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Abstract. This document shows a rationalisation method of sheet
metal panelling on free-formed surfaces and a case study of it.
Ichimonji-buki is a cladding method widely used in Japan for the
roofs of traditional temples and shrines. It consists of sheet metal roofing with flat lock seams, allowing for minimal gaps along the joints.
By integrating the characteristics of the flat lock joint and a dynamic
relaxation analysis via computational modelling, continuous vertical
seam lines can be realised while keeping panels almost identical in
shape and with a limited number of variations. In the case study of
Silver Mountain, the free-formed roof is clad with approximately
8,000 panels, out of which 92% are standardised and can be easily
fabricated.
Keywords. Panelisation, dynamic relaxation, flat lock seams.

1. Introduction
Sheet metal roofing with flat lock seams is a cladding method to cover a
large surface by folding the edges of adjacent panels. In Japan, this cladding
method is called Ichimonji-buki (figure 1 left), and is widely used for the
roofs of traditional temples and shrines. In addition, it has been applied to
curved surfaces of contemporary architecture as the ductility of metal sheets
is suitable to fit to the complex forms.
In general, fabricating and installing a large number of arbitrary shaped
panels by craftsmen are time consuming and lead to a significant increase in
the overall construction time and cost. The following panelisation method
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aims to rationalise the fabrication and installation process that conventionally relies on skilled craftsmen, retaining visual qualities.
2. Background
2.1 OUTLINE OF SILVER MOUNTAIN
Silver Mountain (design: k/o design studio + KAJIMA DESIGN, construction: KAJIMA) has a free-formed roof area of 2,000m2 and a height of 20m.
The building located in Tokyo, resembles a mountain (figure 1 right) and
houses a college facility with three performance studios. It was completed in
2013.
In the conceptual design phase, the architect envisioned an organicallyshaped dome, clad with contrasting metallic panels that would become an
enduring landmark in the area.

Figure 1. (Left) Example of roof cladding with Ichimonji-buki. (Right) Silver Mountain
(©Nacasa & Partners).

2.2 OBJECTIVES
Several requirements were given from the architect in terms of actual panelisation of the roof as below.
x Smooth seam lines. Seam lines of adjacent sheet panels should be arranged
smoothly and two lateral sides of each panel should be as horizontal as possible. This requirement was derived from the architect’s desire to realise an organic pattern, for example, fish scales.
x Standardisation of panels. The maximum number of sheet panels should be
identical rectangles or trapezoids. Besides its advantage of reducing time and
effort of fabrication through this standardization, the uniformity of the panel
arrangements on the free-formed surface was one of the most important design intentions.
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In order to respond to these requirements, a dynamic-relaxation method
was implemented, which regards the relationship between each sheet panel
as a pseudo-spring network.
2.3 PRECEDENTS
There are cases of employing flat lock seams on curved surfaces, such as the
Guggenheim Museum Bilbao (1997) and Walt Disney Concert Hall (2003),
designed by Gehry Partners, LLP. In order to realise smooth seam lines with
standardized panels, the architect established modelling methods of approximating free-formed surfaces to the series of developable surfaces.
As for panelling methods using dynamic relaxation, the framing of the
glass roof in the Great Courtyard of the British Museum (2000) is one of the
most representative examples. In addition, the Kukje Gallery, “Chainmail”
(2012) in Seoul shows an advanced application of dynamic relaxation to a
network of metal rings on the façade.
Based on the precedents above, the panelisation method in this paper introduces three developments as below.
x Applying panelisation method with flat lock seams, Ichimonji-buki, on a
double curved free-formed surface.
x Additional geometrical constraints on the dynamic relaxation analysis as will
be described later.
x Standardisation of the panel utilising the flat lock seam method allows a little
amount of position gap or rotations along the joints.

Before showcasing the case study of Silver Mountain, the following
chapter shows an explanation of the panelisation method using a more general example.
3. Panelisation
3.1 PRINCIPLE
The most efficient formation in order to arrange rectangular panels on a freeformed surface is having a continuous layout while minimizing the total deformation of the panels. Furthermore, subtly deformed individual panels
were approximated by standardized typical sheets like rectangles or trapezoids.
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3.2 TARGET
Using a free-formed surface (figure 2 top) whose size fits a W25㨙D25㨙
H15m box (approx. 10,000m2), the following is a general example of actual panelisation on an arbitrary free-formed surface.

Figure 2. (Top) Free-formed surface example, (Bottom) Panelisation workflow

3.3 WORKFLOW
The overall workflow is divided into three major processes (figure 2 bottom).
3.4 PRECONDITIONS
There are several preconditions on the panelisation derived from the characteristics of this project.
x Panels are clad in landscape orientation and each lateral seam line is to be
continuous.
x The surface to be clad has a mountain-like shape whose horizontal contour
lines become gradually shorter as they approach closer to the top of the
mountain, i.e. the surface does not have large constrictions.
x The area of the surface to be clad is sufficiently larger than that of the panel.
By this assumption, most panels are assumed to be developable.

Also, the whole process in the workflow is done using Rhinoceros,
Grasshopper, and Visual Basic (as customised script component inside
Grasshopper).
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3.4 PRE-PROCESSING
Based on the mentioned preconditions, first lateral loop curves were generated where the distances of all the adjacent loops are equally 400mm so
that the height of each panel is consistent (figure 3 left).
Afterwards, node points were defined by dividing the loops with equal
distance of 500mm, i.e. the width of each panel. These nodes are considered
as working points of each panel. Each panel surface is generated from the
adjacent two points and a horizontal loop curve above.
At this point, though the lateral seams are continuous, vertical seam lines
appear discontinuous (figure 3 mid).
In the next step, additional tie elements to connect each node vertically
are introduced. Those vertical networks will function as spring elements in
the dynamic-relaxation analysis. Since the length of the lateral loop curves
becomes shorter as they approach closer to the top of the mountain, if each
node is simply connected starting from the lowest loop, some vertical lines
would intersect. This condition is not desirable since it serves as an obstacle
in the relaxation analysis.
In order to handle this problem, the remaining points will be connected together as a chevron pattern (figure 3 right).

Figure 3. Pre-processing models.

3.4 DYNAMIC RELAXATION
Below is the work flow of the dynamic relaxation analysis.
(1)Set Initial Conditions
Based on the elements of the analysis model defined in the pre-processing,
several initial conditions are assigned as below. (Figure 4 left)
x The nodes on the top and bottom rails are considered to be fixed.
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x The other nodes can move along the horizontal rails where each node touches
so that the lateral panel seam lines will be fixed on the horizontal rails and
the height of the panels will stay constant.
x Adjacent two nodes on a horizontal rail are considered to be connected with a
bar element with infinite stiffness. This is to keep the width of the panels
constant.

(2)Calculate Forces for Each Node
The total external force vector of each node is calculated from the external
forces of the springs, bar elements and the reaction forces of the horizontal
rail.
(3)Update Node Location after Δt
The location of each node is updated after time Δt according to the forces
calculated above. By averaging the external forces, the displacement
amount is constant for each rail.
(4)Iteration
The processes (2) and (3) are iterated until the displacements of all the
nodes meet the set tolerance.
The momentum of each node acquired in the previous step is assumed to
be cancelled by returning to process (2) and having a damping effect in the
relaxation analysis.
(5)Omit bar elements
In the final phase, the relaxation analysis without the lateral bar elements is
continued (Figure 4 Right). The more iteration runs, the smoother the vertical continuity becomes, though the process creates wider variations of the
panel shapes.

Figure 4. Dynamic-relaxation analysis. Left: model description. Right: spring lines before
and after dynamic relaxation.
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3.5 POST-PROCESSING
At this point, though the panels are approximately identical, the actual dimensions and corner angles differ to a minor extent.
In the next step, subtly deformed individual panels are substituted by
standardised typical sheets like rectangles or trapezoids. This approximation
is possible because the flat lock seam method allows for some translations
and/or rotations along the panel joints.
Also, the panels, where the Gaussian curvature of the surface is relatively
large or the ones whose edges are curved, are separately categorised.

Figure 5. Left: allowable gaps of panel joint. Right: Categorised panels.

Figure 6. Panel layout after panelisation.

3.6 OUTCOME
Assuming that the joints between adjacent panels allow for ±5mm horizontal
translation and ±2.5mm / H(= panel height) radians rotation, the panelisation
process described above achieves the following: among the overall 4,859
panels on the surface, 2,003 are rectangles (7 types), 2,559 are trapezoids (65
types) and 297 are special ones. This means 93.9% panels are standardised
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typical sheets, and thus easy to fabricate (figure 5). Figure 6 displays snapshots of the panel layout after the panelisation.
Also, with further studies of detailing and construction tolerances, this
panelisation method can reduce the number of special panels and the variation of standardised ones.
4. Case Study of Silver Mountain
4.1 PANELISATION OF SILVER MOUNTAIN
Following is a case study of the panelisation method in Silver Mountain.
The panelisation method described above was applied to the free-formed
envelope of Silver Mountain, whose area is about 2,000m2. It is to be populated with 0.3mm thick stainless steel sheets of 600mm in width and 400mm
in height. Below are snapshots of each step (Figure 7).

Figure 7. Snapshots of panelisation process.

As a result of the panelisation, out of a total of 7,800 panels, 4,021 panels
(51%) are flat-rectangular panels (2 variations), 2,943(37%) are symmetrical
trapezoidal panels (38 variations), and 263 (3%) are asymmetrical trapezoidal panels (63 variations). The remaining 8% are double-curved and/or irregularly shaped and to be fabricated by skilled craftsmen (Figure 8, Figure
9).
4.2 CONSTRUCTION PHASE
During the construction phase, the information regarding rationalised panels
and their categories was handed over to the architects and contractors.
In order to achieve a high level of construction accuracy, laser measurements were taken of the concrete shell underneath the metal finish. Coordinate data was taken from the concrete shell underneath the metal finish. The
resulting coordinates were then compared to the original design surface via a
3D CAD tool. The inconsistencies between the field measurements and the
original design surface defined the required amount of additional mortar
coating.
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Afterwards, scaffolding was erected around the concrete shell and professional craftsmen, specialised in traditional Japanese shrines and temples, finished prefabrication in 1.0 month and installation in 2.5 months. Using the
conventional approach without optimisation, the prefabrication time was estimated up to 6.0 months.

Figure 8. Panel layout after panelisation.

Figure 9. Categorised panels.

Figure 10. Mock-ups of the sheet metal roofing.
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5. Conclusion
By integrating traditional skills of craftsmen with the strength of computational modelling, the case study of Silver Mountain showcased a successful
example of panelisation on a free-formed surface with sheet metal (Figure 1
right, Figure 11).
Ichimonji-buki (sheet metal roofing with flat lock seams) allows a certain
degree of translation and/or rotation along each panel's edge. Understanding
the advantages and restrictions of the traditional fabrication technique allowed us to implement the dynamic relaxation analysis in the most efficient
way.
This panelisation method is applicable for any arbitrary free-formed surfaces, as long as the surface satisfies certain conditions. With further studies
of detailing and construction tolerances, this panelisation technique has potential to be implemented to various design features in contemporary architecture.

Figure 11. Completion pictures of Silver Mountain
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