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Abstract 

The original design for a bridge to span the Golden Horn in Istanbul was by Leonardo Da Vinci in the 
the 16th century. This design would have had a span of 240 metres and a width of 24 metres. The 
bridge would have had the largest span at that time if the sultan of Turkey had approved and 
constructed the design. This design was the inspiration for a team of ice builders in the Eindhoven 
University of Technology to design and construct the largest bridge in ice. We started this project in 
continuation of the previous ice-building projects, Sagrada Familia in Ice 2015 and Pykrete dome 
2014. Accompanied by the staff and a group of master students from Eindhoven University of 
Technology, the project team worked on this project in collaboration with the structural ice 
association, the municipality of Juuka (Finland) and more than 15 international schools/universities 
and local volunteers in Finland. In the previous years the pykrete dome and the ‘Sagrada Familia in 
ice’ were realised, with respectively the largest ice dome and the highest tower in ice. In the winter of 
2015/2016 the design and construction was focused on improving the record for the largest span in ice. 
The structures in previous years were constructed with pykrete, ice reinforced with sawdust or wood 
pulp. The ice bridge was constructed with cellulose as fiber material to strengthen the ice. By doing so 
the material should be 3 times stronger and 20 times more ductile than ordinary ice. Up to now all 
projects were made with inflatables. This paper will focus on the use of inflatables for the construction 
of ice shells. The reinforeced ice shells are made by spraying layers of fibre reinforced ice on an 
inflatable. The inflatable mould was designed to have the optimal force distribution of the shell and a 
minimum of deformations.  

Keywords: ice composites, inflatable mould, cellcrete, pykrete, Leonardo Da Vinci  

1. Introduction 

Heinz Isler (1926-2009) worked with fabric formwork to design and produce shell-structures made of 
ice. Isler was known as an innovative and out-of-the-box thinking man. He used gravity in his form 
finding for funicular and stable forms for shell structures. He started experimenting with physical 
models around 1957. One of his working methods involved the use of suspended stretched sheets to be 
frozen in the open air. Every winter he did some experiments by freezing frozen fabric or spraying 
water over objects like plants, hanging ropes and fine garden netting. Beside the winter experiments 
with hanging material, Heinz Isler also did some experiments with balloons sprayed with water while 
it was freezing. This resulted in an ice palace. The firm Steurer Systems have made a commercial 
application, using inflatables to make igloos for pleasure. 
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2. Matti Orpana 

 

Figure 1. Covering of inflatable with snow Figure 2. Inflatable covered with ice by spraying water Figure 3. 
Inside of snow igloo with ice bar 

In the north of Finland, Matti Orpana made igloos with a 15-meter span and a 15 meter height (fig. 1,2 
and 3,). They are the biggest single-surface igloos to date made with an inflatable mould. The 
inflatable is covered with ice or snow. The vertical section of an igloo has the form of a catenary. In 
ice the walls are 90 cm thick and in snow the walls are 3 meters thick. Due to the thickness of the 
surface, the dead load of the igloo is dominant compared to the variable load and there will be 
compression only. The igloos are made at -15°C; They remain for one season: 5 months from 
November to April. The igloos are used as ice hotels with various types of accommodations. 

3. Carl Koepcke and Marshall Prado 

 

   

Figure 4. Cutting patterns; Figure 5. Inflatable mould; Figure 6. Inside of the shelter by Carl Koepcke and 
Marshall Prado. 

In 2013 Carl Koepcke and Marshall Prado from the Harvard Graduate School of Design realized an 
ice shelter based on the experiments by Heinz Isler with inflatables and ice (fig. 4-6). The project 
combines the use of ice and spraying water with the parametric modelling and digital fabrication of 
cutting patterns (fig. 4). An ice shell of approximately ½ inch was capable of supporting itself without 
further bracing (fig. 5). 
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4. Tsutomo Kokawa 

 

Fig. 7,8,and 9 Application of snow and water Snow is sprayed in the membrane together with sprayed water for 
creating the skin of the ice shell 

Since 1997 Tsutomu Kokawa has created several ice shells in Japan. His igloos are lower and can 
have a wider span than the ones created in Finland by M. Orpana. Therefore he had to optimize the 
structure with a grid of ice beams. Because of these supports, the rest of the structure can be thinner. 
He made several test builds with 20-meter span ice domes. In 2001 he made a dome with a diameter of 
25 meters. Kokawa’s ice shells are constructed by inflating a 2-dimensional membrane covered with 
ropes anchored to a snow-ice foundation. The form of the inflatable is controlled by changing the 
length and geometric pattern of the ropes. The membrane does not require 3-dimensional cutting 
patterns. Most of the forces are handled by the ropes. The limited demands on the membrane make it 
an easy, flexible and cheap system. The inflatable is covered with a 1 cm snow layer by blowing 
milled snow with a rotary snow blower. A fog of water is sprayed on top of the snow with a high-
pressure adjustable nozzle. The water is held by the snow and will freeze to the surface of the layer 
below. The structure can be realized at temperatures below −10°C. It is necessary to build up the igloo 
by thin layers of about 1 cm each to avoid deflections of the inflatable and to prevent geometrical 
imperfections or a heterogeneously built surface. The enclosure of a layer of dry snow might cause 
delamination of the shell structure. The application of snow and water is repeated until the desired 
shell thickness (1/100th of the span) is reached. It normally takes 1.5 hours to attain 1 cm thickness. 
After finishing the shell structure, the inflatable membrane and ropes can be removed for reuse. The 
geometric pattern of the ropes will make a grid of ice beams at the inside of the shell structure. 

5. Igloo in the summer 

In September 2003 Pronk et al. built an igloo for an exhibition in Amsterdam with an inflatable mould. 
Building an igloo in the summer was a great challenge that could be realized with the help of a 
freezing device of the company EasyCool.  

Although the Netherlands are located at the 52th parallel of north latitude, about 1300 km north of 
Monaco, Boston and Sapporo (Japan), it has a moderate climate. The average temperature in February 
is 1˚C and in September 18˚C. In order to make ice sculptures, the temperature must be manipulated 
with a cooling machine. This can be done by cooling the air of an insulated room or by direct cooling 
of a surface. The first way is the most common. But the disadvantage is that the complete space has to 
be insulated. Air is a good insulator with a low heat capacity, therefore it will take a lot of cold air and 
a long time to freeze a substantial volume of ice in a cooled space. The other way is by making a 
matrix of ducts on a surface and directly connect the ducts filled with water-glycol to a cooling device. 
To make ice for a skating rink, the ducts filled with water-glycol with a temperature of -12°C are 
sprayed with a fog of water. To transform 1 kg of water into ice, 80 times more energy is consumed 
compared to increasing the temperature of 1 kg water by 1K. Water has a 4 times higher heat capacity 
than air. Air has a 100 times better capacity for insulating. The low heat capacity of stationary air 
insulates the ice object, so relatively little energy is needed to cool down the igloo when it is erected 
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and the temperature of the air can be high as long as there is limited convection. Because of the high 
heat capacity of water and the much higher density of water, cooling with a water glycol needs much 
smaller volumes and is therefore also more efficient than cooling with cold air. The combination of 
direct cooling with water-glycol on ice with the insulating capacities of air makes it possible to create 
ice sculptures with an ambient air temperature above 0°C. Based on this knowledge, several 
experiments were carried out and a complete igloo was realized with an ambient air temperature of 
+18°C.  

    

Figure 10, 11 and 12. Spraying of inflatable; inside and outside of igloo. 

In September 2004, an igloo was made for a business fair in Amsterdam. First a small experimental 
prototype was made by winding an inflatable mould with cooling ducts (fig. 13). The ducts were 
connected to the cooling machine and then sprayed with water. After one hour, a two mm layer of ice 
had formed. The experiment was a success and gave enough confidence to make the full-scale igloo . 
For the construction of the igloo, 2000 m of ducts were wound around the inflatable mould to create a 
grid of ducts with a spacing of 5 cm. This work took 3 days with 5 people (fig. 10). The ducts where 
connected to a cooling device filled with water-glycol of -12°C. The ducts were sprayed from the 
outside with a fog of water for 3 days. The inflatable was removed and the ducts where sprayed on the 
inside of the igloo for one more day. To collect more information about the structural behaviour, we 
roughly calculated the shape of the igloo with the help of the program Marc/Mentat. (fig. 15). The 
calculation proved that for ice shell structures with limited measurements the deflexions will be very 
limited. The benefit of this method is that an igloo can be constructed with an ambient air temperature 
of +18˚C with the help of a cooling machine and an inflatable mould but without the need to build an 
expensive insulated room.  

 

Figure 13, 14 and 15. Experiment with an inflatable combined with cooling ducts and calculation in 
Mark/Mentat 

In 2004, the igloo project in Amsterdam proved that it is possible to make an igloo by covering an 
inflatable surface with a matrix of ducts connected to a cooling device.  To make ice, the ducts are 
filled with water-glycol with a temperature of -12°C and spraying the mould with a fog of water. 
Multilayer membranes filled with a heat transmitting substance/material make it possible to heat up or 
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cool down a space by radiation and convection. The experiments with distance fabric  revealed the 
problems associated with making a curved surface with a distance fabric. When an underpressure is 
used, the technique of vacuum infusion  can be used to make a heat transmitting membrane with a 
capacity of 500W/m2.K. The working of the heat-transmitting membrane can be improved through 
proper use of fluid dynamics. The addition of extra membranes may filter the radiation of the sun and 
further insulate the construction. Applications of this heat transmitting membrane can be found in the 
climate control of membrane structures and buildings. 

6 Inflatable Igloo With a Heat Transmitting Membrane 

The 2004 igloo project was a prototype just for one occasion. To make it “commercially” feasible it 
would help if the time for making the igloo could be shortened as much as possible. The construction 
time at a fair is 3 days maximum. As calculated, the theoretical time for making an igloo of 10 m3 
with a chiller of 100 kW/h is 11 hours and 20 minutes. In practice, this will be at least 48 hours due to 
energy loss in transmission. After the igloo is finished, there has to be some time for cleaning and 
showing an exhibition, building a bar, etc. If this takes 12 hours it leaves 12 hours for the installation 
of the mould, ducts and cooling device. It is possible to weave a curved distance fabric, but there is no 
manufacturer that will produce custom made small amounts. The other option is to hold two surfaces 
together by means of underpressure. This technique is used in the vacuum infusion process. Vacuum 
infusion is a method in which a (thermo set) resin is injected between two surfaces. A distance fabric 
is placed between the two surfaces to separate the surfaces and to reinforce the polymer after the 
infusion. After enclosing the surfaces in a membrane, a pressure differential is applied that 
impregnates the fabric with resin. The pressure differential is obtained by means of an underpressure 
or near vacuum. The infusion has to take place within the curing time of the resin used. By using a 
vacuum infusion technique it is possible to have an evenly spread surface with a high density of fibers 
and a low emission of styrene. This technique is used for objects made of (fiber reinforced) polyester, 
like (sailing) ships, airplanes and cars. The different pressures operating on the mould are limited by 
the atmospheric pressure of approx. 1 bar on the membrane. The pressure difference within the 
sandwich (water-glycol) and the outside (air) depends on the flow capacity of the liquid within the 
drainage material. This is determined by the section, the position (distance), permeability of the 
material and the viscosity and velocity of the fluid. As the fluid acts on the bottom surface by 
gravitational forces we can see that the height of the fluid column and the density of the fluid play a 
part in the force balance acting on the surface of the membrane. By using the direction of the fluid 
flow and the average under- or overpressure of the system relative to the atmospheric pressure it is 
possible to decrease or increase the pressure on the liquid within the limits of the atmospheric pressure 
of 1 bar. 

 

Figure 16,17 and 18 Heat Adapting Membrane 

To make a heat adapting membrane, the resin is replaced by water-glycol. The volume between the 
two layers is put into underpressure. To keep the spacing between the layers, a permeable drainage 
material is used (fig. xx). It is possible to transport water through the section of this mateial. When 
glycol is added to the water, it becomes  possible to cool the water below 0°C. In this way, it is 
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possible to make ice on the surface of the membrane (fig. 18) and with warm water, the membrane 
structure can be used for heating. After several a small test with plane sandwich structures, a full igloo 
was made based on the sandwich in underpressure. The result was an igloo-shaped double membrane 
within a 30 mm fiber layer to transport the cooling liquid. It is hard to make a 100% fluid proof closed 
envelope out of a pvc coated polyester reinforced membrane in a complex form with a lot of seams. In 
this model, the number of seams was high. The centrifugal pumps used had not been designed for 
conditions between 0 and 1 bar. If there is any air in the system, the centrifugal fluid pumps will shut 
own. It is possible to evacuate leaking air with a vacuum pump at the expansion buffer. Still, it is 
better to avoid leakage. With this inflatable igloo we did not make an ice surface because of the 
problems mentioned. The system was not stable enough due to air in the centrifugal water pump. The 
problems with this prototype can be solved by using an inflatable with fewer seams, without leakage, 
and a self-priming pump. A second improved prototype was not built. 

7. An ice dome of hinging plates lifted with an inflatable formwork 

 

Figure 19, 20 and 21 lifting the ice 

The oldest known pneumatic lifting device is from 1917 invented by Louis Fleury and was registered 
in the US 1295471 patent. He wrote: “My present invention relates to a lifting device, preferably in the 
form of a jack for elevating vehicles, and is actuated by air under pressure” Since the 1960ties up to 
now inflatables have been used commercially to recover vehicles. Lifting cushions for the construction 
of ice domes were used by the Institute for Structural Engineering at Vienna University of 
Technology. With this method concrete as well as ice shells can be created by transforming plane 
plates into a shell by means of lifting hinged plates with an inflatable formwork. In December 2005, 
an ice dome was constructed with a span of 13 m. The method is able to work with prefabricated 
elements and will form a facetted structure approximating the real shape of the shell. The use of 
prefabricated elements is remarkable for the construction of shell structures. The researchers applied 
this method also for the erection of concrete dome structures. The maximum required air pressure in 
that case, inside de inflatable formwork, amounted to 37 mbar. There are some rare examples with 
prefabricated elements like the Philips pavilion by le Corbusier and Xenakis and with a Russian 
system for realizing domes. This method by Dallinger & Kollegger bears resemblance with the 
method used by Bini. The bini-shell is a circular-based, monolithic, reinforced concrete thin shell. The 
structure is cast on a flat surface and also lifted and shaped by a low pressure inflatable. The first bini-
shell was made by Dante Bini and Nic Bini back in 1964. 
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8. Da Vinci’s Bridge in ice 

 

Figure 22,23 and 24 the Pykrete Dome, Sagrada Familia in ice and Da Vinci’s bridge in ice 

In 2014 Pronk et al had the chance to realize a new record for the the largest igloo in Juuka, Finland. It 
was the first major project using fibre-reinforced ice for building purposes. The use of fibre-reinforced 
ice made it possible to build a dome with a diameter of 30 meters. In 2015 they built the Highest dome 
of 21 meters in the Sagrada Familia in ice project. The 2016 Da Vinci’s Bridge in ice was a sequel to 
these projects. The project Da Vinci’s bridge in Ice started in march 2015. The design of the bridge 
was inspired from sketches of Leonardo da Vinci. He designed a bridge over the Bosporus river in 
Turkey for Sultan Bayezid the second, but the bridge was never build. In order to build this bridge in 
ice a mixture of water and cellulose was used. Both the strength and toughness of the ice greatly 
increases by adding 2% cellulose to the mixture. After adding the cellulose the mixture is sprayed on 
an inflatable with pumps and fire hoses. Previous years sawdust was used, but this material caused the 
pumps to be blocked.  

 

Figure 25 presentation of the construction method 

The bridge was built on the same location as the Sagrada Familia in Ice. The toplayer of the soil was 
upgraded to be able to stand the shear forces and load of the bridge. The inflatable was made in the 
Netherlands by welding polyeter pvd with a width of 2 meter. The inflatable has a surface of 2500 m2 
and weighs 1600 kg. The inflatable was folded and shipped to the building site in Finland, together 
with the rope net. The anchors were placed on beforehand. After the inflatable was unfolded onsite the 
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steel cables were laid over the inflatables and attached to the anchors. During inflation the pressure 
was slowly raided up to 0,5 kN/m2. At this pressure the inflatable was sprayed with the ice composite 
layer by layer until the designed shape was reached. After finishing the ice construction the inflatable 
could have been deflated and removed. Many variables were determined by the structural shape of the 
ice bridge. The formfinding of inflatable mould had to serve the demands of the ice bridge. Two 
cables were tensioned over the inflatable in longitudinal direction. The cables push the inflatable into 
the correct form in such a way that the bridge could have been made. The weight on the inflatable 
increases with every layer of ice composite. In this way we did an attempt to build this bridge in ice 
with a free span of 35 meters, a total length of almost 70meters and almost 10 meters high. 
Technically it would have worked but we did not make it and it was astonishing to see that a week 
with weather of +3C and rain destroyed our efforts just one week before the planned opening of the 
ice bridge. 

Conclusion 

The projects gave us the opportunity to explore new building possibilities for fibre-reinforced ice. Just 
as concrete can be reinforced with steel rods or fibres, ice can be reinforced with wood or paper fibres. 
It can increase the compressive and tensile strength of ice by three times more. Ductility can even be 
increased 10 times. After the projects in Juuka, Finland, the Eindhoven university of Technology 
intends to continue their ice research with a large project in an even more extreme and cold climate. 
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