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BUCKY LAB REPORT

PAPYRUS HOSPITAL

This report covers the investigation and development of a 
design focusing on the use of cardboard as a construction 
material. It will present the advantages and weaknesses 
of this material, and how these are digested and taken 
into account throughout the design process. From the 
individual brainstorm stage, to a phase of merging concepts 
into a group idea and finally developing a built prototype, 
the process is broken down into steps so the reader 
can understand the reasoning behind decisions made. 
Furthermore, the building process is illustrated by a photo 
shoot covering the most relevant stages of construction. 
Through these illustrations and final design drawings, 
a clear image of the design is portrayed. Conclusively, a 
summary and reflection on future considerations for further 
project development is undertaken.
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INTRODUCTION

Sustainability is one of the most important issues in 
architecture today. It has come to the point in which 
sustainability should no longer be considered an avant-
garde field in design and should instead become something 
of first nature from the starting point of any project. It is an 
experimental field in which efforts need to be made to find 
and improve alternative solutions to our current problems.

Cardboard, a very sustainable material which can be 
suitable for architecture, is almost never applied by 
architects. The Bucky Lab project used the opportunity to 
promote cardboard as a building material. 

The assignment was to design a shelter for homeless people 
or people in emergency situations, with cardboard as the 
main material. To be used in architecture, cardboard has to 
compete with materials like wood, concrete and steel. 

Especially the structural properties can be a problem, since 
cardboard is less strong than the other materials. With 
these starting considerations, we will delve deeper into how 
the project has been developed, from the different design 
stages to the various material considerations that have 
been taken into account.

CARDBOARD

 It is important to understand how cardboard is constituted 
and in what shapes it can be obtained for constructive use. 

Cardboard is a heavy duty paper which presents different 
strengths depending on how it is layered as well as on 
how different layers are attached to each other. The most 
common formats produced are solid profiles, usually L 
and U shaped, flat boards, corrugated cardboard, with 
one, two or three layers of corrugation, and honeycomb 
panels, which are formed by two outer sheets of linerboard 
connected by a honeycomb mesh in between, allowing to 
reach the maximum thicknesses that can be produced with 
this material.

Cardboard is a lightweight material which functions rather 
well in tension, even in thin layers due to its paper like 
nature. It performs poorly in compression as it collapses 
easily when moderate loads are applied, which is why 
layering or meshing is fundamental in order to achieve 
strength against compressive forces. 

The nature of cardboard

Photo by Marcel Bilow - The good, the bad, and the ugly Photo by Marcel Bilow - Detail of bed expansion
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When it comes to structural elements, cardboard is on the 
low end of competitiveness, especially when comparing to 
traditional building materials like wood, steel or concrete. 
The question one ought to ask is how cardboard can be 
used in structures so that it is worthwhile to further develop 
these kind of structures.

One of the most important characteristics is its lightweight 
nature. This allows cardboard to distance itself from a vast 
amount of materials, providing a quality which renders 
useful for adaptability and transportation. These are 
characteristics which are becoming essential for temporary 
and extreme architecture, designed to reach any corner in 
the world.

Ease and multiplicity of connection types is also a 
fundamental characteristic working with this material. 
Surface elements benefit from glued connections while 
point connections can be executed through gluing and 
nailing among other processes. Cardboard and wood can 
be worked with similarly, making wood an ideal partner 
where needed. When connections may be weak, they may 
always be reinforced by introducing wood elements to 
improve connection rigidity.

Finally, it is also worth mentioning its folding properties. 
This refers to the principle of structures that can expand 
and contract to optimize space. Cardboard plates can 
easily be designed into folding patterns to minimize space 
consumption for storage and transportation purposes, yet 
at the same time can expand to their full volume when 
assembled on site, ready to be used.

All of these advantages must be used taking into account 
its structural limitations. Essentially cardboard is limited to 
more moderate loads and spans than other materials. It is 
critical to consider smaller modules and cleverly think out 
load transmission through the stiffest elements. Following 
these design guidelines, cardboard becomes as valid as 
traditional building materials, with a balance between 
slight increment in material used against many attractive 
principles brought along. 

Scope of cardboard structures

Photo by Marcel Bilow - Honeycomb stack Photo by Marcel Bilow- Dry assembly of the core structure

Photo by Marcel Bilow - Detail of the profile connections
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INDIVIDUAL CONCEPTS

During the first three weeks, three different directions are 
taken, developing upon the two proposed situations. 

Structures for disaster areas:  
 -shelters for natural disasters (Sarah)
 -hospital for mass disease treatment (Jan) 
Structures for homeless: 
 -homeless in the city (James) 
 

The folding principle to achieve compact designs, which 
underlie an easy transportation and optimization of space, 
is something that can be seen across all projects. This is the 
potential concept to extrapolate out of each design to put 
in common for the group design development. Even if the 
designs are thought out for different purposes, they operate 
in a common way which allows integration to be easy and 
successful. 

Common considerations

HARMONY(CA)

When folded, shelter is easy to ship, because it is small and 
light. The dimensions of a shipping container are taken into 
account. Eighteen folded shelters will fit inside one shipping 
container, with some spare space left for blankets, clothes or 
food. The shelter can be unfolded at the destination within 
a couple of minutes and offers a lot of sheltered space.

The shelter does not offer a lot of facilities and is only 
supposed to offer protection as fast as possible. Furniture 
can be made according to the same folding principle, which 
would make the shelter more comfortable. However, the 
shelter should only be used temporarily and in emergency 
situations.

The Harmony(ca) is a shelter for people who have 
experienced a natural or human-made disaster. The most 
important thing is that these people get a roof over their 
head. This should be provided as fast as possible and 
since there is often not a lot of money available, the shelter 
should be produced as cheap as possible.

This results in a relatively simple design, made out of 
two elements: structural frames and foldable cardboard 
connections. The frames are made out of honeycomb 
cardboard because they have to be rigid. The foldable 
part is made out of single-layered corrugated cardboard, 
because it has to be possible to make the folds. 

Shelters for natural disasters

Refugee camp shelter
- Easy to ship (size)
- Easy to ship (weight)
- Easy to set up
- Low costs
- Spacious
- Create harmony

Dimensions(mm)
Folded:
5500x250x2600
Unfolded (max.):
5500x12000x2600

Container:
11950x2330x2680

Sarah Heemskerk
4094476

Bucky Lab
21 october 2014

Elevator pitch
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Each module is connected to the adjacent module through 
a secondary system which allows for movement in four 
directions. Forming either hallways between different 
degrees of infection or to form large clusters for as many 
people as possible. The shape of each module is designed 
in a way that allows water to drain off the roof, and so that 
the part touching the ground becomes corners rather 
than surfaces. To keep the modules from collapsing onto 
themselves, the ceiling and floor act as wedges.

As each cell is designed to contain one person, it is also able 
to be detached from the rest of the structure and disposed. 
Disposing the structure would happen by setting it on 
fire. This is to eliminate the contagious diseases as fast as 
possible after the patient is treated or dead.

Ebola testing center is about providing care for people 
who are in need of immediate care by trained healthcare 
workers. It is designed in such a way so that it is easily 
transportable, effective and fast to set up;  also each module 
in the structure can differ in function.

Because the idea of each module is a sealed container or 
unit, the spread of diseases would be minimal, and each 
patient  would be assigned a specific place. 

This design helps to optimize the structure in such a way 
that it is possbile to get the right amount of modules for 
the specified situation. Also the spread of the Ebola disease 
becomes less of an issue.

EBOLA TESTING CENTER
Shelter for disease treatment

Since the project is meant initially for individual use, it must 
be easy to assemble for a single person. This also applies to 
the transportation of the unit. It should be lightweight and 
occupy a small volume when collapsed, so that it can be 
easily maneuvered. The spatial needs of the fully expanded 
project also adapt to the individual, with sufficient height 
and length to feel comfortable and possibly fit other people 
when a small street community is formed.

Overall, this design covers the principles of transportation, 
adaptability and optimization of space. Inspired by the 
project undertaken by Krzysztof Wodiczko in the streets 
of New York, the moving shelter idea is revived using 
sustainable materials to update it and make it lighter.

The idea of this project is to provide a minimum living 
space for a person especially struggling to survive and in 
solitude. The intention is to provide homeless individuals 
with a mean that provides not only shelter, but also a 
device which allows to go from aimless lonely wandering to 
progressively living in a small scale community with people 
in a similar situation. In other words, it is a hardware which 
allows social relations to develop. 

The project consists on one hand of a core, which is mainly 
used for storage but also contains the expanding part of 
the structure. On the other hand, the expanding part is kept 
inside the core for transportation purposes and can easily 
be pulled out to generate the main resting space.

ON THE ROAD HOME
Shelters for homeless

Elevator pitch Elevator pitch
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Core expansion variations

The background for the cardboard hospital is the spread of 
Ebola virus disease in villages located in central Africa, and 
then recently in rural and urban places in west Africa. EVD 
is a severe, and often fatal illness in humans. It is therefore 
important that ill people get treatment as fast as possible.
 
EVD is transmitted from animals to humans, and is spread 
through contact between one another. Both the patient 
and the healthcare worker are in danger during treatment.                            
 
The healthcare worker can suffer immense fatigue due 
to him or her wearing a Hazmat suit that is impermeable. 
Not taking breaks regularly will make them more 
susceptible to the disease because of prolonged contact 
and increase the chances of performing the wrong action.            

On the other hand you have the patient which is treated 
over a maximum of 21 days. There are different stages of 
EVD, and depending on which stage the patient is at, it is 
important to isolate or separate people from each other, for 
the best possibility of survival.

From the assortment of designs, a selection is made for 
the hospital model since it adapts best to the usability and 
functionality of cardboard. It is a model to be expanded 
only once after initial deployment, as opposed to multiple 
expansions/contractions in the functioning of the other 
models, especially the homeless shelters. 

It also conveys an attractive connection between foldable 
parts through more rigid cores, ideally both parts being 
made with various cardboard formats. With the recent 
outburst of Ebola disease, the project is developed trying 
to satisfy the specific treatment needs this disease requires.

However, some problems are also detected, as this is only 
the first stage of development of a complex design. The 
content and dimensions of the interior spaces generated by 
the expanding structure must be thought out well to make 
it a pleasant resting space, especially for a hospital purpose. 
Potential integration of elements from the other designs is 
possible here, such as the storage function within the core 
in the case of the homeless shelters, and the clustering of 
expanding units, possible in the Harmony(ca) concept.

GROUP CONCEPT
Integration of projects Ebola virus disease (EVD)

Introduction of structure directionality: one direction 
for setting up bedrooms, the other for connection and 
movement throughout the building. This influences the 
directionality of the clustering as well. Each direction takes 
a different function.

Storage is also added in the four corners of the cores. The 
width of the cores is increased to 5.5 meters to fit beds on 
both expanding longitudinal walls and allow for corridor 
space in between.

The expanding part is thought out as a set of ribs which are 
attached to one another by a flexible expanding material. 
This material should have properties which allow for light 
entrance yet minimal visibility to maintain privacy within 
the room. Beds can be used also for additional structure 
stability, by making them fit in between the ribs. The ribs 
will have to be modulated according to appropriate bed 
width of about 0.90 meters.

Once the concepts we wanted to integrate were clear, the 
project was rethought from the beginning to avoid any 
limitations based on prior designs.
 
 
The unit clustering is reconsidered, thinking about different 
shapes for the cores. Hexagon, square and rectangular 
shapes come to mind as easy to connect and expand 
limitlessly. We choose a rectangular array as it fits best 
into the way the programme is thought out, with one main 
direction for hospital expansion and the short direction for 
fast movement across the building. 

The possibility to remove certain units with large clustering 
to form courtyards is also considered. This will allow for 
entrance of light through walls in addition to the roof. It also 
allows to introduce varying rhythms in the distribution of 
the bedrooms, for example for patients with different levels 
of infection.
    

Development timeline

Week 3

Week 4

Photo by Marcel Bilow - Happy group on the bed prototype Clustering configurations
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The units, including the expanding bit, must optimally be 
raised from ground level to avoid continuous contact of the 
cardboard flooring with ground water. This would quickly 
deteriorate the cardboard, making it lose all strength and 
probably causing the rest of the structure to deform or 
collapse. A simple lightweight foundation system which 
allows for ground separation and ventilation is the optimal 
solution. The loads to be transmitted are relatively low as the 
construction itself is lightweight so porous block materials 
can be used. An array can be set in both the longitudinal 
and transverse directions to properly distribute the load 
of the raised core and expansion. The cardboard can be 
mechanically fixed to the block-like foundation units.

To optimize the design transportation, we decide to treat 
it like a solid unit, where everything else has to fit. The 
expanding ribs are rethought and introduced into the core 
when collapsed. The core is conceived as the container, 
inside which everything else is transported, from beds and 
shelves to the expanding ribs and floor. To make everything 
fit, the beds must be foldable. We figure that it is best for 
them to fold in the direction perpendicular to the rib 
expansion, so that the stiffest direction helps keeping the 
ribs in place. 

Significant core space is taken up by the ribs and must 
be taken into account as there is less space remaining 
for corridor and shelves in the short direction of the core. 
The storage and corridor have a fixed minimum width for 
appropriate storage and proper movement of beds and 
people. Some of the storage might have to be sacrificed in 
favour of ease of movement.

Rethinking positioning of the storage and actual amount 
that is needed, we decide that it is better to have less general 
storage, so it can be cut to half the amount, allowing to 
reduce one line of shelves.

Storage can be increased by including it at the end of each 
bed, thus being specific for each patient which seems 
more logical. Core distribution starts to lose symmetry 
towards a more logical programmatic distribution. General 
storage is moved to the other side of the corridor-bedroom 
separation wall, where the ribs are kept when collapsed, 
and becomes easily accessible thanks to its disposition 
within the bedroom space instead of the corridor space.

Week 5 Water protection

After consultation, we decide to rethink how the core 
is going to be built up, introducing structural elements 
which are clearly distinguished from the cladding panels. 
It is an attempt to optimize the amount of material used, 
to strengthen the core where necessary and allow for 
more freedom when it comes to the composition of the 
envelope and the joints between panels. Horizontal force 
stability is also required, for instance against intense wind. 
A secondary structure to prevent lateral movement has to 
be thought. It can be something simple such as flatbars 
spanning between columns to keep them in place, so the 
overall shape is retained.

With this new wall-structure design it is also possible to insert 
insulation panels or wool between the cladding panels to 
improve the performance of the core if the system has to be 
used in extreme climate conditions. Approximately 10 cm 
of proper insulation can be introduced which will have a 
significant effect in how well the heat is retained. 

Challenge to optimize the transportation of the unit by 
making it fit into modular containers which are transported 
on boats and trucks. This is something we believe to be 
fundamental as it maximizes the amount of units which 
can be transported, with no space going to waste during 
transportation, which stands as important both for 
economical and emergency reasons. The original idea to 
make the core itself the container is left behind, especially 
due to the lack of strength of cardboard to hold up the 
weight of several cores stacked up on top of one another as 
would occur during boat transportation.

Intention to optimize the materialization of the structure. 
Originally the walls of the core are thought out as several 
sheets of honeycomb or corrugated cardboard which are 
stacked one after another until appropriate wall thickness 
is reached, especially regarding stability and stiffness. 

Week 6
Interior view test

Conceptual longitudinal section

Protection against water, especially water accumulation, 
has to be thought out. It must be possible for water to be 
easily evacuated from the roof. We can achieve this by 
introducing a light slope to the roof of the core and the 
shape of the beams forming the moving ribs. The roof and 
beams can have a double pitch, meeting at the longitudinal 
axis of symmetry, so that water can easily flow following the 
shortest path possible.
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Rethinking the assembly: is it easier to use different frames 
for each part of the core or try to design the core using 
frames which can be repeated, in other words modulation? 

This last option will probably be easier both for the assembly 
of the frames as well as for fixing the frames together. We 
have to think about this taking into account the dimensions 
of the openings and how the load above these openings 
is going to be transmitted vertically. We can introduce a 
structural profile which spans the whole length of the wall, 
above the door openings, to maximize the surface in which 
the load is distributed. This way all of the lower frames will 
collaborate in the load bearing of the top frames, especially 
those above the door openings.

How can we guarantee that the base for the frames will 
be horizontal? We need to introduce a transition profile 
between the floor of the core and the frames, probably made 
of wood or solid cardboard. It is important to guarantee a 
firm base so that the structural elements stay in line.

The kinds of connections are also modified bearing in 
mind that cardboard can’t take the same stress, introduced 
with nut and bolt connections, as other materials do. It is 
best to use surface connections where possible, as glue 
connections work well with less stiff materials. Since the 
contact surface between elements is large in most parts of 
the design, glue connections actually work much better, as 
the connections become continuous and reduce localized 
stress on the cardboard. 

Rethinking the stability of the expanding part. The ribs are 
stable in their own plane as they are sufficiently thick and 
have U profiles following their shape, providing additional 
stability and stiffness. However against forces parallel to the 
direction of expansion they are rather unstable. We think it 
is beneficial to introduce crossed ribs that connect every 
pair of ribs to multiply the stability in this direction. At first 
they are thought out as inserts which intersect the section 
of the ribs at specific points. However, these points would 
become critical so it is best to find a solution that doesn’t 
pierce the rib section. L profiles attached to the ribs, on 
which a U profile rests are a good solution to this problem. 
During transport these crossed ribs will be stored separately 
from the ribs in the core. They have to be connected at the 
right place after expanding the ribs.

It is also important to fix the ribs to the folding floor plates. 
The easiest way is to use L profiles which can simply be 
glued to both the rib and the floor plate, or alternatively 
mechanically fixed if we find it is interesting to be able to 
move the ribs from time to time. Lower stability of the ribs 
can also be improved through the design of bed units that 
fit tightly between every pair of ribs, leaving the minimum 
gap to be able to fit them in and out without damaging the 
beds or the structure. 

Week 7
The week before building the prototype, the design has to 
be adapted to 1:2 scale requirements, which is the scale 
at which it will be built. The profiles ordered had been 
optimized for a 1:1 scale, but enough material couldn’t be 
provided. The drawings need to be readjusted for the new 
scale, recalculating material use, lengths, and making sure 
profiles don’t overlap due to the smaller scale of the final 
design. Layering of surface elements is also reconsidered, 
as some elements don’t need as many layers for a scale of 
1:2.

Before the building weeks, it is important to include material 
production limitations in the final detailed drawings. 
Flooring, cladding and rib panels can’t all be produced in 
pieces as large as would be suitable for our design. We need 
to find a way around this limitation. A suitable solution to 
the problem is to form each layer out of smaller modulated 
panels, overlapping with adjacent panels on both sides 
so that the connections between layers are multiple and 
not simply between two panels. This way each floor plate 
will act as a whole large plate even if it is the aggregate of 
smaller panels. For the flooring surfaces, it is best to lay 
the rectangular panels of one layer with the longer edges 
following the longitudinal side of the core, while the panels 
of the other layer will be laid out transversally to the former. 
This is the best way to optimize overlapping surfaces and 
maximize the panels overlapping between layers.

Week 8

Week 9

Transportation diagram
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This model led to a series of questions, which would 
influence the final design. First question is about the nature. 
How we would deal with things gathering on the roof of 
the structure, it was concluded that a small pitch would 
help deal with this. Secondly was the foundation, where 
the structure will rest on, to prevent it from degrading with 
water contact.

The expansion sequence can be seen to the right, where 
three expanding floors of identical dimensions, initially 
in vertical position and attached to the core and to each 
other through hinge connections, are first opened up. 
This allows for the flooring in the core and that where 
the hospital room expands to be flush. The ribs are then 
expanded outward, connected to each other by the textile, 
making the expansion easy and fast. The beds will finally go 
in between the constant rib to rib distance, strengthening 
them perpendicularly.

The physical working model was built during week 5 (week 
2 of the group project). It compiled all the ideas we had 
sketched till this point: the core, shelves, expandable floor, 
frames and the bed which worked as part of the structure.

The model was made out of corrugated cardboard, and it 
has 4 ribs, where one is glued to the inside of the core. An 
expandable floor which showed the total expansion of the 
structure, and fabric between the ribs, which would indicate 
how the structure is separated from the environment. It is 
all to an extent based off of an early AutoCAD drawing. Of 
course the material chosen for the model affected parts of 
the model, thicknesses and sizes of the different elements. 
We also added cloth in the openings to show seperation 
from the outside.

In this model we can see that the shelf or the storage 
area was place in the hallway. This was concluded to be 
inefficient, because functions which should be together 
were not. Since there was space left on the side where 
the frames expanded from, the shelves were placed here 
afterwards. Now the communication area could be free, and 
there would be less conflict between people moving from 
one part of the buidling to the other and the people taking 
care of the patients. This helped optimize the movement 
within the hospital and the medicines would be in the same 
space as the patients.

WORKING MODELS
Physical model

Core expansion viewCore back view The expansion process
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The frame model was the second iteration of the rhino 
model, it consisted of frames that ran from the floor all the 
way up to the roof to meet a beam. This was concluded to 
be an unstable design, and hard to assemble later on. In the 
end, we made minor adjustments to this model to finalize it 
for the building weeks.

This model was the first iteration after we applied the pitch 
of the roof and started modeling the structure in Rhino. 
Everything in this model was made solid, which meant that 
it was supposed to be finalized in honeycomb or corrugated 
panels. It was after a talk with Jerzy where we concluded 
that it would be too much gluing surface and that we should 
think differently. This leads us to the next model.

This model was made the first day of the building week, as 
it was concluded that the received material did not match 
the dimensions needed for a full scale model. So we had to 
reduce the scale so that the received material would match 
the 3d model, and so that we could cut everything precisely.

CAD: Rhino solid model CAD: Rhino frame model

CAD: 1:2 scale model

Interior view of hospital network

Clay model of hospital network
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The layout of the corridor, the longitudinal walls, and the 
expanding part can be seen. The shelves are finally fixed 
to only one set of longitudinal walls, facing the direction 
where the ribs will expand, so as to be contained within the 
patients’ room.

The model is detailed both for the folded-in structure and 
the fully expanded one, to make sure everything fits when 
contracted, and at the same time ensure that all connection 
and stability elements are thought out when expanded.

FINAL DESIGN
Drawings
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Floor plan of core folded-in

Vertical section core wall

The main structure of the core can be appreciated through 
the vertical section of the wall. It finally consists of a series 
of modulated frames, symmetrically positioned in the 
core’s long direction, and with an asymmetrical distribution 
in the transverse direction. Cross bracing is introduced 
symmetrically in opposite directions, so that one crossed 
profile is always taking the lateral tension of the structure. 
The two sets of parallel walls are strengthened transversally 
thanks to the crossed beams, which also take the load of the 
roof. Finally, the frames over the door lintel are supported 
by a long beam which stretches out the whole length of the 
core, over the lower set of frames. 

Through cross sections at different locations, we can see 
the small difference in height due to the pitch of the roof. 
A balance had to be found between giving the roof a slight 
pitch and not making the sides of the core too low, so as 
to create a pleasant interior space. This was even more 
constrained by the limited height of the container. The 
height of the expanding floors is designed to match with the 
highest point of the pitched roof, to optimize use of space 
within the container and maximize expansion distance 
when laid out.

It can also be seen how the foundation blocks are set in 3 
lines in the short direction of the core. They have thoughtfully 
been placed underneath the walls, so that the weight can 
be transferred directly to the foundations, with no bending 
moment contribution derived from this load, and at the end 
corner under the expanding ribs, where it will overlap with 
the adjacent expanding floor once the expansion is carried 
out. This can be seen in further longitudinal sections.

CROSS SECTION LOW SIDE CROSS SECTION MIDDLE

Lower cross section Middle cross section
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The foundation blocks for the expanding floors are from 
this point onward set at a constant interval so that the 
foundation block axis coincides with the flooring axis. 
This way the distribution of foundation blocks under the 
expanding floor will be symmetrical both for continuing 
cores as for ending cores.

The first longitudinal section corresponds to the connection 
between two consecutive expanding cores. This is the most 
common situation when cores meet. The last rib of the first 
core joins the façade wall of the second core, to which it is 
attached with a continuous taped connection. 

The second longitudinal section in turn corresponds to the 
meeting of an expanding core and an end core, where the 
hospital finishes. The ribs have been emptied out from this 
second core, and the final rib of the left hand core rests on 
the flooring of the second core. 

The last textile strip is extended until it meets the 
interior wall of the second core, to which it is attached 
with a continuous taped connection. In both cases, an 
intermediate foundation block is used for the end of the 
core flooring and the beginning of the first expanding floor 
to rest on. 

Connection of expanding cores

Connection of expanding and ending core



2726

Details

Corrugated board - 75 mm

Flatbar - 55 x 5 mm

U-profile frame column
74 x 55,5 mm

U-profile frame beam
85 x 55,5 mm

Double U-profile door
lintel - 85 x 61 mm

Wood profile - 50 x 30 mm

Corrugated board roof
plate - 10 mm

Porous lightweight
concrete block

Honeycomb panel
30 mm

Wood rail guide
85 x 20 mm

Horizontal U-profile
guide

U-profile column
Flatbar - 55 x 5 mm
Corrugated board - 75 mm

Asphaltic based
separation membrane

Gravel shingles

U-profile crossed beam
85 x 55,5 mm

L-profile support
70 x 70 mm

Corrugated board roof
plate - 10 mm

Double U-profile crossed
beam - 85,5 x 61 mm

U-profile frame
75 x 55,5 mm

Honeycomb layer
20 mm

Corrugated layer
10 mm

Translucent textile

Gravel shingles

Porous lightweight
concrete block

Asphaltic based
separation membrane

L-profile connection
70 mm

Honeycomb layer - 20 mm

Corrugated layer - 20 mm

Honeycomb layer - 30 mm
Steel hinge
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The final material list with which we were to work was 
received. The U-profiles ordered were all of the same width, 
meaning that our overlapping connections couldn’t be 
applied in the built model. An alternative connection had 
to be thought out fast to be able to start connecting and 
assembling the following day. 

The details and lengths to be cut also had to be redrawn 
and measured again since the overlapping distance would 
no longer be taken into account for the beam elements. A 
simple substitute connection using wood pieces in every 
corner was designed. It worked similarly to the overlapping 
connections, just using a different overlapping material. 
The connection was still glued and would be reinforced with 
nails where the wood piece overlaps with each U-profile 
meeting at the corner.

To organize and optimize the tasks during the building 
weeks, several Gant charts were produced to establish the 
order in which tasks would be done. However, the materials 
received were different and connections had to be 
rethought on site. Additionally, the materials arrived later 
than expected and unfortunately not in the correct order. 
Consequently, the prototype couldn’t be built following the 
logical order of starting with a resistant flooring on which to 
assemble everything, moving upwards structurally.

PROTOTYPE
Day 1

Day 2

Day 3
The top frames were assembled following the same 
connection principle as with the main lower frames. 
The main beams forming the door lintels also had to be 
redesigned at this stage. 

Originally consisting of two U profiles of different width 
tucked one inside the other, this design was no longer 
possible with identical width profiles. A single profile would 
be used and the one tucked inside would be substituted 
by wooden profiles with a 45 x 12.5 cm section. This would 

In the first batch of materials, corrugated cardboard and 
profiles were received. These materials could be used for 
cladding and structural purposes. It was decided to start 
cutting out the U-profiles for the frames in series and then 
assembling all of them. Our new connection principle was 
tested and worked very well, guaranteeing a stiff connection 
between horizontal and vertical direction. 

Workstation and building elements

Photo by Marcel Bilow - Measurement of frame angles

work just as well as the previous design due to the stiffness 
of the added wood, easily taking the weight above the door.  

Finally, the crossed beams could be designed according to 
the 1:2 drawings. Consisting of 2 U-profiles with opposite 
facing legs and no tucking requirement, the identical width 
profiles were suitable for this purpose. 

A loose test assembly with all the frames, beams and 
crossed beams was done to make sure that everything 
had been measured and connected properly. The design 
was taking shape really fast and looked very rigid and well 
thought out structurally. 
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We decided to proceed with cutting out the layers we could 
for the expanding ribs, along with the U-profiles forming 
a frame around them, used to tuck the textile covering 
the span between ribs. The honeycomb layers were still 
missing due to lack of material, so the complete assembly 
of these would have to wait. The textile was also cut into 
strips corresponding to the span between ribs, to be later 
attached to the U-profiles.

Once the structural elements were finished and given 
that the flooring material hadn’t arrived yet, we decided 
to proceed producing the central expanding mesh of the 
beds, both in 1:1 and 1:2 scale. The corrugated cardboard 
was used for this. Different thickness is used for the 1:2 
model (3 mm) and the 1:1 model (6 mm). The boards for 
1:1 scale were folded with the help of a jig used to soften 
the corrugation where folds were required. This helped us 
speed up the process considerably. 

Day 5

Day 4

Glueing 1:2 scale bed expansion systemPhoto by Jurek Łatka - Loose test build of the structure

Testing alignment of upper frames
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Day 6

Day 7
The honeycomb layers for the expanding ribs are measured 
and cut out. The three layers forming each rib can now be 
glued together, following the overlap order: first the three 
layers of each separate element: the two columns and the 
two beams, and then the overlap between column-beam 
and beam-beam.

The honeycomb panels required for the flooring and central 
layers of the ribs finally arrived. We decided to start cutting 
out the floor layers, overlapping the sections according 
to our 1:2 scale pattern and gluing them. After drying, the 
guidelines for the wood rails were drawn on the floor and 
then the rails were stuck. All structural frames could then be 
assembled precisely following our drawings. The process 
can be seen in the images.

Assembly of the lower frames

Completion of the structural elements

Assembly of the beams
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The cladding panels were cut out to cover up part of the 
structural frames and beams, yet at the same time allowing 
to see the underlying structure forming half of the core. This 
way the building process and the constituent elements 
can be seen by everyone, making the showcase more 
interesting.

The ribs are attached to the rest of the structure once again 
using two sided tape, in a continuous connection following 
the shape of the ribs. The model is mostly ready except for 
the fact that the expanding floor onto which the ribs are 
placed has yet to be connected to the core flooring through 
hinges. 

The textile is attached to the U-profiles with a continuous 
connection. Two sided tape is used for this purpose, as it 
makes it very easy and clean to connect. The tape is first 
placed following the shape of the loose U-profiles and then 
the fabric is tucked in making sure the fabric is tense and 
stretched out when setting it over the tape. The U-profiles 
are connected loosely enough with the continuous fabric 
to make it easy to wrap around the triple layered ribs. 
The U-profiles fit around tightly enough so that no extra 
connection is required apart from friction to keep them in 
place. 

The honeycomb received was of far lower resistance than 
expected, so for bending purposes it performed rather 
poorly. The design of the ribs had to be modified slightly in 
the prototype, with the incorporation of an extra U-profile 
on the lower part of the beam to stop it from deflecting 
excessively.

Day 9Day 8

Assembly of the expanding ribs Final structure folded-in

Final structure expansion



3736

Frames

Cross beam

Floor

A structural analysis is done for the design of the hospital. 
The complete structural analysis report can be found in 
appendix B and the most important results are shown 
below.

The model below shows the structural elements of the 
design, which were checked through the analysis.

The structural analysis is done for a selection of structural 
elements of the core. The core is chosen because it is 
the most rigid part of the design and therefore the most 
important part for stiffness and stability. The parts that 
are chosen to analyse are: the cross beams under the roof, 
the upper beam and columns of the structural frames and 
the floor. The structural analysis should reveal the amount 
of foundation blocks that should be used. The analysed 
elements are simplified, with the following boundary 
conditions.

STRUCTURE
Modeling the structure

BEAMS

COLUMNS

CROSS BEAMS

CROSS BRACING

FLOOR PLATE

DOOR LINTEL BEAM

WOOD RAILING

beam towards the hinge. Diana does take this movement 
into account, which results in a slight difference with the 
hand calculations. 

Beam frame

The values are practically the same since the model for the 
beam is very simple and enough subdivions were used in 
Diana. The value for the moment in this case is very precise 
since the middle moment coincides with the maximum 
moment, given by Diana.

Floor

In this case the values are different because in the hand 
calculations the element was simplified to beams in two 
directions and the maximum deflection is assumed to be 
the addition of the deflections in the two perpendicular 
directions. Diana calculates this directly as a plate. The 
difference in modelling also explains the difference of the 
moments between the hand and Diana calculations. 

Results
The reaction forces, bending moments, deflections and 
stresses are calculated by hand. The results are compared 
with calculations done by modelling the different elements 
in Diana. Explanations are given for the similarities and 
differences in the comparison tables.

Crossed beam

The values obtained from Diana analysis are very similar to 
those calculated by hand. The values are slightly different 
due to hand calculation rounding, while Diana calculates 
carrying all the information until the last stage. The way in 
which the beam is modelled in Diana is slightly different 
from how it is hand calculated, as a result of having to 
model the beam as two separate lines, but the end result 
is the same.

Column

There are some differences between the results of the 
hand calculations and the results from Diana. This is due 
to the fact that the maximum deflection and moments 
are calculated for the middle of the beam in the hand 
calculations. However, the clamp on one side and the hinge 
on the other make the maxima move from the centre of the 

 Hand calculations Diana 

Maximum deflection 8.54 mm 8.57 mm 

Support reaction point A 72.6 N 72.3 N 

Support reaction point B 347 N 347 N 

Maximum moment negative -12400 Nmm -12100 Nmm 

Maximum moment positive 65000 Nmm 64800 Nmm 

Bending stress span 0.355 N/mm2  - 

Bending stress support 1.86 N/mm2 - 

Shear stress 0.04 – 0.157 N/mm2 0.08 N/mm2 

 

 Hand calculations Diana 

Maximum deflection 25 mm 27.1 mm 

Support reaction P1 1875 N 1870 N 

Support reaction P2 1125 N 1130 N 

Maximum moment negative -421875 Nmm -426000 Nmm 

Maximum moment positive 750000 Nmm 741000 Nmm 

Bending stress clamp 12.8 N/mm2 10.9 N/mm2 

Bending stress span 7.2 N/mm2 -6.25 N/mm2 

Shear stress support A 0.23 – 2.16 N/mm2 -0.844 N/mm2 

Shear stress support B 0.14 – 1.3 N/mm2 0.508 N/mm2 
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 Hand Calculations Model complete floor Model part floor 

Maximum deflection 8.62 mm 11.4  mm 9.58 mm 

Support reaction 
maximum 

1720 N (long.) 
1490 N (trans.) 

3930 N 1260 N 

Support reaction 
minimum 

1030 N (long.) 
890 N (trans.) 

266 N 497 N 

Maximum moment 
Mxx 

266000 Nmm 

 

341 Nmm/mm 

341000 Nmm 

325 Nmm/mm 

325000 Nmm 

Minimum moment 
Mxx 

- 470000 Nmm - 557 Nmm/mm 
- 557000 Nmm 

- 716 Nmm/mm 
- 716000 Nmm 

Maximum moment 
Myy 

200000 Nmm 311 Nmm/mm 

311000 Nmm 

297 Nmm/mm 

297000 Nmm 

Minimum moment 
Myy 

- 354000 Nmm - 545 Nmm/mm 

- 545000 Nmm 

- 694 Nmm/mm 

- 694000 Nmm 

Maximum bending Sxx 4.18 N/mm2 1.77 N/mm2 1.69 N/mm2 

Minimum bending Sxx - 4.18 N/mm2 - 2.89 N/mm2 - 3.72 N/mm2 

Maximum bending 
Syy 

3.15 N/mm2 1.62 N/mm2 1.54 N/mm2 

Minimum bending Syy - 3.15 N/mm2 - 2.83 N/mm2 - 3.6 N/mm2 

Maximum Sxy 0.03 N/mm2 1.09 N/mm2 0.914 N/mm2 

Minimum Sxy 0.026 N/mm2 - 1.09 N/mm2 - 1.09 N/mm2 
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Structural elements diagram
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The deflection for the span is not within the requirements. 
Once again, given the nature of the structure and the 
external position of the walls receiving large wind load, the 
deflection can also be admitted as no damage is produced 
to furniture elements through excess deflection of outter 
walls. 

Floor
Span 1: 1/300 x 1190 = 4 mm   
Span 1 Real: 3,10 mm

Span 2: 1/300 x 1375 = 4,58 mm  
Span 2 Real: 5,52 mm

For the shorter span the deflection is within the requirements. 
For the longer span the deflection goes 20% over the limit 
state, which is 1 mm. However, this will not damage the 
material and since the design is made for a temporary 
building the calculated deflection will be accepted.

Stresses vs ultimate limit state

The internal stresses of the most disfavourable sections 
of each element have been calculated and must now be 
compared to the yield strength of the material, cardboard, 
to determine whether the material can handle the stresses 
without suffering permanent deformation or breaking, or in 
other words without going past the elastic limit.

According to CES database, the yield strength for cardboard 
lies between 15 and 34 MPa (N/mm2). We will take a 
moderately low value of 20 MPa and introduce a safety 
factor of 1.5, commonly used for less homogenously 
produced materials like concrete.

Deflection vs service limit state

The deflections for the various structural elements have 
been calculated previously and now must be compared to 
the maximum admissible deflection in relation to the span. 
According to European regulations, the limitations related 
to the span are as follows:

Horizontal structure: 1/300 L
Vertical separation walls: 1/400 L

We will now look at each deflection separately and compare 
it to the relevant limitaion.

Crossed Beams

Span: 1/300 x 1190 mm = 4 mm  
Span Real: -0,842 mm
Cantilever: 1/300 x 780 mm = 2,6 mm 
Cantilever Real: 8,5 mm

The deflection for the span between supports is within the 
requirements but that of the cantilever isn’t. However, given 
the temporal nature of the structure and the position of the 
element within the roof plane, a deflection of 8,5 mm can 
be admitted.

Frame Beams

Span: 1/300 x 1000 mm = 3,33 mm  
Span Real: 3,11 mm

The deflection for the span is within the requirements so 
we are sure the beams will retain their shape to ensure 
serviceability.

Frame Columns

Span: 1/400 x 2000 mm = 5 mm  
Span Real: 25 mm

The equation to be satisfied is:  

( σ yield strength / safety factor ) > σ section

σ yield strength / safety factor = 20 MPa / 1,5 = 13,3 MPa (N/
mm2)

We will now verify each section.

Crossed Beams

σ support B = 1,86 N/mm2 < 13,3 N/mm2
The internal stresses are within the limit.

Frame Beams

σ middle span = 2,52 N/mm2 < 13,3 N/mm2 
The internal stresses are within the limit.

Frame Columns

σ support A = 12,8 N/mm2 < 13,3 N/mm2 
The internal stresses are within the limit.

Floor

σ support A (long.) = 4,18 N/mm2 < 13,3 N/mm2 
The internal stresses are within the limit.

σ support A (trans.) = 3,15 N/mm2 < 13,3 N/mm2 
The internal stresses are within the limit.

Conclusion

The structure we designed will be able to take all the 
possible loads. However, the fact that it will be a temporary 
building is taken into account in this analysis. Therefore it 
can’t be used for a longer period of time, where deflections 
are much more important.
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Implementation of the clustering
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The design in situation
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The Bucky LAB project introduced us to cardboard as a 
building material. The different types of cardboard can be 
used in various ways, such as the profiles or tubes made 
out of solid cardboard. This offers a lot of opportunities for 
designs made out of cardboard. We decided to design a 
hospital for Ebola treatment as a combination of our three 
individual concepts. 

Multiple types of cardboard are used in the design, which 
showed us the advantaged and flaws of the material. We’ve 
come across some challenges considering the structural 
properties of cardboard, because it is less strong then the 
usual building materials. However, the project showed that 
cardboard can potentially be used as a building material, 
when applied the right way. 

SUMMARY RECOMMENDATIONS

The design should be developed more if it is going to be 
produced for actual use. For further development some 
elements should be (re)considered. First of all the structural 
calculations for the expandable ribs should be done, since 
we are not completely sure if the ribs are rigid enough with 
the designed dimensions. Next to that the material of the 
ribs should be rethought of. The making of the 1:2 model 
showed that the honeycomb we used was not rigid enough 
and the profiles became the most important elements 
of the rib structure. For the development of the design, a 
higher quality honeycomb cardboard can be used, or the 
ribs can be designed from solid cardboard profiles. 

Another important aspect that should be thought of for 
further development is the climate design. Technical 
installations are not yet taken into account within the 
design, so lightning, ventilation, heating and cooling 
should still be taken into consideration. The hollow walls 
can be used for the placement of the technical installations. 
The expansion of the hospital is an important aspect for the 
climate design, since the technical installations are mostly 
necessary for the room with the hospital beds, which is the 
expandable part. The facilities on the  emergency location 
are also decisive for the type of technical installations that 
can be used. Therefore the installation may have to differ 
from location to location, which can be implemented in the 
design.

Since the design will be used as a hospital, doctors with 
experience in the field of emergency situations can be asked 
for advice. They can give advice regarding the installations, 
storage and transportation space. The idea is to use the 
hospital especially for Ebola treatment which is associated 
with many precautions against spreading. Experts in the 
field of Ebola treatments should therefore also be asked for 
advice. The advice of the doctors and Ebola experts should 
be implemented in the design. This would make the final 
design suitable as hospital for Ebola treatment.

Photo by Marcel Bilow - Vertically unfolded bed



46


