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Planning “La Seine Musicale”

Figure 1 The timber structure under construction

Le projet de La Seine Musicale, sur la pointe de l’île Seguin à Boulogne Billancourt est le
fruit d’une nouvelle collaboration entre les architectes Shigeru Ban et Jean de Gastines 1.
Ouvert au public en avril 2017, ce complexe culturel regroupe plusieurs espaces de répétitions et de représentation. Au cœur du complexe, l’auditorium ovoide et son hexagride
en bois tressé confère son identité au projet.
À la demande de l’entrepreneur bois Hess Timber et avec les ingénieurs structure de SJB
Kempter Fitze, Design-to-Production a pris en charge la planification digitale de l’ensemble
de la couverture bois de l’auditorium. Cette couverture se compose de 15 anneaux horizontaux et de 84 diagonales (42 en dans le sens horaire et 42 dans le sens anti-horaire)
dont l’emprise est de 70 mètres de long, 45 mètres de large et 27 mètres de haut. Les
poutres on une section moyenne de 320x350mm et sont divisées en 1.300 segments
individuels.
La façade, supportée par les poutres, est composée de panneaux de verre triangulaires et
hexagonaux (presque) plans courbés à froid. L’interface entre la surface courbe des
poutres en bois et le bord droit des panneaux est réalisées par 3.300 pieces de transition
en bois usinées numériquement.
Afin de décrire précisément tous les composants du projet en vue de leur fabrication digitale, Design-to-Production a implémenté un modèle 3D entièrement paramétrique. L’objectif de cet article est d’explorer les solution Design for manufacture and assembly (DfMA)
spécifiquement développée pour ce projet et la façon dont les contraintes de préfabrications et les limitations propres au chantier ont été intégrées durant la construction du
modèle – et par extension de la structure.

1.

Input

For the Seine Musicale project, the defining geometric input consists of a reference NURBS
surface for the outer beam level and a set of 99 reference curves for the beam axes (see
fig.2), provided by the architect and the project engineer in a 3D-CAD model. Since all
subsequent planning steps are depending on this reference geometry, it is critical to ensure its quality right at this early stage, in order to avoid later problems 2: Are the surface
and axes continuous? Are the curves lying within the surface and correctly intersecting?
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When working with an axis network on a surface, it is also worthwhile to check for the
location of the surface’s seam since it can lead to discontinuities in the pulled curves.

Figure 2 : Input Surface and Axes on the building grid

Once checked, the objects are imported, sorted and named, following an unambiguous
and comprehensive naming system that fits the needs of all involved parties. In this project, ring beams are numbered starting from 100 at the bottom, counter-clockwise diagonals from 200 and clockwise diagonals from 300. Crossing joints are named after their
intersecting beams (105x212 sits between the fifth ring and the 12th counter clockwise
diagonal), longitudinal joints are counted along the beam (105#03 is the third longitudinal
joint on the fifth ring). Ideally, the name should provide in-formation about the position
of the final piece while remaining short enough to be handled.

2.

Preliminary modeling

Due to different structural requirements between the lower and the upper part of the
building, the beams’ cross section height gradually decreases from 400 mm at the foot to
300 mm at the ridge while the width remains constant at 320 mm. In the model, this is
reflected by four additional reference surfaces with variable offsets from the base master
surface: top, upper, middle, lower and bottom. The intermediate surfaces between top
and bottom are later used in the detailing process to define the lap joint levels.
The beam edges are created using perpendicular frames on the axis and intersecting these
with the reference surfaces. The same perpendicular frame division is used to loft the
beam volume. This construction ensures that all the beam faces are ruled surfaces, which
can be easily milled with a cylindrical tool, and that all edges intersect properly at crossings, which is a critical condition for precise detailing and execution.
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Figure 3 : Preliminary joint at the crossing of a ring and a diagonal

Preliminary joints are defined at the axis intersections and sorted into types (crossing
Diagonal/Ring, Diagonal/Diagonal, Diagonal/Foot, Diagonal/Ridge ... see fig.3). During
the modelling process, joints are to be seen as abstract containers. At this point, the joints
only contain simple construction geometry (local beam tangents and surface axes) or
analysis (angle, attributes) but will later be filled with fastener objects (screws, bolts, steel
plates...) and fabrication operations (drillings, cut-outs, etc.) represented as simple geometry. Joints are named after the beams they are connecting, so the link can be retrieved
anytime in both directions. Additionally, since a joint connects multiple beam segments,
every fastener object and fabrication operation in the joint keeps the name of the segment
it affects as an attribute. The modelling and detailing process is about creating and maintaining relations as much as geometry. When exporting documentation or fabrication data
for a beam segment, the segment collects the relevant objects and operations of all the
joints it is linked to and builds the requested export data set. This abstract modelling
process is lighter and allows for more flexibility and process stability than working directly
with solid cut elements.
From these preliminary connections, a structural polyline model of the beam axes is created, which is used by the engineer to perform early structural calculation and prepare
the detailing work. At this point, the geometry can be analyzed to identify the critical
connections, which would be solved in priority. Typically, the boundary joints are the most
difficult ones to deal with because they combine heavy load bearing and extremely diverse
geometrical configuration.

3.

Beam Segmentation

Up to this stage, the beams are continuous entities spanning all around or from bottom to
top of the structure. Due to fabrication and logistic constraints they obviously have to be
segmented into shorter pieces. In this project, the segmentation strategy is different for
the horizontal ring beams and for the diagonal beams.
The ring beam segmentation is defined by the transportation constraints: anything longer
than 18 meters requires a costly special convoy (the pieces were shipped from Kleinheubach (DE) to Paris (FR) by truck). The goal is then to find a harmonious division within this
18-m range while avoiding vertical alignment between consecutive levels. In the
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structurally most critical regions of the structure, segment lengths of up to 24 meters are
employed, accepting the logistical effort in order to keep cross sections and detail complexity within an acceptable range.
The diagonal segmentation strategy is directly defined by the assembly concept: the building is designed to be self-supporting from the beginning of the erection process. Levels
are added horizontally one after the other with few punctual supports saving the space
and cost of a scaffolding (although, ironically, one was then mounted by the facade team
on top of the timber to set up the glass panels).
Thus, diagonals are always spanning between two consecutive rings. The crossing between ring and diagonal also acts as a longitudinal joint between diagonal segments: the
ring has one lap joint on the inside for the diagonal below and one on the outside for the
diagonal above, while the middle layer is running through. The diagonals overlap each
other and fully enclose the ring. They are pre-assembled into cross elements before being
shipped to the construction site (see fig.4).

Figure 4 : Diagonal pre-assembly and combined cross- and longitudinal joint at the ring/diagonal crossings

Interestingly, this intricate connection is subdivided into three different joints for the engineer's model (upper longitudinal diagonal connection, middle ring/diagonal connection
and lower diagonal longitudinal connection) while only one joint with three different detail
types is used on the production model.

4.

Blanks

Once the beam segmentation is set, blanks are created. The term “blank” refers to the
raw glue-laminated timber piece, which is milled down to the final shape of the segment.
In free form projects, single curved or doubly curved blanks approximate the final piece's
curvature.
On doubly curved blanks, there is no planar side, making it difficult to achieve precise
placement of the blank on the CNC mill. In this project, positioning points are created
according to the positions of the gluing supports and the later positions of connection
details in order to be easily located in the real world and to avoid collisions between the
tool and the clamping equipment during milling. These points are stored in the model and
passed along with the blank fabrication data to the fabricator to be precisely marked on
the blank while still on the gluing supports (see fig.5). Later on the CNC mill, the same
points can be referenced, ensuring precise positioning of the raw material on the CNC bed.
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Figure 5 : Blanks with positioning points highlighted

As the diagonal/diagonal crossing is a lap joint as well (see fig. 4), one of the diagonals
(the counter clockwise one) must be split in two halves along the beam direction. This
differentiation is introduced during blank creation: during initial modelling of the piece and
gluing of the blank, both diagonals are considered as integral elements, the only difference
being the insertion of a 'dry' lamella during the gluing in the middle of the split counter
clockwise diagonal (see fig.6). On the 'dry' lamella, glue is only applied at three distinct
positions, namely both ends and the central lap joint area. When the piece is placed on
the CNC mill, it splits in two as soon as the glued areas are cut away with the connection
details at the end of the milling process.
This way, only one set of fabrication data (gluing and milling) must be produced per diagonal, sparing one third of the total effort on diagonals. It also ensures that the wood fibers
on the side faces of the upper and lower part are visually continuous since they come from
the same blank.

Figure 6 : Split diagonal (left) with blue dry lamella and its full counterpart (right)

For the modelling of the blank geometry, the only implication is that the blank middle axis
must strictly follow the piece’s middle axis and that the lamella count in height must be
an even number.

5.

Detailing

Despite both the design surface and the beam grid being axis-symmetric, every crossing
point between two beams is different, because clockwise and counter-clockwise diagonals
need different detailing. These 2798 unique joints are boiled down into distinct types, in
this case 8 main types and 120 sub types with minor differences. 2D detail drawings are
provided by the engineer and translated into parametric systems. A spreadsheet based
interface is set up with the engineer to assign the correct type to each joint and make
sure that structural and production model stay synchronous. The details are then instantiated on each joint, resulting in 3D geometry featuring both fastener objects and fabrication operations (see fig.7).
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Figure 7 : Detailed Joint at the crossing of a ring and a diagonal

It is very important to resist the impulse to start with the simplest situations (because
they cover 90% of the project) and deal with the special cases afterward, as this leads to
a huge amount of piling up detail types that need to be individually implemented and
checked. Instead, the most complex situations should be solved first, leading to a parametric definition that can also cover the simpler cases. Ideally, the parametric implementation of the detail is flexible enough to allow for some variation, allowing to react to
possible changes during the planning and execution process: due to the parametric nature
of the detailing work, it is not such a problem to evolve an existing system if the evolution
lies within the predefined solution space. In other words, it is easy to change a screw
length or its distance to the border, but it is harder to transform it into a steel plate...
All cutter operations are placed in the model at the reference level (i.e. without margin
between pieces at crossings). The tolerances necessary for fabrication and assembly are
instead stored as attributes and can be individually tweaked following feedback from workshop and construction site. The margin value in projects like this is usually around half a
millimetre.
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Figure 8 : Exploded Joint at the crossing of a ring and a diagonal

6.

Assembly Logic

Along with the detailed joints, every segment stores its assembly number and theoretical
assembly direction. This direction verifies that there is at least one way to bring the piece
into place without any collision with the already assembled surrounding.
Since a regular lap joint can only be engaged from “above” in respect to its own orientation
and one ring segment is connecting to up to 11 diagonals, every single joint's assembly
direction cannot be satisfied. As soon as the joint normal deviates from the segment's
assembly direction, the lap joint needs to be skewed to allow assembly. This skewing can
be hidden in the joint if material is taken away from the diagonal or shown as visible gaps
if cut from the ring. In both cases, material is removed and the beam is weakened. So,
the objective is to find the assembly direction that leads to the least possible skewing.
Due to the almost spherical nature of the surface, a rotational assembly gives the best
results here (see fig.9), because the assembly direction follows the curvature more closely
along the crossings than with any lateral movement.
On the construction site, the ring segment's start is brought next to the previous piece's
end and rotated into place around the longitudinal joint from the outside. As the piece
rotates, the lap joints of the ring successively make contact with the diagonals allowing
the assembly team to engage them one after the other. Only the last segment of each
ring cannot be rotated as described, as it has to connect to already assembled ring segments on both ends. It is shaped as a 'keystone' with scarf joints on both sides and is
translated into place using the average direction of all its joints. To minimize possible
assembly problems, the assembly order is set up so that the last segment has least curvature, as in the flat areas on the sides of the egg.
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Figure 9 : Rotational assembly of a ring segment spanning over multiple lap joints

7.

Fabrication and Pre-Assembly

Before the export of fabrication data, a detailed volume of the segment is created for
approval and to check the assembly direction for collisions. Once this test is passed, the
fabrication operations represented in the model as lines, polylines, curves etc. are translated into BTL format as described by Stehling et3: the geometry is converted into corresponding machining operations (drillings, slots, pockets, contours...). These BTL files also
contain information about the blank geometry and the previously mentioned positioning
points for placement on the CNC bed.
This information is not machine specific and still needs to be processed by the timber
contractor to be transformed into actual machine code. This distinction allows to optimize
machining strategies during the ongoing project without having to alter the process of
fabrication data generation and ensures a clear separation of responsibilities in the project.
Along with fabrication data, a workshop drawing is exported for each segment. These are
automatically generated following the same parametric logic as the detailing and feature
control measurements on the final geometry in plan, elevation and axonometry as well as
lists and position drawings of all fasteners to be pre-assembled.
A flat plan of every level is also generated for the on-site assembly team. These are abstract representations showing the names, assembly order and detail types of the 2 rings
and 84 diagonals in one level of the structure transposed into a 2D template drawing (see
fig.10).
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Figure 10 : Extract of a generated montage plan

Figure 11 : Beginning of the assembly

Figure 12 : View on the beams
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Figure 13 : Reaching the top, 27 meters higher

Figure 14 : Transition pieces

8.

Future Challenges

The digital planning and fabrication process of La Seine Musicale has been largely smooth.
However, of course there are process steps with potential for improvement. Looking back
on the project, three main challenges can be identified:
First, the definition of parametric connection details on a conceptual level. This is done by
issuing a 2D drawing of one exemplary geometric configuration. While this works fine in
most cases, it becomes problematic whenever exceptions such as collisions between fasteners of adjacent joints occur. The resolution of such exceptions can be an extensively
manual process including a feedback loop with the structural engineer. This could be improved by further abstraction of the detail definition in order to react to exceptions within
the initial solution space. For example, instead of precise positions for fasteners, a
weighted range of possibilities could be issued (e.g. “place screws along this line, total
force n kN”). The implementation would still try to use a predefined “preferred” position
but could autonomously move or replace fasteners to a certain extent if collisions occur.
Second, the verification and approval process of parametric model and fabrication data.
While the implementation of parametric details can be verified by code review and spot
tests, the verification of the resulting detail geometry is still largely done by looking at the
model. Manual checking will (and should) never be completely replaced, but an automated
quality control, implemented independently from the logic that creates the geometry in
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the first place and possibly involving a feedback loop into the structural model, could help
finding issues earlier and easier.
And third, the process management for individual building components between all involved companies. While most are mapping the components to their ERP (enterprise resource planning) system or running dedicated databases, the common interface boils
down to an Excel sheet. A common platform reflecting development and approval status
of all components could greatly improve productivity and process safety.

9.

Conclusion

The concept of design for manufacture and assembly has already proven to dramatically
increase productivity since the 1980s, in the production industry4. Unfortunately, it is not
yet fully acknowledged in the building industry, partly because the concept of pre-fabrication, which would be a prerequisite, has also been widely neglected.
Design-To-Production has been successful in applying these principles to a number of
freeform-timber projects, like the Centre Pompidou Metz and the Nine Bridges Golf Club
(also designed by Shigeru Ban), the French Pavilion for the EXPO 2015 (designed by X-Tu
Architects) and now La Seine Musicale, shown in above case study. The complex geometry
of these designs cuts short any discussion on whether or not to exploit the possibilities of
digital planning and pre-fabrication, including the necessary changes to the collaborative
processes between designer, engineers, planners, and fabricators. Those “lighthouse projects” would simply be technically and economically impossible otherwise.
Having now gained substantial experience from these “non-standard” projects, the authors are convinced that the principle of digital pre-fabrication could and should be applied
more often in the AEC industry also for “standard” projects. These methods enable to shift
complexity from the construction site to the planning, pre-fabrication and pre-assembly
phase and allow a much more efficient and reliable process on site, resulting in a better
overall productivity. Fragmentation and inertia of the industry have been prohibitive to
such a re-organization of the planning- and building processes, but this is about to change
for three reasons: Internally, the accelerating use of 3D Building Information Modelling
(BIM) is accompanied with a re-allocation of focus and budget towards the planning stage.
Externally, the demographic development in the western countries will be requiring a shift
from on-site to off-site work due to the shrinking work-force5. And lastly, due to environmental concerns and lighthouse projects like La Seine Musicale, building with timber has
gained a tremendous momentum over the recent years, also for large-scale housing and
high-rise projects. This increasing demand is now meeting with a well-prepared timber
pre-fabrication industry. To unfold the true potential of this combination, design for manufacture and assembly will finally become a standard term in the building industry.
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