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Abstract

This article investigates the application of a multi-robotic platform to the fabrication of complex
“free-form” timber structures. A concept of “smart factory”, with a 13-DOF robotic cell combining
robotic mobility with fixed workstations, is proposed. A computational workflow was implemented to
allow for fast iterations during the early design stage. The robotic cell design and design workflow
are implemented in practical experiments conducted in the framework of intensive workshops. A
productivity assessment is performed on a 50 m? pavilion prefabricated with the proposed robotic cell.

Keywords: robot-oriented design robotic timber construction non-standard structures nexorade reciprocal

frame reciprocal structure form-finding planar meshes

1 Introduction

1.1 Context

Robotics challenges today’s architects and engi-
neers, as it opens new possibilities for the fab-
rication and assembly of custom-made building
components [1]. Based on the trend of the last
two centuries, one can expect innovative structural
systems to emerge after the recent breakthrough
in large-scale robotic construction [2, 3, 4]. New
processes, like additive manufacturing, already
disrupt the automotive and aeronautic indus-
tries, by blurring the differences between material,

micro-structure and object [5]. Similar innova-
tions can be expected with robotized subtractive
manufacturing.

Concurrently, there is a movement towards
design rationalization for complex envelopes and
structures through discrete geometry [6, 7, 8, 9].
The rationalization of non-standard architecture
is well-established in practice and is still an active
research topic in academia. Practical restrictions
results from the machining tool capabilities, which
are more difficult to express as geometrical con-
straints [10]. These limitations are rarely included
in the early stages of design or in scholarly studies
dealing with fabrication-aware design, resulting in
a gap between design workflow and production.
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This paper aims to question the opportu-
nity of using robotic fabrication for complex (or
non-standard) timber structures and envelopes.
The notion of Robot-Oriented Design (ROD),
which proposes a concurrent design of the build-
ing components and the manufacturing tools,
is used to tackle the limitations of current
fabrication-aware design approaches. The rela-
tionship between rationalization techniques and
machining tools in the design workflow is assessed
through a detailed case study of the design and
construction of complex timber structures.

1.2 Previous work

1.2.1 Robot-Oriented Design

Thomas Bock introduced the concept of Robot-
Oriented Design (ROD) in 1988 in his doctoral
thesis [11]. A recent series of books [12, 13, 14]
describes this methodology and gathers opera-
tional research and perspectives on robotics in
civil engineering. ROD is a design methodology
that aims to integrate robotic constraints into the
design of building components. One of its main
objectives is to decrease on-site construction time
by applying lean manufacturing and robotics. The
whole life-cycle of the building is considered in
ROD, which can be seen as a synthesis of “Design
for X7, from manufacturing (Design for Manu-
facturing) to construction (Design for Assembly
[15]), to the end-of-life (Design for Reuse [16]).
The environmental footprint of buildings and their
pressure on material consumption and the global
carbon footprint make this design approach even
more compelling in the twenty-first century.

1.2.2 Design of structures with
complex geometries

The embedding of fabrication constraints in the
design process of doubly-curved building struc-
tures and envelopes is an important aspect of
a research field called architectural geometry [6).
However, architectural geometry rarely considers
machinery limitations, because they are by def-
inition diverse (each machine or process comes
with specific limitations) and thus more difficult
to generalize. For example, the size of a robot
is a practical constraint that imposes a limita-
tion on the dimensions of manufactured items.

Constraints on the dimensions of building com-
ponents are difficult to handle, as illustrated
in recent research on constant-length beam net-
works on curved surfaces [17, 18]. Conversely, with
ROD being mainly focused on industrialization
and mass production, few works on architectural
geometry have been integrated into this workflow.
Therefore, finding a compromise between a ROD
approach and advanced geometrical principles for
construction rationalization is still a vastly open
research route, as pointed out by Austern et al.
[10].

1.2.3 Architectural applications of
robotics for complex structures

The timber industry mainly uses CNC to perform
complex milling operations [15]. Those highly spe-
cialized machines are extremely precise and are
arguably more productive and robust than indus-
trial manipulators for specialized tasks, but they
are not affordable for small companies and are not
as versatile as industrial robots, which can be used
in a multi-process context.

The majority of current research on construc-
tion robots attempts to overcome this difficulty
by aiming for greater flexibility or by using indus-
trial manipulators for particular jobs that are
still not automated in industrial CNC. More and
more initiatives integrating robotics, sensors, and
architectural engineering within complex timber
projects emerge with research pavilions [19].

The technological modalities differ, from 3D
scanning combined with robotic milling [20], wood
bending with synchronous robots [21], to the
assembly of complex wood lattice [22] or reciprocal
frames [23] by robotic manipulators. The emer-
gence of parametric design and robot frameworks
tailored for the construction industry [24, 25]
allowed such explorations. More recently, Wagner
et al. designed a modular cell using two robots
and a turntable [26] to build the complex timber
cassettes of the BUGA Pavilion.

1.2.4 Prefabrication automation for
timber structures

Timber construction relies on prefabrication with
CNC systems. This makes timber one of the
most mature construction materials for automa-
tion. Timber structures are characterized by a
wide variety of assembly strategies that come with
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specific manufacturing constraints. Figure 1 shows
the three main strategies for connection.

® glued connections, which are difficult to imple-
ment on-site;

e friction-based connections, which can range
from simple half-lapped joints to more complex
interlocked patterns [27];

® mechanical connections, using nails or screws,
which can be combined with tenons and mor-
tises [28].

Some projects with glued connections only
require simple cuts of timber beams [29], while
friction-based assembly may require complex
machining operations. Recent advances in digi-
tal manufacturing have resulted in the rediscovery
of ancient construction techniques like integral
wooden attachments [30, 31], or nexorades [32,
33].

& =

friction-based assembly .

(half-lap joint)
screwed connection with tenon and

mortises or complex assemblies

Relative assembly complexity

Relative manufacturing complexity

Fig. 1 Conceptual classification of some assembly strate-
gies for timber structures

Non-standard projects with complex timber
structures have been completed thanks to work-
flow digitization and automation from design
to fabrication [34]. Novel concepts for assem-
blies taking advantage of new robot architectures
have been successfully applied to timber structure
assembly [35].

1.3 Problem statement

The literature review highlights multiple contribu-
tions towards the automation of timber construc-
tion, either through manufacturing or assembly.
Although the need for the versatility of the robotic
cell has been acknowledged [36], most of the lit-
erature focuses on a single process. By designing
an adaptable robotic cell, this paper hopes to con-
tribute to the design of flexible factories for timber

buildings. This robotic cell was used to create a
wooden pavilion.

Section 1 introduced the literature on the topic
of robotic timber construction. Section 2 presents
a methodology to handle complexity in free-form
timber structures with a modular robotic cell.
Section 3 presents a case study of a 50m? pavil-
ion. Section 4 presents a productivity assessment
of this case study. The paper concludes with a
discussion of the scalability and generality of the
method.

2 Methodology: Design of a
modular factory

2.1 Motivation

The flexibility of the industrial automation sys-
tem, either through modularity or interchange-
ability, is a key aspect of construction automation
[12]. Traditional (non-automated) off-site con-
struction initially focused on component modu-
larity and simplification, going hand-in-hand with
the ideas of American modernism, which progres-
sively led to the disappearance of architectural
ornaments [37]. Construction automation is now
seen as a means of reintroducing complexity in the
modules themselves. Bock and Linner list numer-
ous examples of automated module fabrication
in their monographs, from bathroom complexes
to building units, where complexity is used to
solve problems (like assembly or maintenance)
[38]. Construction robotics can be used to con-
struct free-form projects, with high component
customization. Conversely, some highly special-
ized machinery can be used, but at the cost of
over-specialization and low adaptability. Reconfig-
urability has, however, been identified as a key
aspect of so-called smart factories [39]. Indeed,
Hozdi¢ defines smart factories as “a manufactur-
ing solution that provides such flexible and adap-
tive production processes that will solve problems
arising on a production facility with dynamic and
rapidly changing boundary conditions in a world of
increasing complexity” [40]. Therefore, the notion
of modularity shifts towards factory modularity.
This requires several innovations: software (high
interoperability between BIM and robotics cells),
hardware (for example, through robot mobility
and hardware modularity), and organisational
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Fig. 2 Digital workflow of the timber pavilion presented in

innovations in the project. These three aspects are
treated in this article.

2.2 Modularity through software
integration

The production of an architectural artifact
depends not only on the means of production, but
also on how we control them, and how to connect
information embedded in the design. The inte-
gration of a workflow between Computer-Aided
Design (CAD) and Computer-Aided Manufactur-
ing (CAM) has already been discussed in [41]. Pro-
prietary software solutions allow the creation of a
digital twin of the robotic cell and the simulation
of complex operations, like milling. However, the
feedback loop between manufacturing and design
might be difficult in practice, due to the time
required to generate CAM file, which is incom-
patible with true interaction between humans and
computers. Indeed, Shneiderman identified that
repetitive design tasks should be made in less than
one second to keep the human engaged in the
design process and benefit from the feedback of
the machine [42].

Beam geometry (BREP) [

Fabrication geometry

Robotic toolpath simulation
HAL Framework & C#

Finite Element

Detailed structural KarambagD & C#

analysis

1

Vo saw/Grip collsion

Section 3.

To avoid this problem, our recommended
design approach relies on object-oriented pro-
gramming. Each part or component of the archi-
tectural artifact is described as an object, with
increasing informational complexity as one comes
closer to fabrication. This enables faster iterations
in the early stages of design, where many con-
straints are handled at once [43]. The graph-based
modeling approach used by Isaac et al. [44] is
another example of a modeling approach allow-
ing this notion of informational granularity in
prefabrication automation.

The manipulation of objects also implies the
labeling of details and operations (milling, drilling,
etc.). Although it is possible to define a specific
CAD/CAM interface for a construction project,
interoperability with existing CAM formats, like
BTL, should be considered. Promising steps in
this direction have been made in [45], with the
creation of a Grasshopper plug-in exporting CAD
information into BTL. Other software solutions
integrate robot and sensor catalogs, allowing the
configuration of a cell without being tied down to
a particular robotic brand [24].

Figure 2 presents a brief overview of a possible
digital workflow, implemented in the third section
of this article. The first stage of the design is the
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form-finding design geometry, where the designer
starts by generating a free-form in a traditional
CAD environment, in our case, Rhinoceros and
Grasshopper. Some constraints, like panel pla-
narity, can be embedded early in form-finding.
The designer may perform a form-fitting under a
planarity constraint, or embed the fabrication con-
straint into the form-finding tool, without the need
for reference geometry. A simplified finite element
analysis can be performed to check the feasibility
of the design during the first design iterations. At
this stage, the model contains little information
and design iterations can be extremely fast: a pla-
narization can merely take milliseconds [46], while
a finite element analysis with beam elements takes
less than a second. The second stage, labeled Fab-
rication geometry in Figure 2 consists in creating
a detailed geometry that can be used as an input
for a robotic tool-path simulation software. Spe-
cific geometrical data (like the position of neutral
axes of beams and cross-sections) can also be used
in a detailed structural analysis. Finally, the fea-
sibility according to the more detailed structural
analysis and robotic fabrication is assessed. Design
iterations during this stage are significantly more
time-consuming, because of the growing level of
detail in the representation of the objects. In the
case study presented in the next section, the sim-
ulation of all fabrication steps for one beam took
between 1 and 2 minutes, and the simulation of the
fabrication of the whole pavilion was computed in
3 hours.

For projects with few components, this design
loop may be completely integrated into a sin-
gle parametric software package. However, it is
possible to use the fabrication geometry stage to
construct simplified feasibility metrics that can
be used in the design geometry stage. An exam-
ple of such an approach is explained in Section
3.3.2. Automated generation of robotic tool-path
allows to optimize the flexibility and performance
of the robotic cell, but also to understand its prac-
tical limitations and inform the designer on the
feasibility of a design. Therefore, the design work-
flow is compatible with the ROD approach, which
considers robotic constraints in the design process.

2.3 Flexibility through mobility

Mobility is an essential aspect of the reconfigura-
bility of factories. The spread of automated guided

vehicles (AGV) across almost all industries is illus-
trative of this trend [47]. Mobility can be achieved
through the mobility of the parts, for example,
with a conveyor belt [48], a turning table [35]
or an AGV, or by robot mobility, on a track or
an AGV. Finally, recent industrial and academic
projects have focused on robotic cell mobility to
bring fabrication units closer to the building site
[49, 36].

This article uses a compromise between these
two options with a pneumatic gripper on a mobile
robot (on a track) that navigates through the cell,
shown in Figure 3, to reach various workstations,
one of those being a fixed 6-axis robot. The mobile
robot thus acts as a reference frame for the gripped
part.

Fig. 3 Top view of the robotic cell and the various work-
station: feeder (1), rough cut (2), milling (3-7), drilling (8),
deposition (9).

2.4 Modularity through end-effector

Lastly, modularity of the micro-factory is achieved
with modular tooling: automated pneumatic tool
changers by Schunk allow for fast tool change and
cell reconfiguration [50]. Only a few minutes are
required to change a tool with this setup. It is thus
possible to reconfigure the cell to perform milling,
complex assembly, or quality control.

3 Robot-oriented design of a
complex nexorade structure
This section presents the design and fabrication

strategy of a free-form timber structure, built in
2017.
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Fig. 4 Modular end effector: automatic tool changer and
gripper with adjustable bits (credit: Ecole des Ponts Paris-
Tech/Stefano Borghi).

3.1 Design intent and constraints

The case study concerns a nexorade [32], also
known as a reciprocal structure. This structural
system uses short members, which are assembled
in fans. By design, the only connections between
beams are bivalent, which is significantly simpler
to assemble and manufacture than complex nodes
in free-form gridshells [4]. Nexorades are thus an
interesting structural system in the context of
prefabrication and automation, which focuses on
simplicity and standardization of assembly [44].

The family of nexorades can be extended
to shell-nexorade hybrids, which are nexorades
braced by planar panels. The main benefit of
shell-nexorade hybrids is their excellent structural
performance, comparable to shell structures, while
traditional nexorades remain bending dominated
structures, with a span restricted to a few meters.
The case study presented in this paper is the dig-
ital fabrication of the first shell-nexorade hybrid
structure, shown in Figure 5. Each beam-to-beam
interface has a valency of two, and each beam is
attached to two panels.

The pavilion consists of 102 beams and 48
panels, which are all unique. Like many free-form
structures, there is thus a large variety of com-
ponents that requires versatility in the means of
production.

3.2 Component geometry

The pavilion was constructed in the framework
of an intensive workshop [51], with low-skilled
labor for assembly. The case study investigates
a screwed connection with tenons and mortises,

shifting the complexity from the assembly to the
manufacturing process. The construction scenario
is an assembly of small individual components,
shown in Figure 6. There are three types of
interfaces for a typical beam:

® at both ends, a connection to other beams,
highlighted in red;

® on the same side, a connection to other beams,
marked in orange;

® at the top, connections to two panels, identified
in blue.

A ruled surface, shown in green, is milled to
provide a smooth visual transition between pan-
els and beams on top of the surface (“roof” of
the pavilion). While not functionally necessary, it
greatly improves structural aesthetics.

The beam-to-beam connections are made with
screws, pilot holes are drilled robotically, while
tenons and mortises are used as guides during
assembly, and are not perfectly adjusted, with a
0.5mm clearance. Beam-to-panel connections are
realized with grooves, which act as a fail-safe dur-
ing assembly, providing alignment between the top
of a panel and the beam. The grooves are sections
of planes, but they have an arbitrary orientation,
as shown in Figure 7. They have a depth of 10.5
mm and a width of 20 mm, which allows the use
of screws for the mechanical connection between
panels and beams. Beams have a length comprised
between 1,200 mm and 1,800 mm.

Figure 6 illustrates the high geometrical com-
plexity of components and the large number of
features (tenons, mortises, holes, rough cut) on
a single member. In addition, Figure 8 highlights
the fact that the bottom surface of the beams is
milled to hide offsets between members resulting
from the nexorade configuration. There are thus
milling operations on five sides out of six on the
beam. By contrast, the panels are extremely sim-
ple and can be milled with a 2D CNC machine.
The complex geometry of the pavilion, shown in
Figure 5, makes every beam unique, which adds
difficulty to the manufacturing and quality control
procedures.

3.3 Organization of the cell

The cell is composed of two robots (model: ABB
IRB 66200, span: 2.2 m, payload: 150 kg). One of
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Fig. 6 Axonometric view of a beam. The three types of
interfaces with other components are highlighted in blue,
red, and orange.

screw
panel
10mm

10mm

Fig. 7 Section of a beam: connection with both panels.

Fig. 8 Bottom of the pavilion. The bottom surface of
beams is milled to mask offset and avoid exposure of the
timber fibres (credit: Tristan Gobin).

the robots is on an 8-meter track. The cell is orga-
nized around the track, with fixed workstations
corresponding to the different actions to perform:

. Beam picking in the feeder
. Rough cut

. Tenons milling

. Mortises milling
Ruled-surface milling
Grooves milling

Bottom surface milling
Pre-drilling of holes.

90 NS T o e
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The robot was calibrated in a few particular places
on the track that corresponded to the machining
positions. One of the constraints was to select as
few positions of the robot on the track as possible
for steps 2—7, to guarantee precision.

3.3.1 Beam picking

The feeding is illustrated in Figure 9: the feeder
is oriented upwards, which guarantees the posi-
tioning of the part in the local reference plane xy.
However, the positioning of the part along x may
be imprecise. This is mitigated by a sawing oper-
ation, where the saw is calibrated with respect to
the tool reference frame: after cutting, the ends of
the beam are known (up to calibration accuracy),
and the robot can perform the other tasks (3-8).

Fig. 9 Picking of a part in a feeder (blue) and local axes
of the part (in orange).

3.3.2 Rough cut of a beam.

The rough cut is made with a fixed circular saw,
highlighted in blue in Figure 10. Three types of
critical errors have been identified when generat-
ing the tool path:

® Robot accessibility: the position cannot be
reached by the robot, usually because of the
eccentricity of the beam;

® collision between the beam and saw: which is
due to the length of the beam (up to 2 meters
before cutting);

e collision between the gripper and saw: the grip-
per being much wider than the beam (see Figure
4), it may collide with the saw.

lighted in blue for clarity.

Figure 11 shows the three main parameters
describing the rough cut: two angles a and 8 and a
distance between the cutting plane and the centre
of the gripper. Free-form structures are character-
ized by a variety of dimensions and orientations,
and the feasibility of all beams must be verified
before fabrication.

Fig. 11 Notation of the rough cut parameters for a beam.

Figure 12 shows the space of feasible solutions
for L = 0.75m. The trajectories have been gen-
erated with HAL Robotics software by sampling
integer values of («, ). The robot accessibility
and saw/gripper collision feasible domains can
be approximated with good precision by convex
domains, but the saw/beam collision domain is
NON-CONVeX.

The integration of fabrication constraints thus
leads to non-convex problems, which are notori-
ously difficult to solve in real-time. Rather than
trying to simulate all trajectories for each design
iteration, this map is produced before production
to provide a simple feasibility criterion for the
designer, who may integrate them with no compu-
tational overhead in the design workflow. It can be
noticed that the value 8 = 0 (when the beam neu-
tral axis is perpendicular to the saw plane) seems
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Fig. 12 Discrete sampling of the feasibility domain for
parameters with L = 0.75m. Feasible regions are in white,
while coloured regions are not feasible. Notice that the
intersection of these feasible domains is non-convex.

to result in the most accessible region. This means
that the beams should be as perpendicular as pos-
sible. If one combines this constraint with panel
planarity, it can be concluded that the network of
beams should be as close as possible to the lines
of curvature of the reference surface. Fortunately,
these curve networks have been thoroughly stud-
ied in the architectural geometry community, and
therefore, the simulation of robotic constraint can
inform the designer on the shape rationalization
strategy from existing literature and numerical
toolboxes [6, 7, 52, 53, 54].

3.3.3 Milling operations

The milling operations involve a collaboration
between the picking robot and another 6-axis
robot arm equipped with a spindle, shown in
Figure 14.

Accessibility is challenging, due to potential
collisions between the spindle and the gripper.
Since five sides of the beam are milled, the beams
are re-orientated several times through stages (3-
7), as seen in Figure 13. The milling speed is also
adjusted to avoid resonance dynamic loads that
would lower the milling accuracy. In particular,
it was observed that over-extension of the grip-
ping robot led to resonance. The common milling
area for both robots is thus selected so that both
robots are not in full extension, as seen in Figure
14, which solved the resonance problem.

3.3.4 Hole-drilling

The last step of the fabrication process is the
drilling of pilot holes. A standard beam has 12
holes: 6 longitudinal holes and 6 transversal holes.
The gripping robot carries the beam towards a
fixed router, visible in Figure 15. This choice intro-
duces a potential risk of collision between the
router and the gripper. The conclusions are similar
to the rough cut stage: large deviations from per-
pendicularity between beams should be avoided.

3.4 Calibration

A specific calibration procedure is required for the
multi-robotic cell, which permits both robots to
share a common base frame. Several constraints
have defined the calibration methodology, the
main ones being:
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milling robot

Fig. 14 Milling of a mortise: gripping robot with beam
(left) and milling robot with spindle (right).

¢ cost-efficient tip-type calibration tool (no cali-
bration via sensors)

¢ non-measurable distortion of the track over time

¢ non-measurable deformation and variation due
to various vibrations during the processes

® large working area for main machining opera-
tions (operations 2 to 7).

The method consists in the seven steps.

®* Rough identification of the difference in
positioning between the two base frames.

® Rough definition of the work area. The
greater the volume, the more difficult it is to
achieve great precision because of the accumu-
lation of various deformations.

® Accessible region simulation and work
volume maximization. The goal of this step
is to find the orientation of both robots for

each vertex of the 3D polygon that describes
the volume of work. The operator looks for a
normal in a cone which corresponds to the set
of attainable normals at any given point. The
orientation around the normal is free. A mar-
gin of movement is let to adjust the position of
the fixed robot afterwards. There is no restric-
tion on the position of the chariot of the mobile
robot. As a result, the observed volume includes
track deformation.

Calibration of the two measuring tips and
their declaration as tools is then carried out.
This step contributes a lot to the fineness of
the calibration because it includes a paramet-
ric identification of tool’s weight and center of
gravity which let us have a robust dynamic
model for each robot. The use of ABB’s Abso-
lute Accuracy option guarantees high precision
in positioning, even in critical situations where
the robot configuration is adverse.

Position measurement: Once all positions
have been found and the tool-path between each
vertex is simulated, a routine is performed. It
consists in moving the robot on track on each
of the ten vertices. The fixed robot is then
moved to the same position at a safe distance
and manually adjusted until the two points
touch. For each known point in the mobile robot
base frame, the corresponding point in the fixed
robot is recorded.
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Fig. 15 Hole-drilling step: longitudinal and transversal pilot holes.

¢ Optimal fitting of the base frames with the
least-squares method.

¢ Declaration of the fixed robot base frame
in the track base frame.

This method guarantees an accuracy smaller
than 1 mm between the measurements of the
machined and theoretical parts. The calibration
strategy can thus obtain satisfactory results for
rather large building components at a reduced
cost since it does not rely on external sensors. An
alternative to this calibration would have been to
use laser trackers [55], cameras [56], or a com-
bination of laser beams with cameras [57]. The
calibration procedure is time-consuming and relies
on the operator’s skill during peak-to-peak mea-
surement, which limits its accuracy. However, the
least-squares method decreases the error. Imple-
mentation of this routine allows a cell of this type
to be calibrated in about two hours and requires
no sensors. It is essentially based on the minimiza-
tion of measurement errors by the least-squares
method, and the accuracy of tool calibration and
the associated dynamic model.

The precision requires re-calibrating the work-
ing area when a new job starts. The cell undergoes
minimal temperature variations, but the slight
length variations of the track and robots and the
vibrations generated by machining operations are
non-negligible compared to the aimed accuracy.

3.5 Integration and detail workflow

The CAD/CAM workflow operated at differ-
ent representation complexities. Constructive or
design problems, like panel planarity, or prelimi-
nary structural design were addressed with simple
data structures during the design geometry stage
and implementations (meshes or simple extensions
of meshes), while others require a full simulation
of the fabrication process.

The preliminary form-finding is based on mesh
representation, in the fashion of most work in
architectural geometry. It combines the mari-
onette technique, which guarantees facet planarity
for quadrangular meshes [58, 46] and a form-
finding technique for nexorades introduced by the
authors in a previous publication [59]. This data
structure is also compatible with an automated
construction of a finite element model, which
was used to ensure compliance with Eurocode 5.
Details about the preliminary design can be found
in [43]. The software integration was performed
through the coding of a C# library that was used
to generate Grasshopper components. Figure 16
shows the main objects coded in the library. A
class for nexorades has been created: it uses a par-
ticular data structure based on the fact that each
beam only has at most 4 adjacent beams in a nex-
orade, as shown in the picture. This remark leads
to an efficient way to encode connectivity between
components of a nexorade. The other peculiar-
ity of nexorades is the nodal eccentricity, which
means that the axes of two adjacent beams are
not concurrent: this requires the storage of two
points to keep track of the relative positions of the
members. The main methods implemented con-
sisted in transforming a mesh into a nezorade and
performing the form-finding with the translation
technique.

However, manufacturing constraints require
more in-depth modeling, and the use of a digital
robotic twin is necessary to ensure the feasibil-
ity of the fabrication. The data structure listed in
Figure 16 was thus later enriched with more infor-
mation during the Fabrication geometry stage.
For example, the panel thickness, or position of
screw axes are not required in early design iter-
ations but are needed to generate the toolpaths.
Other pieces of information that are added include
groove overlapping distance with beam, clearance,
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int[] NodesIndices
bool[] isInnerNode
thickness

Face

Point3d inner node position
Point3d outer node position
int IncomingBeam
int OutgoingBeam

Node

int innerNodeIndex o

int innerNodeIndex

int outerNodeIndex o

int attachedFaceShortSide

int attachedFacelLong
screwsAxis

Beam

Dictionary<int,Beam> Beams
Dictionary<int,Node> Nodes
Dictionary<int,Face> Faces

Nexorade

E int outerNodeIndex o

outer node position

___..inner node position

Fig. 16 Main objects used during the design (in bold) and their properties (under brackets). Blue types refer to data
used during the design geometry stage, while orange types refer to data used during the fabrication geometry stage (non-

exhaustive list).

|

Fabrication geometry

Simple geometrical properties

Design geometry

Grasshopper file #1

Fig. 17 Simple overview of the computational workflow.

beam local axes, position and depth of pilot holes,
dimensions of tenons and mortise, dimensions of
the milling cutter, position of Tool Center Point
with respect to robot end axis, the position of
the beam with respect to the tool center point,
etc. It was thus possible to iteratively enrich
the data structure thanks to the object-oriented
programming approach. The computational work-
flow is illustrated in Figure 17: the preliminary
design was done with a first Grasshopper™file,
which allowed to interactively manipulate the tar-
get geometry and form-finding of the nexorade.
When the design team was satisfied, they could
use a second Grasshopper™file where fabrication
data could be set as an input to compute the
robotic tool-path and check the feasibility of the
design.

The variability of pieces created additional dif-
ficulty: it was not possible to find a generic and

Robotic toolpath

Feasibility assessment

Grasshopper file #2

optimal strategy for the milling stages (3-7). Clus-
tering was performed based on the length and
angle similarities between beams, and for most
beams, an automated procedure could be gener-
ated. Specific cases, where the length of the beam
was either smaller than 1300mm, or larger than
1700mm were treated manually in the 3D model-
ing environment, with visual feedback on potential
collisions and accessibility. Figure 18 shows the
visual feedback in the 3D modeling environment.
Here, the user specifies a region where the mor-
tise should be milled and the inverse kinematics
is solved by HAL Robotics software [25]. When
a trajectory was not feasible, the designer could
simply change the holding position of the beam
with a slider in the second Grasshopper file, or the
milling area by specifying a point in the 3D mod-
eling environment within the calibration volume.
From our experience, a problematic case could be
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solved in a few minutes. This was more reliable
than coding a generic optimization scheme, given
the low number of problematic beams.

Fig. 18 Visual feedback of feasibility of robot configura-
tion (left: a feasible position, right: a non-feasible position).

4 Results and productivity
analysis

The case study allowed us to gather informa-
tion on the use of materials, equipment and labor
during manufacturing and assembly. This section
presents a productivity analysis based on the
case study, as well as a feedback on dimensional
accuracy of the manufacturing strategy.

4.1 Geometrical control and
tolerances

The selection of appropriate tolerances and clear-
ances in a fabrication process is decisive for
the choice of a manufacturing strategy. In the
case study presented in this paper, the coupling
between milling speed and robot position was
crucial for the achieved precision. The intended
tolerance for the case study is 1 mm. It is far from
the manufacturing tolerances reached in industrial
robotics, but the additional precision comes at
the cost of additional investments in sensors. The
high hyperstaticity of the pavilion required careful
geometric control of each fabrication step:

¢ at member scale, about 8 measures (4 lengths
and 4 angles) were checked with millimetric
accuracy (or equivalently, 10 milliradians);

® at panel scale, before screwing, the geome-
try of the four edge members lining the panel
was adjusted so that the panel (whose diago-
nal length accuracy was systematically checked
and within + 1 mm) fitted within the 2 mm
tolerance of the grooves;

® at structure scale, the anchor plates were fixed
beforehand by the traditional triangulation
method. The plates were equipped with slotted

holes insuring + 3 mm in each direction to make
up for accuracy.

A measuring campaign was carried out with
a laser scanner and photogrammetric 3D recon-
struction. The two techniques were used for peda-
gogical purposes and comparison of their relative
accuracy. The first 3D point cloud from the laser
scanner was established from four positions to get
a complete picture of the inside and outside of
the pavilion. The resulting accuracy is about +
1 mm. The second point cloud was created using
the free photogrammetry software Micmac [60]
and from a set of 134 photos (5400 x 3600). The
resulting accuracy is also about £+ 1 mm in every
direction. A set of 25 stationary targets had been
placed around the pavilion to be localized by tra-
ditional tachometer techniques and to allow for
geo-referencing of both point clouds. Globally, the
two point clouds are identical, with an average gap
close to 1 mm.

The point cloud, shown in Figure 19, was then
compared to the initial 3D model in Rhino. The
legend indicates large deviations, but it can be
seen that those deviations occur at the edges of
beams, where the measure is less precise. The aver-
age gap is about -6 mm (the 3D model being above
the cloud). From the analysis of the signed dis-

Fig. 19 Signed distance between the point cloud obtained
from photogrammetry and the planned geometry. The
colour scale is non-linear to better highlight deviations
between -lcm and +1cm.

tance between the mesh and cloud, one can see
that:

® the unprotected plywood panels have creep and
present a residual deflection in the middle of
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approximately 4 mm relative to the initial panel
plane;

® part of this gap can be explained by the
deformation induced by gravity (2 mm at
crown according to the mechanical model with
Karamba3d);

The quality of the execution at the structural scale
is thus globally very satisfactory, and the devia-
tion from the planned geometry and the measured
geometry is estimated to be 2mm after accounting
for panel deflection. No difficulty was encountered
during assembly, which illustrates the geometrical
faithfulness of the manufacturing process.

4.2 Cost hypothesis

The work hours are split between different work-
stations:

e Automated equipment supervision
® Fabrication preparation
® On-site assembly

The workstations Automated equipment superuvi-
sion and On-site assembly rely on the avail-
able equipment. We used indeed academic facil-
ities with a scale and constraints different from
industrial installations.Two people supervised the
robotic cell, which explains the high supervision
cost in our case study. Additionally, calibration
was time-consuming, and could easily be improved
with state-of-the-art methods, for example, by
using cameras [56].

4.3 Construction phase

The costs for material, equipment, and labor for
the fabrication and assembly of the prototype are
reported in Table 1 and Table 3. Three scenarios
of production are identified.

® A conservative scenario considers a milling time
of 40 minutes per beam and a typical work day
of 8 hours for the depreciation of the equipment;

¢ An intermediate scenario considers a milling
time of 20 minutes per beam and a typical
work day of 12 hours for the depreciation of the
equipment;

® An optimistic scenario considers an optimized
milling time of 10 minutes per beam and a typ-
ical work day of 12 hours for the depreciation of
the equipment;

The three scenarios are chosen to reflect three
phases of the experience curve of the manufactur-
ing process. The first milling tests were done at
a reduced speed corresponding to the pessimistic
scenario to control the absence of collisions. Speed
was gradually increased over time, essentially for
the robots’ movements between the workstations.
The last beams were machined in ten minutes. In
this case study, batch size is thus an important
aspect of productivity analysis: the reconfigura-
tion of the cell causes the ramp-up to be slower
than in conventional robotic cells.

The cost is estimated for three aspects: the
equipment, which considers the investment made
to acquire the robots, specific tools, computers,
and software licenses; man-hours during the fab-
rication and assembly; and the material. Both
equipment and labor depend on the chosen sce-
nario, while the amount of material is independent
of the production time.

4.4 Material

Table 1 recalls the breakdown for material cost.
The total price is 58€/m? besides foundation sup-
port and foundation, most of which is for the
plywood panels, which is within the range of other
academic prototypes of free-form structures. For
example, a gridshell covered by a concrete shell
costs 56 €/m? for a span of 2 meters [61].

Description Quantity  Cost

Timber GL24h, 0.99 m3 788€

Panels 0.93 m®  1482€
Screws for beam attachment 612 612€
Screws for panel attachment 2400 50€
Foundation support 32 480€
Total 3412€

Table 1 Material cost for the pavilion, based on the
purchase cost.

Table 2 displays the price and depreciation
period of the equipment. The amortization period
is based on the average lifespan of industrial equip-
ment, assuming 230 working days of the facility
per year.
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Description Cost Depreciation period
Equipped robotic cell 180 000€ 8 years

CNC router 25 000€ 8 years

Computers 2 000€ 3 years

Software 2 000€ 1 year

Roughing cutters 600€ 24 hours

Table 2 Price of the equipment used in the proposed
ROD workflow.

4.5 Fabrication phase

The labor costs unrelated to the supervision of
the manufacturing process (robot and CNC) are
detailed in Table 3. The man hours are expressed
for three workstations. An equivalent price is esti-
mated based on the average cost of work in France
at the time of completion of the project, which
is 34€/h, according to INSEE '. The values are
indicative since the various tasks require different
levels of skills.

In the pessimistic production scenario, shown
in Table 6, the robotic cell is used for 86 hours
and requires 172 hours of supervision, which would
represent 47% of the total labor (365 hours). The
depreciation cost represents half of the raw mate-
rial cost, and cannot be neglected in the cost
estimation.

In the intermediate scenario, shown in Table 7,
the robotic cell is used for 44 hours and requires
88 hours of supervision, which represents 31% of
the total labor of the project (281 hours).

In the optimistic scenario of beam production,
the robotic cell is used for 23 hours and requires
46 hours of supervision, which represents 19% of
the total labor of the project (239 hours). The
material depreciation is then negligible compared
to raw material cost and labor.

The panel milling took a total of 60 hours, with
approximately 15 minutes required for prepar-
ing the panels (see table 3) and 45 minutes for
milling. This is objectively a long milling time,
compared to industrial processes [62], due to the
antiquated state of the CNC available. The panel
cutting preparation and milling supervision repre-
sent between 20% and 30% of labor depending on
the scenario. It is an obvious point for improve-
ment in the fabrication process since the panels
require extremely simple cuts.

Yhttps://www.insee.fr/en/statistiques/serie/001565188 and
https://www.insee.fr/en/statistiques/1304009

The efficiency of the milling process directly
impacts the need for human supervision of the
process, as shown in Table 8. For safety rea-
sons, two people must indeed be at any time of
the milling process in the vicinity of the milling
equipment. The evaluation of the cost of design
development is more difficult to assess since parts
of the design process required research work (e.g.
the form-finding method for nexorades [59]).

4.6 Productivity of fabrication
method

Several trends can be observed in productivity.
First, adapting a robotic cell to a new process
involves a ramp-up in productivity, which makes
the final cost dependent on the batch size. Strong
differences in manpower and depreciation costs
were observed depending on the productivity sce-
nario. This tempers the economical interest of
extreme customization in complex systems involv-
ing several robotic processes. Second, a more ade-
quate CNC router could have improved the panel
milling operation. Third, it appears that the con-
nection between beams and panels becomes one of
the most time-consuming actions in the interme-
diate and optimistic scenario (although this stage
was conducted concurrently with robotic fabrica-
tion and did not result in production delay). This
may advocate for the integration of this action in
the robotic process, and thus for more versatil-
ity, the tools used for the BUGA Pavilion are a
good blueprint for an assembly station, and some
comments are made in Section 5.4. Finally, the
on-site assembly time, omitting the on-site posi-
tioning and foundation preparation, remained low.
Table 3 shows that roughly one person-hour per
m? is necessary for assembly, and the added value
was indeed shifted from the construction site to
the factory, as initially intended.

5 Discussion

5.1 Complex trajectories simulation

The modeling of the trajectories of the robots is
a complex task, as several parameters may affect
output quality. The simulation should therefore go
beyond the simple solving of an inverse kinematic
problem. For example, the resonance of the robot
under milling loads would require finite element


https://www.insee.fr/en/statistiques/serie/001565188
https://www.insee.fr/en/statistiques/1304009

Springer Nature 2021 ETEX template

Workstation Beam prefabrication

Description Time People  Quantity Total time [h] Cost [€]
Setting the beam in the feeder 2°00” 1 102 34 115.6€
Picking the beam from the 100" 1 102 1.7 57.8€
Quality control 3°00” 1 102 5.1 173.4€
Labeling of the beam "

writing +deposition) 2’00 1 102 3.4 115.6€
ending the beam to site 1°00” 1 102 1.7 57.8€
Total 15.3 520.2€
Workstation Panels prefabrication
Description . Time People  Quantity Total time [h] Cost [€]
éﬁc(}jlormg the panel into the 5007 1 60 4 136€
Quality control of the file 1’00” 1 60 1 34€
Label deposition 1°00” 1 60 1 34€
Remove the panel from the CNC 5’007 1 60 4 136€
Fabrication of a guide for N
pre-drill 2’00 1 8 2 68€
Drilling of pilot holes for "
panels/beams attachment 400 3 60 12 408€
Total 24 816€
Workstation Site assembly
Description Time People  Quantity Total time [h] Cost [€]
On-site positioning 5:00°00” 4 1 20 680€
Foundation pre-drills 5’007 2 32 5.3 181.3€
Lowering of the centring 4:00°00” 6 1 24 816€
Setting a panel and mechanical s
attachrment 500 1 60 5 170€
Picking a beam from stock and e
placing 2’00 1 102 3.4 115.6€
bMechlrigmcal attachment between 1007 9 102 3.4 115.6€
Picking a panel from stock 2°00” 1 60 2 68€
Placing a panel 1°00” 1 60 1 34€
Drilling of pilot holes for s
panels/beams attachment 400 3 60 12 408€
Total 76.1 2588.5€
Subtotal prefabrication and assembly 1154 3924€
Supervision (15%) 17.3 588.5€
Total prefabrication and assembly 133 4513.4€

Table 3 Labor cost, excluding supervision of the machining process.

‘Workstation panel pre-fabrication

Description

Equivalent cost
(depreciation)

Panel milling
Tools

Total panel pre-fabrication

Table 4 Depreciation cost for the CNC for all the

scenarios.

analysis. In practice, the sheaths on the robotic
arm, shown in Figure 14, were subject to insta-
bilities during the various re-orientations of the
robot. They also restricted the rotation along the

Workstation beam pre-fabrication

Description

Time

Equivalent cost

(depreciation)
Total fabrication time 68 h 831€
Calibration time 18 h 220€
Tools 200€
Total beam pre-fabrication 1251€

Table 5 Depreciation cost and tools for the pessimistic

scenario of production.

fourth axis of the robot. This led to the intro-
duction of kinematic constraints to avoid those
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‘Workstation beam pre-fabrication

Description Time Equivalent cost

(depreciation)
Total fabrication time 34h 277€
Calibration time 10h 81€
Tools 200€
Total beam pre-fabrication 558€

Table 6 Depreciation cost and tools for the intermediate
scenario of production.

‘Workstation beam pre-fabrication

Equivalent cost

Description Time (depreciation)
Total fabrication time 17h 139€
Calibration time 6h 49€

Tools 8h 200€

Total beam pre-fabrication 388€

Table 7 Depreciation cost and tools for the optimistic
scenario of production.

problems. However, the simulation of the defor-
mation of sheaths could be done to predict, and
later avoid those instabilities.

5.2 Integration in the conventional
design scheme

Most of the time spent on the case study
concerned the preliminary and detailed design,
either to determine the manufacturing strategy
described in Section 3 or to generate the tool-
paths. The adjustment of the geometry to comply
with manufacturing and structural constraints
also requires high-end engineering time with the
development of tailor-made form-finding tools
[43]. The pavilion described in this article is an
academic project with open research questions at
its premises, this remark should thus be tempered
for more common building applications. Two lim-
itations arise with the current state-of-the-art in
the building industry.

First, the simulation of the manufacturing
process cannot usually be done during prelimi-
nary design phases when the contractors and thus
the production means are not precisely known.
The main consequence is the multiplication of
iterations between contractors and designers to

guarantee both ease of manufacturing and compli-
ance with the design requirements. This limitation
can be addressed by the introduction of sim-
plified metrics during the very early stages of
design, which are yet to be properly defined in
a discrete geometry framework, similar to con-
straints such as facet planarity. Some advances in
other fields, like computational mechanics could
be leveraged to that effect. Figure 20 shows both
the complex feasible domain in cutting angles «,
B (white filling, with black contour) and a pos-
sible simplification with a rectangular domain.
The feasible domain is initially a polyline with
30 vertices, which may be too much information
to process in practice. Although the rectangu-
lar domain does not contain all feasible designs,
it has the advantage of being described by only
4 inequalities: amin < @ < Qmaz and Bmin <
B < PBmaz- It is also convex and much easier to
implement for various actors who are not neces-
sarily experts in non-convex programming. In the
case study presented in this paper, the rectangu-
lar domain was found heuristically, but systematic
approaches, like the one based on area maximiza-
tion of the rectangle, can be implemented [63].
To go further, Bleyer and de Buhan approximated
complex convex surfaces by summing ellipsoids.
The main advantage of their approach is that it
is compatible with second-order cone program-
ming problems, an important subset on convex
programming [64]. More importantly, this limita-
tion could be addressed by a closer collaboration
between the design team (architects, structural
engineers) and prefab companies (specialists in
manufacturing) during the early stages of design
[11].

Second, the deployment of a fully digitized
workflow for design, production and assembly,
within existing modeling tools is rarely observed,
due to the specialization of software employed
by the different actors of a construction project.
There is therefore a need for a new digital
framework integrating 3D-modeling, geometrical
rationalization, structural analysis, and fabrica-
tion simulation. The digital workflow proposed by
the authors, based on a specific C# library, on
Rhinoceros and HAL Robotics is an example of
such workflow.
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Number of hours Number of people Total time Equivalent cost
Panel milling 45h 1 45h 1530€
Pessimistic scenario 86h 2 172h 5848€
Intermediate scenario 44h 2 88h 2992€
Optimistic scenario 23h 2 46h 1564€

Table 8 Labor costs induced by the supervision of the milling process.

0 10 20 30 40 50 60

Qmin o

Fig. 20 Feasible geometrical domain for milling (top) and
a rectangle in the domain (bottom).

amaw

5.3 Scalability

The workflow presented in this paper allowed for
the design and construction of a 50m? pavilion,
with beam lengths varying between 1.2m and
1.8m. The robotic setup chosen does not allow for
shorter lengths, and longer beams may yield vibra-
tions during milling due to eccentricity. The upper
bound for beam lengths is evaluated at 2 meters.
The modularity of the gripper, shown in Figure

4, would allow for an adaptation to other cross
sections, with a width up to 24cm.

In the case study presented in this article, the
payload of the robots (150kg) exceeds by far the
weight of the manipulated components (5kg), even
when considering the weight of the gripper (40kg)
and the range of lengths chosen is characteristic
of cladding components. These observations show
that there is some room for upscaling the process
to larger buildings, the main question being the
evolution of the weight of the components with
the span. A parametric study on this matter has
been performed in [43] and shows that the surface
weight of shell-nexorade hybrid follows a linear
trend with the span of the structure whereas clas-
sical nexorade follows a non-linear trend. With a
span of 20 meters, the surface weight remains less
than 30kg/m?, and thus the weight of the com-
ponents would remain less than 10kg. Therefore,
the manufacturing strategy proposed in this paper
could be applied to a large-scale structure with
little adaptation of the robotic cell.

Table 9 displays a comparison of key figures
between our approach and two larger-scale pavil-
ions fabricated with robotic platforms. The first
one is the Sequential Roof built at ETH Zurich,
and the second is the BUGA Pawilion, which was
fabricated with a flexible mobile platform [26].
The pavilion presented in this article results in
highly efficient use of material, with the lowest
surface weight, even when scale effects are fac-
tored in. The three production scenarios have
been taken into account: only the intermediate
and pessimistic scenarios are competitive with the
two previous studies. This confirms that ramp-
up should be considered in productivity analysis,
as small-scale production is less likely to reach
peak productivity. The higher productivity of our
approach in the optimistic scenario should also be
tempered, as we only focus on single components,
whereas the two former projects involve an assem-
bly of sub-components. However, the productivity
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analysis has shown that on-site assembly was not
the most time-consuming stage of the fabrication.

5.4 Assembly

The case study presented in the previous section
was manually assembled. The assembly process
could also be automated both in the context
of large-scale prefabrication and on construction
sites, with several adjustments to the design of the
components. In both cases, the need for accuracy
requires specific measurement and instrumenta-
tion, which were not needed during machining.

Fig. 21 Timber pavilion with simple beams and complex
connectors.

The cell configuration, where the robot is used
as a mobile reference frame for each beam, has
been used in other case studies. Figure 21 shows a
timber pavilion with nodal connectors and timber
beams, which were cut with the saw and gripper
presented in this article (steps 1,2 and 8).

The cell can also be used during the assembly,
which would immediately follow the machining
step (and replace workstation 9). This limits the
need for a positioning system, as each beam can
be successively assembled with the required preci-
sion. An assembly on fixed support in the robotic
cell is shown in Figure 22. A recent example
of mobile construction platform illustrates the
potential for on-site milling and assembly [36]. The
platform uses more sensors than the one presented
in this article, with the benefit of higher flexibility
and accuracy.

The in-situ assembly of components assumes
that all the components are pre-fabricated and
later assembled into larger units on the construc-
tion site. The main question for the integration

(b) Beam assembly

Fig. 22 Discrete assembly with a gripper (photo: Ecole
des Ponts ParisTech/Stefano Borghi)

in a ROD workflow, apart from classical problems
related to in-situ construction robots, is the def-
inition of a reference frame for each component.
Several options seem available for the construction

® Use a specific feeder that allows for a straight-
forward pick-and-place operation. In non-
standard projects, the fabrication of such a
feeder might be too costly.

® Use a combination of markers and/or calibrated
sensors that can relocate each beam. The main
drawback is the sensitivity to calibration in
an uncontrolled environment, as well as the
potential cost of sensors used for accurate 3D
localization.

® Use low-tech sensors combined with algorithms
for precise object localization [65].

The latter option seems promising since a relative
localization between a brick and a manipulator
with a precision of 2mm can be achieved with-
out manual calibration thanks to deep learning in



Springer Nature 2021 ETEX template

Sequential Roof

BUGA Wood Pavilion

This work

Structure Truss-Beam
Robotic System
Production Time
Material Usage

Fixed Gantry (3-axis)
63 min/m?

71 kg/m?

Segmented Shell

Span 15 m 30 m

Flexible Platform (15 axis)
41 min/m?

38 kg/m?

Shell-nexorade hybrid
7.5m

Flexible Platform (13-axis)
103-53-28 min/m?

7 kg/m?

Table 9 Comparison of key timber prefabrication benchmarks of Sequential Roof [23] , BUGA Wood Pavilion [36], and
this case study. The three production times correspond to the pessimistic, intermediate and optimistic scenarios.

[65]. The main difficulties with this approach are
the software integration, the generalization to the
localization of non-standard building components
and the reliability assessment in an industrial con-
text. Finally, it should be noted that the milling
stage is also likely to be modified if the assem-
bly is performed by robots, either to incorporate
mechanical coding or to simplify the design of the
end-effector, which would likely differ from the
gripper used for the milling stages [66].

6 Conclusion

This paper has investigated the application of
ROD to free-form timber structures and identi-
fied some practical limitations to be considered
by designers. The flexibility of manufacturing
equipment and of the software environment were
identified as key parameters in the development
of a true fabrication-aware design approach. A
design for a 13-axis robotic cell was proposed
and applied to the construction of a 50 m? pavil-
ion with a doubly-curved shape. The cell uses a
robot with a pneumatic gripper that acts as a
reference frame for the component that navigates
the cell. The building components were fabricated
with millimetric accuracy and were assembled on-
site with faithfulness to the planned geometry, as
demonstrated by a 3D scan of the pavilion.
Object-oriented  programming was used
throughout the design process. The amount of
information and the complexity of calculation
increased throughout the project. In order to
keep an interactive design tool, simplified con-
structability metrics have been created for the
specific needs of the project. The flexibility of
industrial manipulators and the control software
allowed for several iterations of the layout of the
robotic cell, which made manufacturing possible.

A productivity analysis was conducted and
showed that labor was shifted from the construc-
tion site to the factory. It also showed that the
manual calibration of the different tools is one of
the most time-consuming steps of the fabrication
process. Solutions that could automate calibra-
tion, with external sensors could thus be used to
increase productivity.

Future work includes the integration of man-
ufacturing constraints in earlier stages of design.
However, this latter challenge seems to be an orga-
nizational issue in the construction industry rather
than a technical one. Dialogue between production
and design teams remains essential for the success
of complex projects involving digital fabrication.
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