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Summary
This paper describes the realized case study of the “Cloud for fresh snow”, which is based on research
on bending active elements as part of a hybrid solutions, namely the interaction of bending active
wooden members and membrane surfaces in terms of an architectural design approach as well as in
terms of structural performance.
Keywords: Bending Active Structure, Hybrid Structure, Membrane Structure, Form Finding,
Assembly, Erection Process.

1. Context
The “Cloud for fresh snow” was developed at the Institute of Design | unit koge. Structure & Design
in 2014 as the world´s first research lab for sustainable snow production and offers the opportunity to
optimize spatial, functional and environmental conditions for a patented technology, which provides
powder snow with very little use of energy and water compared to the classical snow guns.
By the means of the design of a temporary structure, providing a “cloud” ‐ volume of 155 m³, which
can easily be erected by few people with the minimum use of material and weight, our research
focuses on two aspects of bending active elements as part of a hybrid solution ‐ firstly as boundary
condition of a minimal surface and secondly as pre-stressing mechanism of the same.
The phenomenon of the self-organizing relation of actively bent members and anticlastic membranes
was examined by less complex setups in scaled physical models (see point 3 and 4). According to the
design task different constellations were tested and led to the built case study in full scale described as
follows.
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2. Concept and methodical approaches to the “Cloud for Fresh Snow ‐ Research
Lab”
In general the structure consists of two spatial volumes, an inner core, containing the technical part of
snow production which rests on a decomposed tripod and an outer skin, which protects the inner core
and creates space for research activities.
The shape of a spherical tetrahedron turned out to be the ideal form for the outer building skin in order
to provide a structurally efficient form combining low volume and large surface, which is necessary to
transfer heat energy to the atmosphere, released during the process of snow crystallization.
In order to reduce environmental impacts such as wind forces (Fig. 1 – sketch) or deflections by snow
load, the outer skin was connected to the inner core by prestressed cables at the four corners of the
spherical tetrahedron. At the same time these cables were used to increase the curvature of the
bending active wooden edge‐beams, which again prestress the membrane surface.

Figure 1: concept of the design from sketch, physical concept model to rendering
Figure 1 illustrates the concept of the design from sketch, physical concept model to rendering. The
design and development of the final form, detailing, construction and consideration in terms of
optimizing the erection process, including prestressing-procedures as well as the solution for the
access to the cloud iteratively have been developed by means of following methods and tools:
- Soap film studies in scale 1:50 to study the self-organized form (minimal surface – later realized
as patterned membranes) in relation to various and continuously variable boundary conditions.
- The phenomenon of the self-organizing relation of actively bent members and anticlastic
membranes was examined by less complex setups of physical models in scale 1:10.
- Digital 3d-drawings using Rhinoceros 5 to design and the plug in Rhino Membrane to simulate
minimal surfaces.
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3. The spherical Tetrahedron and its minimal Surfaces in the hybrid System of
the “Cloud for Fresh Snow ‐ Research Lab”
The classical tetrahedron – cataloged as the first platonic solid - is characterized by a large surface
compared to relative small volume. At the same time the tetrahedron is one of the simplest geometries
and simultaneously strongest structure to be built with beams. In order to provide boundary conditions
for minimal surfaces to be realized as membranes, the straight connection between the corners have
been replaced by the intersection lines of 4 spheres with the midpoint on the edges of the tetrahedron
(Fig.2 and Fig. 3 top, center).

Figure 2: Geometry of the spherical tetrahedron – intersection lines of four spheres
Soap film studies on this geometric structure in scale 1:50 proves the minimal surface “A” being
continuously anticlastic (Fig.3). As we can localize a common turning point of inflection in the center
of each partial surface, the area around this center shows low surface curvature (Fig.3, top left). The
possible problem of water ponding or accumulation of snow is prevented by the ”shaky” properties of
the outer shell. This means, that according to the flexible connection between the outer shell and inner
core and in combination with uneven load-distribution or wind the roof surface tends to incline, which
has a positive drainage-effect. As experienced on the built structure, there have been no such problems
during the 6 months of installation on site in Obergurgl.
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Figure 3: Digital 3d-model (top, left) and soap film studies in scale 1:20
As shown in Figure 3 (top, right) soap film studies were also used to guarantee the center-point being
the center-point of the final structure. The lines from intersecting soap film planes indicate the
positions for the later prestressed cables, which are starting from to the four edges of the structure. In
the realized structure the center was replaced by an offset of the outer tetrahedron, providing space for
technical equipment and snow researchers. The spatial orientation of the prestressed cables remained
in the same position as indicated in the previous soap film model.
For the functionality of above mentioned new way of snow production respectively its research lab,
lifting the Cloud off the ground was an essential design task.
So the inner core, containing the technical part of snow production, was designed to rest on a
decomposed tripod. Those tubes had to intersect the outer membrane-skin, which protects the inner
core and creates space for research activities.
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Figure 4: Minimal surface “B” with the interfering tripod-substructure
There could have been provided three times three holes in each membrane for the triple-decomposed
tripod with the benefit of not changing the geometry of the minimal surface skin, but as wind speed in
the region of the site can be up to 120 km/h, described intersections were used to introduce additional
high points in order to increase anticlastic curvature of the membrane skin (Fig.4 – Minimal Surface
“B”). In coaction of high surface curvature, the outer tetrahedron structure (see below) and described
flexible cable-connections between inner core and outer skin, the global system was acting as a sort of
damping system, cushioning forces and deflections from high wind loads and gusts. Simultaneously
this solution lead to further increase of interior volume of the cloud, which added another practical
aspect for the snow researchers.

4. Active Bending in the hybrid System of the “Cloud for Fresh Snow ‐ Research
Lab”
In analogy to the formfinding and realization of Frei Otto`s Entrance Arch at the horticultural show in
Cologne, 1957 (Eingangsbogen, Bundesgartenschau Köln, 1957) the prestressed membranes prevent
the slender, actively bent, wooden members from buckling. Vice versa mentioned actively bent
members are part of the prestressing system as well as part of the assembling concept.
Usually bending active elements follow a characteristic curve, which mainly is dependent from used
material and support conditions. So the spherical tetrahedron, which is the result of a purely
geometrical intersection of spheres, delivering circular curves, changes to a tetrahedron, which
consists of elastic-bending-curves. In hybrid constellation with symmetrically arranged membrane
surfaces in terms of minimal surface – equal stresses in all directions – the shape returns to be a
spherical tetrahedron. Of course, this postulates predominant prestress of membranes. Stressing the
four cables to the center of the spherical tetrahedron increases the curvature of the wooden members,
which prestresses the membranes.
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Due to extremely slender cross sections of 4cm x 24 cm little cable forces were necessary to
elastically bend the wooden members. Actually, in the erection process the self-weight of the outer
tetrahedron including its membrane skin was sufficient to trigger initial bending. The nonlinear
increase of forces while prestressing the system by the four cables was the most conspicuous aspect in
the erection progress (Fig. 9). As soon as the membranes are getting close to their final shape, the
cable-forces are rapidly increasing.

Figure 5: Basic physical model in scale 1:10 of the hybrid self-formation
The basic physical study in scale 1:10 (Fig. 5) and the more complex physical study also in scale 1:10
with the interfering substructure (Fig.6) were done with an isotropic stretchable material.
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Figure 6: Physical model with interfering substructure in scale 1:10

5. Assembly and Erection Process
The decomposed tripod consists of 9 pin-joined steel tubes with a diameter of 89mm and material
thickness of 4mm (Fig7,). The lengths differ according to the topography between 7m and 11,5m.
Three tubes meet at the joint connections of each of the three foot-points. Each of them is fixed to the
ground with 3 steel pegs of 1m length and 28mm in diameter (Fig7, left). The wooden beams of the
outer shell have a cross-section of 24cm x 4cm and they are all of the same length of 746cm.

Figure 7: Prepared parts at the construction site before assembling
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Figure 8: The inner core at the construction site during assembly.
The inner core consists of aluminum blades of 6mm material thickness, screwed together by hand
along linear connecting blades. In this structure (Fig. 8 right) the inner balloon was installed for snow
research.
Based on the results of scaled study-models (Fig. 5, 6) and being aware of the minimal form of the
patterned membranes the wooden members have been bent in the first step to about 70% of the final
curvature. This process was supported by above mentioned slenderness of members and gravity
(Fig.9).
Although the temporary foundations by means of pegs had deviations in the range of 10cm because of
stony ground, the final structure showed high precision of the digitally found geometry of the cable
lengths (in the range of +/- 3cm) to pre-stress the membranes. As explained above the three rings of
each side membrane provided a second opportunity to final-stress the facades individually.
In the last phase of this winter´s snow-research, the inner cloud of the core was taken away in order to
use the whole volume to produce powder snow – a quite beneficial feature for snow research.
The erected construction is 8,5m high, measured in axis of the projected mid-point. The foot-plates
describe a triangle with a side length of 17,6m. The lifted cloud offers a volume of 155m³ for artificial
snow production.

6. Conclusion
The “Cloud for fresh snow – Research Lab” represents a hybrid configuration of bending active
wooden members and membrane surfaces, and showcases following solutions on the architectural,
structural and practical level:
The concept of introducing a spherical tetrahedron showed optimized spatial, functional and
environmental conditions for a patented technology of patented snowproduction. This aspect has been
verified by the successful research that was enabled not only by the technical equipment but also by
spatial/geometrical qualities, which are essential part of the snow production process.
Decoupling outer tetrahedron structure and skin from inner core by cable-connections, which are
following the spatial geometry of lowest energy, has beneficial effects like cushioning forces and
deflections from high wind loads or gusts.
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The elasticity of slender wooden members is used for composing the spherical tetrahedron, which
defines boundary conditions for its minimal surfaces. Simultaneously these linear and surfaceelements interact in a hybrid system on a structural level e.g. by mutual prestressing.
The possibility of actively changing the geometry, respectively the curvature of elastically bent edges
of the spherical tetrahedron by enables a groundbreaking simplification of the installation process and
pre-stressing of minimal surface membranes.

Figure 9: Documentation of the erection in Obergurgl, November 2014

7. Perspective
Due to decoupling outer tetrahedron structure from inner core by cable-connections we observed
”shaky” properties of the outer tetrahedron, which were on purpose in terms of cushioning wind
forces. The positive drainage-effect encourages to focus on this phenomenon in order to explore the
potential of these kind of movable structures.
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Material fatigue is discussed as one of the main problems of bending active wood. Our structure uses
bending active properties in the assembly, erection-process and prestressing phase. Once the final
geometry is achieved all bending active members act as arches, carrying axial forces only. After six
months of operating the researchlab under extremely changing weather conditions (windspeed up to
120km/h, changing temperature from -20°C to +25°C, changing humidity) neither major geometrical
changes nor loss of prestress could be noticed. Ongoing research will study further configurations
utilizing the advantages of bending active members to improve assembly and erection processes as
mentioned above.
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