulting force-vector F as
well as a resulting moment-vector M. Both refer to the contact point C
of two steel rods which is equal to the midpoint of the shortest distance
line between the two axes of connecting bars (Fig. 17). Each compo-
nent of F(FX,Fy,FZ) and M (MX:Mvaz) has a resistance, represented by
the maximum possible value of the component. The connector-resistan-
ces result from the same mechanical model as the stiffness values and
were also verified by test. As in general all inner-force-components exist
simultaneously, resistance boundaries for force-interactions have to be
assumed. Resistance values and interaction boundaries define a specific
resistance graph (Fig. 18) for each connector. If this graph is displayed
together with the existing force-vector, the utilization u of a connector
can be visualized through the length of the vector in relation to its maxi-

mum possible length within the resistance graph. In addition to stresses

128 AAG2018



in the bars and connections, utilisations in regards to deformation and
stability are calculated. However, these results have not been integrated
in the design procedure, but will be included in the next iteration of the

design tool.

£, max

Figure 18: Example of a resistance diagram of a connector with existing
force-vector and maximum graph.

6. Generation and optimisation

The design problem with its multiple constraints and parameters requires
both continuous and discrete considerations. Discrete parameters are:
the nodes to connect to from a new vertex, the bars to connect to in the
nodes and the sides of the connections, while the continuous parameter
describes the location of the vertices in space. To address this multitude
of parameters, an algorithm was developed that treats topology gene-
ration and optimisation in a two-stage process (Fig. 2, steps 2 and 3).
The number of possible combinations of discrete parameters increases
drastically with the structure’s overall number of vertices. For example,
there are over 200 000 000 possible topologies for a structure with only
9 vertices. Treating the topology generation separately thus allows to

decrease the dimension of the search space.
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6.1 Topology definition
The goal of the topology definition process (Fig. 2, step 2) is to identify

for every new vertex the three topological connections that induce the
least amount of stresses on the bars. The main reason for this is that
the subsequent structural optimisation process requires an initial guess
which fulfils the given constraints, in this case, that bar stress utilisa-
tion values are not higher than 1.0. For this purpose, for every vertex in
the structure’s sequence, potential connection vertices to the already
generated nodes are identified within a given distance and combinations
of three such nodes are generated. These combinations are evaluated
by calculating the three new bars’ positions, generating their geometries,
defining an approximated load case for the current structure’s state,
analysing the resulting structure’s structural behaviour and evaluating
the option through the total value of stress utilisations in the bars. The
load case is defined by moving the final load case's force vector to the
current vertex position and adding a moment vector that represents an
approximation of the bending moment that the structure would experience
at the vertex point in the final state. This moment vector is calculated as
a vector connecting the current vertex and the final location of the force.
For this step, only the connectivity between the nodes has been consi-
dered, while other discrete parameters are used to ensure the geometric
integrity of the design. This is done through a collision check that is
performed throughout the topology definition for every newly generated
bar to identify intersections with the existing geometry. If collisions are
found, the connection side and, if necessary, the bars to connect to are
changed until a feasible solution is found.

A brute force approach was chosen to iterate through all connec-
tivity options. The objective was defined as finding the option with the
smallest total stress utilisations value in the bar elements and variable
values have been limited to a list of potential node indices. As a result,

the problem was formulated as follows:

minimise flx) = Z Up up = stress utilisation of bar
where x describes a potential combination of 3 nodes to connect to.
However, this topology definition process serves only as an approxima-

tion of an efficient structure, since its evaluation does not rely on the

final positions of the vertices, which will be refined in the next step, and
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structural analysis performed on a partial structure does not precisely

represent its final behaviour, but merely an approximation.

6.2 Structural optimisation

To further improve the structural performance, the positions of bars are
refined by allowing the input vertices to change position (Fig. 2, step 3).
The topology established in step 2 remains unaltered. Vertices that serve
as support points or desired fixed points are described as fixed vertices
while all other vertices are defined as variables for an optimisation pro-
cess. This allows to control how constrained a design is, depending on
the input. Through the defined topology, instances of the design are re-
calculated and analysed using the developed FEM interface. As opposed
to the topology definition problem, the optimisation problem in this case
can be expressed as a continuous problem which allows for the use of
gradient-based optimisation methods (Kraft, 1988). The python opti-
misation library pyOpt (Perez et al, 2012) with its Sequential Least Squares
Programming solver (Kraft, 1988) is used for this problem. Since the purpose
of the optimisation is to improve structural efficiency, decreasing material
use was chosen as a goal. The objective function is thus formulated to
minimise the total lengths of bars, while constraining the stress utilisa-

tions of bars to a limit value of 1.0, and thus prevent failure:

minimise: flx) = Z [ 1, = length of bar
constrained to: Upt,pz.on < 1 u, = stress utilisation of bar
6.3. Results

The proposed design process and optimisation were validated through
modelling tests in which small structures were generated and optimised
and compared to brute force approach results. The test models all have
three supports on one side and a point load on the other end of the
structure, representing a cantilevering structure. This describes an es-
sential test case for spatial structures as it needs to withstand bending
moments and thus requires structural height. The bars have a diameter
of 25mm and a thickness of 2mm while their lengths vary between

8oomm and 1 800 mm.
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Figure 20: Test models for topology definition evaluation. 1. Tension
loaded structures, 2. Compression loaded structures, 3. Bending loaded
structures, a) structures with connections to closest nodes, b) structures
resulting after optimisation.
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The topology definition process (step 2) has been tested on models
with 10 vertices and 27 bars. To verify the success rate of the proposed
approach, a series of tests has been modelled and calculated and re-
sults between pre-defined topologies, always connecting to the closest
three nodes (Fig. 20, a), and the calculated topologies (Fig. 20, b) were
compared. Three different load cases were tested, by changing the
orientation of the force vector, generating structures primarily loaded
under tension (Fig. 20, 1), compression (Fig. 20, 2) and bending (Fig. 20,
3). For each load case, 5 different structures were modelled by modify-
ing the input vertices’ positions within a distance of 500mm from their
initial locations. This resulted in fifteen test structures of which fourteen
showed improvements in the total added bar utilisation values of 11%
(5.71 to 5.07) to 83% (17.35 to 2.89). Six structures started with a solution
which included bars with utilisations higher than 1.0 of which four resul-
ted in structures with no bar utilisations higher than 1.0 while the other
two reduced the number of overloaded bars from four, respectively three,
to one (Fig. 20). However, the success of the topology definition process
is strongly related to the initial distribution of points and the given load
case, as these must ensure that a solution with bars with stress utilisa-
tions lower than 1.0 exists. If this cannot be fulfilled, additional vertices
have to be added in step 1 and the design has to be recalculated.

As a test case, one structure was generated which was later also
used in the structural optimisation tests. For this specific case, improve-

ments of 19.7% in utilisations (Fig. 21) were achieved.

10
F=
3000 N 3000 N
00
added stress utilisations of all bars = 4.72 added stress utilisations of all bars = 3.72 utilisation stresses

nb of bars with utilisatins = 1: 1 nbof bars with utilisatins > 1: 0
bar 4: utilisation =130

Figure 21: Example of topology generated by connecting to three
closest vertices (left) and after the calculation process (right). Bars
varying between 8oomm and 18oomm in length, 25 mm of diameter and
a thickness of 2mm were used.
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The structural optimisation tests were first performed on models with 4
vertices and 6 bars. Only one vertex was used as a variable to keep the
model simple (Fig. 22). Since the geometric solution space defined by the
connection system includes areas with no solutions, small discontinuities
appear in the objective function (see Section 3.1). It is thus crucial to
identify if the optimisation process is influenced by these discontinuities
and, if so, to what extent. To do this, a second simplified geometric sys-
tem was modelled, which does not include the reciprocal connection, but
is built of bars connecting in one single point in a node. The behaviour
of the optimisation processes for both models was compared and shows
that solutions are consistently found for both systems. For validating
both optimisation results, a brute-force process was implemented that
iterates through 10 000 point locations and its results were compared

to the optimisation results (Fig. 23). In both cases the optimised result
shows a lower function value than the brute force approach. Additionally,
in order to verify if the optimisation process reaches the function’s mini-
mum, a test was performed in which the optimisation process’ resulting
point position is used again as an initial guess for the same problem.
Since the result changed only minimally (less than 1omm) in 3 iterations,
it is assumed that for this problem the optimisation reaches the mini-
mum after the first iteration.

Finally, the method was applied to a larger structure consisting of 27
bars. The structure results from the topology definition test and serves
as an initial guess for the structural optimisation process. Its first three
vertices, which represent the supports, and its last vertex, where the
point load is applied, are defined as fixed points, while the other vertices
are set as variables. The method results in a 32% decrease of material
volume (Fig. 24) leading to a smaller material usage than the first
uninformed guess (Fig. 21, left) while additionally ensuring that stresses

in the bars do not exceed the material capacity.
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Figure 22: Optimisation results: 1. Simplified model: a) initial guess, b)
optimisation result; 2. Model including connection: a) initial guess, b)
optimisation result.
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total length of bars =4.74 m total length of bars =4.73 m total length of bars =541 m total length of bars =538 m utilisation stresses

1.a

Figure 23: Optimisation results compared to brute force results: 1.
Simplified model: a) brute force result, b) optimisation result; 2. Model
including connection: a) brute force result, b) optimisation result.

1.0
F=
| 3000M
00
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Figure 24: Example of structure before (left) and after (right) minimising
material volume while constraining stress utilisations in bars.
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7. Conclusion

The paper presents a method for multi-informed design that combines
fabrication, geometry, structure and material considerations. Additionally,
the development of a complex geometric system resulted in a novel
construction system with a high degree of freedom regarding possible
topologies and therefore high differentiation potential regarding number,
positions and length of bars. Describing the geometric relations com-
putationally enabled the exploration of the new geometric system and a
larger design space than standard spatial structures offer. Moreover, the
sequence-based strategy combined with an integral fabrication feasi-
bility evaluation allowed to generate designs that are easily buildable,
despite their geometric complexity.

The digital and physical tests have shown that the initial design
space is strongly defined by the fabrication set-up and material pre-
conditions. For example, in a stationary set-up the robotic reach is very
constrained, whereas the RFL's 36 axis set-up opens up a lot more geo-
metric possibilities due to the robots’ flexibility of movement. Similarly,
the structural behaviour depends strongly on the chosen bar dimensions,
determining whether failure will occur in the bars or in the connections.
In the presented paper one scenario was investigated, however ex-
panding it to different material systems and fabrication set-ups would
strongly impact the potential design space.

Using optimisation methods allows for an efficient search of a design
space but comes with own constraints and limitations. The topology
definition’s structural analysis (step 2) may lead to redundant bars that
in a final configuration are not needed to transfer forces. In addition,
the topology definition process usually increases the material volume in
order to find a functional solution, which is then minimised throughout
the optimisation process. Even though in most cases the resulting final
material volume is smaller than the initial one, finding different strategies
for the topology definition process could help the optimisation reach
a better solution. In addition, the continuous structural optimisation is
strongly dependent on the number of variables, constraints and fixed
vertices. If the input scenario is geometrically strongly constrained (e.g.
through many fixed vertices), it does not lead to a high improvement of
the structural behaviour, whereas if the freedom is too high, it requires a
long time for calculation. As a result, identifying correlations between the

input scenario (number of variable and fixed vertices) and the optimisa-

136 AAG2018



tion result could improve the efficiency of the optimisation process. Re-
garding step 1 of the design workflow, the presented strategy for input
generation allowed fast testing of multiple options to evaluate different
inputs. However, its further development towards not pre-defining input
points but generating them during the topology definition process could
allow a more informed input and potentially improve the starting scenario
for the structural optimisation.

Several other topics can be extended in future research. The
implementation of a faster path planning method would allow a higher
level of integration and more direct control over fabrication feasibility.
Further research could expand the possibilities of the developed design
method for different structures and geometric configurations, such as
non-triangulated geometries. Even though optimisation methods lie at
the core of the described methodology, the presented research attempts
to address not individual design problems but the negotiation of multiple
constraints and goals through a combination of methods. Generalising
this approach into a flexible computational set-up which could integrate
several solvers and allow different levels of parameter integration and
geometric design definition could set the base for multi-variable, multi-

objective design environments.
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