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    1. ABSTRACT

The standard way of building consists on average of 
7000 parts and processes which in combination with 
the decrease in productivity within the construction 
sector limits the number of actors that can be 
involved. However, this leads to a housing shortage 
in many countries. The production of homes should 
be accessible, affordable and should offer a variety of 
housing solutions. In order to reach this the production 
chain of architecture must be rethought by considering 
design and production throughout the whole process. 
Modularity of discrete building blocks can be a way to 
reach efficient production processes as well as diverse 
housing solutions by means of combinatorial variations. 
This method has been used in pavilion and furniture 
designs, but only briefly for housing solutions, mostly 
the main references can be found in game design – 
such as Lego. The goal of this research is to devise a 
methodology to design a small set of stackable timber 
elements to form both a structure and the inner shells 
of a building that can be configured into versatile and 
affordable housing units using combinatorial design and 
compression-only structures (which is designed based 
on equilibrium). This leads to an accessible and open-
ended building system that strives to be as simple as 
laying out a Lego structure. 
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    2. BACKGROUND

On average buildings consist of “more than 7000 
different parts and processes which need to be 
assembled together into a functional whole.” (Burry et 
al., 2020) Additionally to the complicated system that 
a building is, “the construction industry has flat-lined 
since 1947”(Burry et al., 2020), while manufacturing has 
increased its productivity with the means of automation 
(McKinsey, 2017). With labour costs increasing and 
robot costs decreasing the so-called ‘Automation Gap’ 
(Claypool, 2019) decreases the productivity within the 
construction industry over time. The construction 
process is slow, expensive and produces a lot of waste 
(Eurostat, 2018) with only a few actors being able to 
construct, which evidently limits the supply of housing. 
Due to the housing shortage, there has been a wider 
interest in Modularity and Prefabrication. However, for 
example, the Modernist kit of parts (see figure 2) misses 
the scalability opportunity due to the variety of forces 
that are working on the structure as well as it misses 
variety and flexibility due to the fixed column heights 
once the building is built.  

Overall, with the housing shortage (Groot et al, 2021), the 
decreasing productivity within construction and the lack of 
variety within the current modular and prefabricated solutions a 
new way of thinking about the production chain in architecture 
is necessary. A method needs to be established to be able to 
design an affordable, a customizable, and an easily 

automatable & constructable building system. To find an 
affordable means to achieve different design solutions with a 
predefined set of building blocks a modular generative design 
framework (Azadi & Nourian, 2021) is used, that mathematically 
formulates the spatial configuration problem. The research is 
an extension of the Lego (Lego.com,2022) logic and the Belgian 
“Gablok” (Gablok.be, 2022) that is an architectural lego block 
for walls, both – the game as well as the building company 
lack pieces that create full architectural interior spaces with 
walls, floors, ceilings & roofs, which is the addition that this 
research provides. Combinatorial design and a grid based on 
the Lego logic are used to evaluate, inform, and improve the 
variety and spatial design that the parts offer. Serialized parts 
have always been more affordable than custom components 
(Sanchez, J., 2020) due to repetition and possibility to mass-
produce. Combinatorial design re-considers serial repetition 
of parts but under a paradigm of combinatorics. (Sanchez, J., 
2020) It explores how through patterns variety can be reached 
whilst still achieving affordable results which allows to create 
versatile housing solutions yet keep them at lower costs. 

Due to a very slow and expensive process of construction the 
act of building is accessible only to a few actors, therefore the 
housing supply is limited and leads to a housing shortage. 
Firstly, housing solutions are necessary, for example, in the 
Netherlands to take control of the situation, “845,000 homes 
need to be built by 2030” (Lalor, R. (2021)). Secondly, a home 
is one of the biggest investments in most people’s lives where 
a considerable amount of time is spent, therefore a sense of 
identity and variety within the housing supply is necessary for 
user’s to be able to customize their spaces. By redefining the 
spatial configuration problem through mathematics and using 
combinatorial design enough repetition and low costs can 
be reached yet also variation within the housing units can be 
offered. Through intertwining design, fabrication & automation 
a more accessible and open-ended built environment can be 
created.

Research in digital design has moved beyond engaging the 
field not only through sophisticated forms but also through the 
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politics and economics of fabrication. (Sanchez, 2021) Current 
discourse moves beyond modularity and prefabrication 
and demonstrates a higher degree of variability, versatility 
through only a limited set of building parts. In addition, it 
goes a step further using these building parts and exploring 
the possible patterns that can be created and provide variety 
and differentiation at a lower cost compared to custom made 
elements. The combination of a predefined set of elements and 
thinking in patterns is redefining the way how architectural 
production chains work, however, there is still a gap between 
these ideas and physical housing solutions. Most work has 
been done either on different indoor or urban furniture (Retsin, 
2019) (Figures 3) or pavilion designs (Retsin, 2017) (Figure 
4), only with a few attempts to create a closed space. (Retsin, 
2021) (Figure 5 & 6)

However, there have been a few examples from building 
structures such as the Belgian “Gablok” (Gablok.be, 2022) 
for wall systems, but the majority of examples can be found 
within game design such as the Lego (Lego.com, 2022) blocks. 
“Gablok” has achieved an architectural “Lego” piece that lays 
walls as easily as a lego structure. (Figure 7)
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The strength of the Lego logic is how simple it is to stack 
the blocks to create a structure and the grid on what all the 
elements are based on. The grid is rigid enough for everything 
to fit and create valid structures yet it is small and open enough 
to not predetermine the final result. (Figure 8)

The limitation of Lego is the fact that the structures are made 
to be viewed from the outside similarly as most sculptures. 
However, in architecture that would only represent the facade.  
The most important part is the interior space that is created 
which people can use for living, working etc. Therefore, the 
missing elements additionally to the walls are ones that create 
floors, roofs & ceilings in order to create an interior space. The 
Gablok system shows potential with the wall creation and the 
lego logic, therefore, there is room for shaping new elements 
to create complete architectural spaces. This project, firstly, 
aims to use the ideas of reconfigurable discrete architecture, 
combinatorial design and compression-only structures to apply 
them to a limited set of stackable timber elements to reach a 
large design space and variety within the configurations that the 
elements offer. Secondly, the goal is to move beyond furniture 
and pavilions and to provide complete housing structures - 
create floor, ceiling, and roof elements in addition to the “Gablok” 
wall system.  Thirdly, to create a set of elements that work as 
smoothly as Lego blocks within the context of housing. Finally, 
it also needs to provide variety within the solutions offered for 
clients to have the possibility to customize their homes. 
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framework (Azadi & Nourian, 2021) is used, that mathematically 
formulates the spatial configuration problem. The research is 
an extension of the Lego (Lego.com,2022) logic and the Belgian 
“Gablok” (Gablok.be, 2022) that is an architectural lego block 
for walls, both – the game as well as the building company 
lack pieces that create full architectural interior spaces with 
walls, floors, ceilings & roofs, which is the addition that this 
research provides. Combinatorial design and a grid based on 
the Lego logic are used to evaluate, inform, and improve the 
variety and spatial design that the parts offer. Serialized parts 
have always been more affordable than custom components 
(Sanchez, J., 2020) due to repetition and possibility to mass-
produce. Combinatorial design re-considers serial repetition 
of parts but under a paradigm of combinatorics. (Sanchez, J., 
2020) It explores how through patterns variety can be reached 
whilst still achieving affordable results which allows to create 
versatile housing solutions yet keep them at lower costs. 

Due to a very slow and expensive process of construction the 
act of building is accessible only to a few actors, therefore the 
housing supply is limited and leads to a housing shortage. 
Firstly, housing solutions are necessary, for example, in the 
Netherlands to take control of the situation, “845,000 homes 
need to be built by 2030” (Lalor, R. (2021)). Secondly, a home 
is one of the biggest investments in most people’s lives where 
a considerable amount of time is spent, therefore a sense of 
identity and variety within the housing supply is necessary for 
user’s to be able to customize their spaces. By redefining the 
spatial configuration problem through mathematics and using 
combinatorial design enough repetition and low costs can 
be reached yet also variation within the housing units can be 
offered. Through intertwining design, fabrication & automation 
a more accessible and open-ended built environment can be 
created.

Research in digital design has moved beyond engaging the 
field not only through sophisticated forms but also through the 
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politics and economics of fabrication. (Sanchez, 2021) Current 
discourse moves beyond modularity and prefabrication 
and demonstrates a higher degree of variability, versatility 
through only a limited set of building parts. In addition, it 
goes a step further using these building parts and exploring 
the possible patterns that can be created and provide variety 
and differentiation at a lower cost compared to custom made 
elements. The combination of a predefined set of elements and 
thinking in patterns is redefining the way how architectural 
production chains work, however, there is still a gap between 
these ideas and physical housing solutions. Most work has 
been done either on different indoor or urban furniture (Retsin, 
2019) (Figures 3) or pavilion designs (Retsin, 2017) (Figure 
4), only with a few attempts to create a closed space. (Retsin, 
2021) (Figure 5 & 6)

However, there have been a few examples from building 
structures such as the Belgian “Gablok” (Gablok.be, 2022) 
for wall systems, but the majority of examples can be found 
within game design such as the Lego (Lego.com, 2022) blocks. 
“Gablok” has achieved an architectural “Lego” piece that lays 
walls as easily as a lego structure. (Figure 7)
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The strength of the Lego logic is how simple it is to stack 
the blocks to create a structure and the grid on what all the 
elements are based on. The grid is rigid enough for everything 
to fit and create valid structures yet it is small and open enough 
to not predetermine the final result. (Figure 8)

The limitation of Lego is the fact that the structures are made 
to be viewed from the outside similarly as most sculptures. 
However, in architecture that would only represent the facade.  
The most important part is the interior space that is created 
which people can use for living, working etc. Therefore, the 
missing elements additionally to the walls are ones that create 
floors, roofs & ceilings in order to create an interior space. 
The Gablok system shows potential with the wall creation 
and the lego logic, therefore, there is room for shaping new 
elements to create complete architectural spaces. This 
project, firstly, aims to use the ideas of reconfigurable discrete 
architecture, combinatorial design and compression-only 
structures to apply them to a limited set of stackable timber 
elements to reach a large design space and variety within the 
configurations that the elements offer. Secondly, the goal is to 
move beyond furniture and pavilions and to provide complete 
housing structures - create floor, ceiling, and roof elements 
in addition to the “Gablok” wall system.  Thirdly, to create a 
set of elements that work as smoothly as Lego blocks within 
the context of housing Finally, it also needs to provide variety 
within the solutions offered for clients to have the possibility to 
customize their homes. 

F i g u r e  8 :  L e g o  a r c h i t e c t u r a l  m o d e l s  o f  b u i l d i n g s 
( S c h l a u d r a f f ,  2 0 2 1 )
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It is challenging to provide affordable high quality 
housing solutions at a larger scale. Modularity of discrete 
building blocks can be a way to reach efficient production 
processes as well as diverse housing solutions by 
means of combinatorial variations. The design objective 
of this research is to devise a methodology to find an 
affordable means to create many housing variations 
using only a few stackable timber elements that can 
be mass-produced. Since customised and affordable 
solutions always seek a balance between variety and 
repetition the more specific objective is to reconsider 
serial repetition of stackable timber elements (that act 
as a structure and an inner shell) using combinatorial 
design and a compression-only structure, to explore the 
ways these parts can be designed and reconfigured in 
different patterns to create spatially valid and versatile 
housing solutions. 

How to design a small set of stackable timber elements to form 
both a structure and the inner shell of a building that can be 
configured into versatile, scalable and affordable housing units 
using combinatorial design and a compression-only structure?

• How to design a dimension system of the elements 
that has a strong relation to people’s movement, the used 
material and its production, and the internal configurational 
logic of a home based on ergonomics?
• How to ensure that architecturally and ergonomically 
valid and versatile configurations can be realized by using the 
proposed limited set of construction blocks?
• How to incorporate the manufacturing costs and 
limitations in the design of the stackable wooden blocks?
• How to ensure that the predefined set of building 
blocks allows for a scalable structure?

This research lies within the field of design computation and 
aims to develop a method to create a variety of affordable 
housing solutions with only a few stackable timber elements 

that can be mass-produced. The outcome of this research is 
a method that is showcased in the form of a meta level game 
(a method which can be followed and another solution can be 
found) which consists of a few stackable timber elements and 
a set of rules with which the players can create their desired 
affordable housing solution with the goal being to be able to 
create a large variety of solutions by just using a few types of 
blocks. 
This research addresses several areas of study: architecture, 
structural design, design for manufacturing and assembly and 
combinatorial design. Since in this research the design process 
is defined as a decision-making process the tools used in this 
research are mathematical formalisms and methods from 
Topology and Combinatorics. 
This research lies within the realm of design science research 
(Peffers, Tuunanen, Rothenburger, Chatterjee, 2007) therefore 
the process is seen as research and development of a 
computational model and method to reconsider serial repetition 
of stackable timber elements (that act as structure and inner & 
outer shells) using combinatorial design and compression only 
structure. The topics mentioned below are within the scope of 
this research:

- Computer aided architectural design
- Geometric Design and Tessellation
- Topological Polygonization & Polyhedralization
- Gamification of Generative Design
The topics mentioned below are related to this research, 
however, fall outside the scope of this research:
- Computational Shape Optimization
- Computational Topology Optimization
- Participatory design
- Spatial configuration 
This research focuses on the serial repetition and pattern 
making out of stackable timber elements and its relation to 
housing. It ignores aspects such as technical implementation. 
The aim of this research is to describe a possible direction for 
further research and not to provide a final solution.  
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The production of homes should be accessible, affordable and 
the housing units should offer a broad range of variety how 
the spaces can be configured and what spatial qualities they 
offer. This brings to the fact that the standard way of building 
our homes needs to be changed, instead of 7000 parts and 
processes a building needs a simpler production chain where 
the complexity of the process is decreased, and more actors can 
participate in constructing. The current solutions of modular 
and prefabricated parts do not offer variety and broad range of 
customization. This research aims to create a method which 
allows to design a limited set of stackable timber elements that 
can be configured into versatile affordable housing units using 
combinatorial design and compression only structures. 
This problem can be broken down into smaller issues/tasks:
1. Defining an underlying grid for the whole system 
within the context of housing
2. Defining the aggregation logic and the interface 
between many elements to create a variety of solutions
3. Defining access and structural constraints within the 
context of housing
4. Defining the structural approach for the building to be 
scalable  and stable
5. Incorporating the limitations and costs of 
manufacturing within the design of the elements
6. Choosing an element creation approach
7. Adapting final space desired aesthetics to each 
building block
8. Defining a Meta level game

This research project is a Research & Development project 
since it is within the realm of “Sciences of the Artificial”. 
(Simon, 1996) The methodological approach for the framework 
of this research is based on design science research which is 
a way of “structuring research methods as a methodology in 
the context of developing design or “spatial decision support 
systems” in the more general context of developing information 
or decision support systems”. (Nourian, 2016) (Peffers, 
Tuunanen, Rothenburger, Chatterjee, 2007) The more specific 
framework within the realm of design science research partially 
used in this research project is the “Go design” framework 
which is a modular generative design framework introduced by 
Shervin Azadi & Pirouz Nourian. (Azadi & Nourian, 2021) It is a 
framework for design processes in the built environment and 
it provides unification of participatory design and optimization 
to reach mass-customization and evidence-based design. This 
framework is articulated mathematically through 3 procedures: 
1) space-planning, 2) configuring, and 3) shaping. (See figure 9) 
It frames typical design problems as multi-dimensional, multi-
criteria, multi-actor, and multi-value decision-making problems 
(Azadi & Nourian, 2021) However, in this research only the 2nd 
(Configuring) and 3rd (Shaping) procedures of the Go Design 
framework are undergone, the 1st procedure (Planning) is seen 
as a given. 
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0. The input of the process within the Configuring 
procedure is a given spatial configuration, therefore the 
Planning procedure is not a part of this research. The spatial 
configuration is meant to be a set of floor levels connected with 
a set of passageways - corridors, stairs, and ramps. (Figure 11)
1. The next step is to design/estimate an optimal/
workable un-reinforced masonry shape for the given 
configuration, possibly separated according to the separate 
floor levels/rooms. (Voxel set) (Figure 11)
2. The final step is the approximation of the found 
shape by a set of predefined polyhedral building blocks that fit 
into a modular Lego-like 3D grid.  (Figure 11)

The result of the procedures is a geometry for the desired 
housing project based on the created building blocks and 
inputted spatial configuration. (Figure 10) Additionally, all 
procedures together create a methodology, a meta level game, 
which are steps that can be taken, and another solution can be 
found to have a set number of blocks with which variety of valid 
solutions can be created. 
The next subchapter explains the glossary and the used 
terminology as well as the exact steps taken within the 
configuring and shaping procedures which directly affect how 
the initial inputted spatial configuration will be approximated 
into a geometry for a building structure. 

• Voxel grid – 3-dimensional grid based on ergonomics 
on which all the predefined building blocks are based
• Tessellation - or tiling is the covering of a surface, 
often a plane, using one or more geometric shapes, called tiles, 
with no overlaps and no gaps.
• Building block - predefined element (part of the set 
of the final blocks)
• Configuration - an arrangement of elements in a 
particular form or combination. 
• Spatial configuration – A set of floor levels and 
connecting spaces – corridors, stairs and ramps
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0. The input of the process within the Configuring 
procedure is a given spatial configuration, therefore the 
Planning procedure is not a part of this research. The spatial 
configuration is meant to be a set of floor levels connected with 
a set of passageways - corridors, stairs, and ramps. (Figure 11)
1. The next step is to design/estimate an optimal/
workable un-reinforced masonry shape for the given 
configuration, possibly separated according to the separate 
floor levels/rooms. (Voxel set) (Figure 11)
2. The final step is the approximation of the found 
shape by a set of predefined polyhedral building blocks that fit 
into a modular Lego-like 3D grid.  (Figure 11)

The result of the procedures is a geometry for the desired 
housing project based on the created building blocks and 
inputted spatial configuration. (Figure 10) Additionally, all 
procedures together create a methodology, a meta level game, 
which are steps that can be taken, and another solution can be 
found to have a set number of blocks with which variety of valid 
solutions can be created. 
The next subchapter explains the glossary and the used 
terminology as well as the exact steps taken within the 
configuring and shaping procedures which directly affect how 
the initial inputted spatial configuration will be approximated 
into a geometry for a building structure. 

• Voxel grid – 3-dimensional grid based on ergonomics 
on which all the predefined building blocks are based
• Tessellation - or tiling is the covering of a surface, 
often a plane, using one or more geometric shapes, called tiles, 
with no overlaps and no gaps.
• Building block - predefined element (part of the set 
of the final blocks)
• Configuration - an arrangement of elements in a 
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•	 Voxel grid – 3-dimensional grid based on ergonomics 
on which all the predefined building blocks are based, Figure 12
•	 Spatial configuration – A set of floor levels and 
connecting spaces – corridors, stairs and ramps, Figure 13
•	 Building block - predefined element (part of the set of 
the final blocks), Figure 14
•	 Spatial unit - A set of predefined elements that create 
a space, Figure 15

F i g u r e  1 2 :  V o x e l  g r i d :  9 0 x 9 0 x 1 0 8  m m  ( L e f t  t o  R i g h t :  v o x e l  g r i d , 
c o l u m n  s i z e ,  s t a i r  b l o c k )
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A more detailed look is taken into the Configuring and Shaping 
procedures and what kind of logic is implemented there before 
the actions from the process overview are taken. The overview 
of these processes can be seen in the flowchart in Figure 12. 

Step 1: Definition of a voxel grid
As mentioned in chapters 2 and 3 in this research paper, the 
configuring logic is built up on the logic of the Lego (Lego.com, 
2022) grid with a real life example of the Belgian “Gablock” 
(Gablok.be, 2022) that proves how to create walls based on 
such a logic. This research focuses on how to develop this 
further and create floors, ceilings & roofs within such a system, 
because the Gablok system provides a solution for walls and 
the Lego game pieces only provide the exterior of the structure, 
but within the Built environment the interior spaces are equally 
as important. Since the Lego logic is chosen a 3-dimensional 
voxel grid is defined for the creation of the building blocks as 
well as for the universal logic of the system based on several 
constraints. 

Step 2: Aggregation logic & interface between elements
Once the voxel grid has been made there are certain aggregation 
and interface rules and restrictions that have to be taken into 
account before shaping each element. These rules must 
provide that it is possible to extend each element upwards in 
the z direction (and some also in the x and y) and customize the 
scale of the building (ceiling height, room width etc) (Figure 13)

Step 3: Spatial unit validity constraints
For the configuration to be spatially valid several constraints 
must be met when configuring. The constraints concern topics 
such as daylight, access to and from spaces on the same 
and different levels and, finally, structure. In this research the 
daylight falls out of scope, however access and structure are 
tackled.

The procedure of shaping takes the configuration (voxel set) 
of the configuring procedure and approximates a geometrical 
representation of the tile set using predefined building blocks. 
(See figure 14) This section explains the actual steps of 

7.2.3.   CONFIGURING & SHAPING PROCEDURES
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 7.2.3.1.  CONFIGURING PROCEDURE

designing the building blocks that are predefined and used to 
translate the voxel tile set from the configuring procedure into 
final geometry of a building. 

Step 1: Structural logic & Scalability
Since the Shaping procedure defines the final shape, material & 
production of the building blocks it needs to have a structural 
logic of how the elements work together. The goal for the 
predefined set of the building blocks is to:
- create a stable compression only structure (test 
through prototyping and through defining the arch/vault shapes)
- have a dry connection, 
- be scalable 
- be easily producable 

Step 2: Manufacturing costs and limitations: 
For example, the shaping procedure faces the constraint of the 
manufacturing process, more specifically the costs and the 
limitations of this process. The limitations include the material 
and its production, meaning the shape of the module must be 
related to the size of, for example, standard wooden sheets as 
well as the possible shapes that can be reached with such a 
material. (see figure 14)

Step 3: Element creation approach
There needs to be an approach of creating the elements in 
such a way that they directly relate to the type of structure that 
has been chosen, meaning, the elements must always create a 
compression-only structure once assembled together. 

Step 4: The final shape of the desired spaces
Shaping also specifies more specifically what each type of 
building block offers within the context of creating a house, how 
a room will function & look like. These are the final adjustments 
of the elements. 

 7.2.3.1.  SHAPING PROCEDURE
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This research aims to create a methodology to approach 
the design of a limited set of stackable timber elements 
(that create a structure and the inner shell of the building) 
which can be configured and assembled into versatile 
housing solutions that can be mass-customized and 
produced. Therefore, a systematic approach through the 
procedures of configuring, and shaping are undergone 
(described in the proposed methodology section) to 
achieve a rule-based configurator and a few timber 
elements that can create many options of valid housing 
spaces providing variety and affordability. The result is 
a meta level game meaning the steps described below 
that have been taken can be a guide to create a different 
solution, a different game using the same method. Firstly, 
the results of defining the configuring procedure are 
presented. Secondly, the shaping procedure steps and 
results are explained and, finally, the Meta level game is 
presented. 

Step 1: Definition of a voxel grid and its scales. 
The voxel grid is based on ergonomics of the type of structure 
you are creating as well as the appropriate thickness of 
architectural elements such as columns and walls. For this 
example, a residential building is taken; therefore, it is limited 
by how a person moves through spaces: horizontally and 
diagonally (stairs)(Figure 15) and the different dimensions of 
spaces and structural elements in a house, such as corridors, 
small and large rooms, balconies, stairs as well as columns, 
walls  etc. (Figure 16)

Horizontal constraints (movement & space size):
 - comfortable corridor for 1 person:       900 mm
 - comfortable run for the stair (30–35-degree angle  
 slope):                                         225 mm (min)
Vertical constraints:
- comfortable step rise (slope angle 30-35 degrees)   180 mm
- comfortable ceiling height            2880 mm (step size: 180 mm)
Rules for stairs:
- slope 30-35° the most comfortable for stairs
- for 2R+T=60 
Therefore, the final voxel grid was defined as a 3-dimensional 
Voxel grid with its basic cell size 90x90x108 mm (x,y,z) (See 
figure 17) from which the arches and vaults as well as the stairs 
can be derived. It follows the proportions of a Lego grid and 
strives to make appropriate size blocks for assembly. 

    8.1. CONFIGURING

F i g u r e  1 5 :  e r g o n o m i c s  o f  a  s t a i r

F i g u r e  1 6 :  e r g o n o m i c s  o f  a  h o m e  a n d  d i m e n s i o n s  o f  s p a c e s 
&  e l e m e n t s

F i g u r e  1 7 :  3 - d i m e n s i o n a l  V o x e l  g r i d  9 0 x 9 0 x 1 0 8  m m  ( x , y , z )

It fits the limitations of the ergonomics of a home, and it 
has the same proportions as a Lego plate. 
LegoHeight: 3.2 mm; LegoWidth: 8 mm   
BlockHeight: 180 mm; BlockWidth: 450 mm
Proportion H/W Lego= 3.2/8= 0.4   
Proportion H/W Voxel grid= 180/450= 0.4

Step 2: Aggregation logic & interface between elements
In order for it to be possible to extend each element upwards 
in the z direction (and some also in the x and y) and customize 
the scale of the building (ceiling height, room width etc) certain 
rules must be passed from the configuring procedure to the 
shaping procedure. The outer layer of the building block needs 
to fit the voxel grid fully. More specifically, each separate piece 
of the building blocks from the outer side needs to fit 1 or more 
complete voxels, that does not apply to the inner parts. For 
example, the piece which represents half of the smallest arch is 
5 voxels high and 1 voxel wide on the bottom and 2 voxels wide 
on the top, meaning all these dimensions are full voxels. The 
actual arch part on the bottom can be freely chosen. (Figure 18)

Step 3: Access and structural constraints
Access
- before the start and after the finish of the stairs as 
well as at the connection between rooms an area of 2x2 voxels 
at least must be kept empty

Structure
- Base the creation of elements on equilibrium and 
enough surface overlap between elements. The arch is created 
from overlaping half of the voxel and the vault is based on a 2x2 
voxel grid with 1 full voxel overlap. (Figure 19)

Step 1: Structural logic  & Scalability
The goal is to create building blocks with a dry connection, that 
can be easily scaled and produced in order to be affordable and 
provide a wide range of different solutions. Therefore with all 
the goals mentioned above a dry-fit stackable compression only 
structure out of wooden blocks (made out of wooden plates) is 
considered. A stackable structure can have an easy assembly 
process and a compression only structure can be scaled due to 
the characteristics of the compression forces. Finally, production 
of wood and techniques such as CNC milling allow for a fast and 
easy production process of prefab elements. 
Firstly, the rules of a stable arch/vault were followed in order to 
conclude the necessary shape of the elements. 

F i g u r e  1 8 :  a g g r e g a t i o n  l o g i c ,  w h i c h  s u r f a c e s  n e e d  t o  f i l l  u p 
f u l l  v o x e l s  f o r  s c a l a b i l i t y  ( l e f t  f i n a l  a r c h  e l e m e n t ,  m i d d l e -
b u i l d i n g  b l o c k ,  r i g h t  s u r f a c e s  o f  t h e  b u i l d i n g  b l o c k  o n  l e f t 

F i g u r e  1 9 :  ( L e f t )  A r c h  b u i l d i n g  v o x e l  p a t t e r n ,  ( R i g h t )  V a u l t 
b u i l d i n g  v o x e l  p a t t e r n

    8.2. SHAPING
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F i g u r e  2 0 :  C a t e n a r y  a r c h  a n d  t h e  m i r r o r e d  v e r s i o n  o f  i t  i n  t h e 

s h a p e  o f  a  h a n g i n g  c h a i n  ( D a v i s  &  M a ïn i ,  2 0 1 6 ) 
F i g u r e  1 9 :  e r g o n o m i c s  o f  a  s t a i r

F i g u r e  2 0 :  e r g o n o m i c s  o f  a  h o m e  a n d  d i m e n s i o n s  o f  s p a c e s 
&  e l e m e n t s
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540 mmm

9 0 0  m m

F i g u r e  2 1 :  3 - d i m e n s i o n a l  V o x e l  g r i d  9 0 x 9 0 x 1 0 8  m m  ( x , y , z ) , 
c o l u m n  b l o c k  d i m e n i o n s  1 8 0 x 1 8 0 x 1 0 8  m m ,  s t a i r  b l o c k : 

9 0 0 x 9 0 0 x 5 4 0  m m

F i g u r e  2 2 :  a g g r e g a t i o n  l o g i c ,  w h i c h  s u r f a c e s  n e e d  t o  f i l l  u p  f u l l  v o x e l s  f o r 
s c a l a b i l i t y  ( l e f t  f i n a l  a r c h  e l e m e n t ,  m i d d l e - b u i l d i n g  b l o c k ,  r i g h t  s u r f a c e s 

o f  t h e  b u i l d i n g  b l o c k  o n  l e f t  w h i c h  n e e d  t o  b e  f u l l  v o x e l s  t o  p r o v i d e 
s c a l a b i l i t y  a n d  e x t e n s i o n  p o s s i b i l i t i e s )

F i g u r e  2 3 :  ( L e f t )  A r c h  b u i l d i n g  v o x e l  p a t t e r n ,  ( R i g h t )  V a u l t 
b u i l d i n g  v o x e l  p a t t e r n

F i g u r e  2 4 :  C a t e n a r y  a r c h  a n d  t h e  m i r r o r e d  v e r s i o n  o f  i t  i n  t h e 
s h a p e  o f  a  h a n g i n g  c h a i n  ( D a v i s  &  M a i n i ,  2 0 1 6 )
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A catenary arch is seen as the perfect arch due to the fact that 
its shape directly follow the line of thrust of the arch. However, 
practically and spatially the catenary shape loses a lot of usable 
space under its piers, therefore a semi-circlular arch is prefered.  
Which aesthetically as well as practically is favoured. 
To achieve a stable semi-circular arch several rules must be 
followed:
- the line of thrust must be within themiddle 1/3rd of the arch 
section (line of thrust = catenary curve, hanging chain)
- the rule of thumb of a semi-circular arch to achieve stability is 
that the haunches are loaded and the thickness of the pier is 10 
the span. (t=S/10)

Secondly, a 3d print prototype test was undergone. The test 
informed about the shape of the vault and its stability as well as 
the assembly process and critical points in the structure. 
There were 2 iterations, the first iteration was hard to assemble 
and did not reach stability, (See figure 22) However, for the 2nd 
iteration the top piece of the vault was made thicker in the height 
direction and achieved stability once assembled all togehter. 
(See figures 23., 24.)
In Figure 25 you can see what space and ceiling the vault 
creates  if viewed from the bottom, you can clearly see where 
the 4 parts come together and how the semi-circular shape is 
achieved through straight edges.
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F i g u r e  2 1 :  S e m i - c i r c u l a r  a r c h  w i t h  i t s  h a u n c h e s  l o a d e d  a n d 

t = S / 1 0  ( t h i c k n e s s  =  S p a n / 1 0 )  ( D a v i s  &  M a ïn i ,  2 0 1 6 )

F i g u r e  2 2 :  F i r s t  i t e r a t i o n  f o r  p r o t o t y p i n g  w i t h  3 d  p r i n t e d  b l o c k s :  1 / 4 t h  o f  a  v a u l t

F i g u r e  2 3 :  S e c o n d  i t e r a t i o n  f o r  p r o t o t y p i n g  w i t h  3 d  p r i n t e d  b l o c k s :  1 / 4 t h  o f  a  v a u l t

F i g u r e  2 4 :  S e c o n d  i t e r a t i o n  f o r  p r o t o t y p i n g  w i t h  3 d  p r i n t e d  b l o c k s :  f u l l  v a u l t
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F i g u r e  3 0 :  T e n s i o n  r i n g  o n  t o p  o f  t h e  v a u l t  w i t h  a  s t e e l  c a b l e  ( L e f t  t o  R i g h t )  v e r t i c a l 
s e c t i o n ;  3 d  v i e w ;  h o r i z o n t a l  s e c t i o n

Additionally to the way how the pieces are shaped and 
assembled to ensure complete stability due to the thrust forces 
and external lateral forces a tension ring is proposed as one 
of the solutions to keep the top layer of the building blocks 
interconnected. The top layer is the only place where all 4 sides 
meet and connect, therefore the perimeter of this layer can be 
a potentially promising spot to place the “tension ring”. This 
additional piece can be in the form of a steel cable . This will 
ensure not only that the vault can carry its self weight and some 
additional weight on top, but also take care of the lateral forces 
and larger forces from the storeys above. This also allows the 
system to be lighter and weight less for easier assembly and  be 
more efficient in its material use. See Figure 30. 
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Finally, the semi-circular arches are built up within the 
90x90x108 mm voxel grid, where every 180 mm in the length 
and width direction a different arch can be made and every 108 
mm a different height arch can be made. (See Figure 27) This is 
achieved by ensuring that every arch every 180 mm uses some 
of the 13 predefined blocks. (See Figure 26)

Step 2: Manufacturing costs and limitations:
This part is affected by the chosen material – in this case those 
are wooden sheets. Since CNC milling is the main way how the 
pieces are manufactured the limitations of this process are 
taken into account. 

1. All elements are made from wooden plates – therefore no 
massive elements are considered, and the size is limited to the 
maximum plate size.
2. No curved wooden pieces due to difficulty to manufacture 
such pieces and the costs involved.
3. Standard angles of milling such as 45 and 60 degrees are 
considered for plate connection points
Possible ways of creating the connections are:
- Angled cuts + screws (Figure 28)
- Other wood joints +screws

Step 3: Element creation approach
Two approaches are considered in order to create a predefined 
set of building blocks that provide variety of architectural 
housing solutions by making a compression-only structure and 
that fit the defined voxel grid. .

F i g u r e  2 7 :  S c a l a b i l i t y  o f  t h e  a r c h e s  &  v a u l t s ;  4  e x a m p l e s  o f  h o w  t h e  p r e d e f i n e d  e l e m e n t s  c a n  m a k e  a n y  a r c h e s / v a u l t s  w i t h i n  e v e r y  1 8 0 
m m

F i g u r e  2 6 :  1 3  p r e d e f i n e d  e l e m e n t s  f o r  s i d e s  a n d  c o r n e r s  w i t h i n  t h e  9 0 x 9 0 x 1 0 8  m m  v o x e l  g r i d

F i g u r e  2 8 :  2  x  p l y w o o d  ( 1 8  m m )  ) w o o d e n  p l a t e s  w i t h  4 5 
d e g r e e  a n g l e d  c u t s  &  a d d e d  s c r e w s  f o r  c o n n e c t i o n . 
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Finally, the semi-circular arches are built up within the 
90x90x108 mm voxel grid, where every 180 mm in the length 
and width direction a different arch can be made and every 108 
mm a different height arch can be made. (See Figure 27) This is 
achieved by ensuring that every arch every 180 mm uses some 
of the 13 predefined blocks. (See Figure 26)

Step 2: Manufacturing costs and limitations:
This part is affected by the chosen material – in this case those 
are wooden sheets. Since CNC milling is the main way how the 
pieces are manufactured the limitations of this process are 
taken into account. 

1. All elements are made from wooden plates – therefore no 
massive elements are considered, and the size is limited to the 
maximum plate size.
2. No curved wooden pieces due to difficulty to manufacture 
such pieces and the costs involved.
3. Standard angles of milling such as 45 and 60 degrees are 
considered for plate connection points
Possible ways of creating the connections are:
- Angled cuts + screws (Figure 28)
- Other wood joints +screws

Step 3: Element creation approach
Two approaches are considered in order to create a predefined 
set of building blocks that provide variety of architectural 
housing solutions by making a compression-only structure and 
that fit the defined voxel grid. .

F i g u r e  2 7 :  S c a l a b i l i t y  o f  t h e  a r c h e s  &  v a u l t s ;  4  e x a m p l e s  o f  h o w  t h e  p r e d e f i n e d  e l e m e n t s  c a n  m a k e  a n y  a r c h e s / v a u l t s  w i t h i n  e v e r y  1 8 0 
m m

F i g u r e  2 6 :  1 3  p r e d e f i n e d  e l e m e n t s  f o r  s i d e s  a n d  c o r n e r s  w i t h i n  t h e  9 0 x 9 0 x 1 0 8  m m  v o x e l  g r i d

F i g u r e  2 8 :  2  x  p l y w o o d  ( 1 8  m m )  ) w o o d e n  p l a t e s  w i t h  4 5 
d e g r e e  a n g l e d  c u t s  &  a d d e d  s c r e w s  f o r  c o n n e c t i o n . 
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Finally, the semi-circular arches are built up within the 90x90x108 
mm voxel grid, where every 180 mm in the length and width 
direction a different arch can be made and every 108 mm a 
different height arch can be made. (See Figure 27) This is 
achieved by ensuring that every arch every 180 mm uses some 
of the 13 predefined blocks. (See Figure 26)

Step 2: Manufacturing costs and limitations:
This part is affected by the chosen material – in this case those 
are wooden sheets. Since CNC milling is the main way how the 
pieces are manufactured the limitations of this process are taken 
into account.
1. All elements are made from wooden plates – therefore no 
massive elements are considered, and the size is limited to the 
maximum plate size.
2. No curved wooden pieces due to difficulty to manufacture 
such pieces and the costs involved.
3. Only flat pieces from Plywood 18 mm plates are milled to 
reduce complexity and avoid angle cuts from the top of the 
milling table. In Figur 33 you can see how a corner piece is made 
out of only straight plates with 90 degree angles everywhere. In 
Figure 34 you can see  how it leaves some angled slits, but since 
it is the internal shell it should not cause any problems.

Step 3: Element creation approach
Two approaches are considered in order to create a predefined 
set of building blocks that provide variety of architectural housing 
solutions by making a compression-only structure and that fit the 
defined voxel grid. .
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F i g u r e  3 4 :  C o r n e r  p i e c e  a s s e m b l e d  w i t h  r e m a i n i n g  s l i t s  i n 
c e r t a i n  e d g e s  d u e  t o  o n l y  s t r a i g h t  c u t s

F i g u r e  3 3 :  C o r n e r  p i e c e  b u i l d  u p  o u t  o f  1 8  m m  s t r a i g h t  p l y w o o d 
p l a t e s  w i t h  n o  a n g l e d  c u t s
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1. Approximation by voxels and cutting the meshes to the 
desired shape. (Approach for standard elements)
The first approach is used for the standard pieces such as the 
standard vaults & arches. It uses the pattern shown in Figure 
19 and approximates a voxel set for the defined space creating 
a vault with voxels. (Figure 29) Further it defines the desired 
shape and either fills in or cuts away the voxels with a surface 
mesh to reach the desired outcome. (Figure 30) This approach 
is based on the Lego logic and equilibrium 

2. Tesselation & design of dry-fit blocks for modular vaulting 
(approach for special design pieces) (Bitting, Azadi & Nourian, 
2021) 
It is a  generalized computational workflow for generating dry-
fit stacking modules from two-dimensional patterns (created 
using tessellations) in order to construct a dome. Firstly a 
2-dimensional pattern is generated and secondly, the triangular 
parts of the pattern are sorted. Thirdly, in order to index the 
triangles a logic of pattern rings is created. (Figure 31)

Fourthly, a method for pattern navigation is developed to select a 
pair of adjacent triangles and then define one of those triangles 
as an angled piece and the other as a flat piece to make the way 
until the center of the dome. (Figure 32) Finally the modules are 
extruded and pieces have been shaped, and a dome has been 
created. (Figure 33)

F i g u r e  2 9 :  A p p r o x i m a t i o n  o f  a  v a u l t  w i t h  a  v o x e l  s e t  i n  a  g r i d  o f  9 0 x 9 0 x 1 0 8  m m

F i g u r e  3 0 :  A p p r o x i m a t i o n  o f  a  g e o m e t r y ,  s h a p i n g  t h e  v o x e l s  w i t h  m e s h  c u t s .

F i g u r e  3 1 :  G e n e r a t e d  P e n r o s e  p a t t e r n  s u b d i v i s i o n  m e t h o d 
i l l u s t r a t e d  ( B i t t i n g ,  A z a d i  &  N o u r i a n ,  2 0 2 1 )

F i g u r e  3 2 :  A  s i n g u l a r  s t r i n g 
o f  t r i a n g l e  p a i r s  p r o g r e s s i n g 

t o w a r d s  p a t t e r n  c e n t r o i d . 
( B i t t i n g ,  A z a d i  &  N o u r i a n ,  2 0 2 1

F i g u r e  3 3 :  T h r e e  s t a c k e d  m o d u l e s ,  a n d 
t h e i r  o r i g i n a l  g e o m e t r i e s  p r o j e c t e d 

b e l o w. .  ( B i t t i n g ,  A z a d i  &  N o u r i a n ,  2 0 2 1
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Overall, both the pattern shown in Figure 19 and the tessellation  
& extrusion approach allow to fit in the lego grid and design dryfit 
blocks for ceiling & roof systems to achieve a compression only 
structure. Few examples of tessellations and extrusions of 
diamond vault parts for the additional design pieces can be 
seen in Figure 34 & 35. The relationship between a voxel set and 
the final diamond vault pieces can be seen in Figure 36.

The technique of tessellation in gothic architecture can 
already be traced back from 11th century (Ward, 1915) where 
ribbed vaults have been displayed through a 2D drawing of a 
tessellation. (Figure 37)
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3. Logic for scalability and extendability. 

The scalability of the building blocks is achieved by using a 
90x90x108 mm voxel grid where all columns are at least 2x2 
voxels big (180x180x108 mm). (Figure 44 )This ensures that 
with a side piece and a corner piece you can  create 1 vault, you 
can continue the vault in 1 direction, in 2 , in 3 and in 4 directions. 
(Figure 45)

corner piece
s i d e  p i e c e
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v i e w s  o f  e x t e n d e d  v a u l t s  i n  1 ,  2 ,  3  o r  4  d i r e c t i o n s
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p i e c e s
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Step 4: The final desired spaces & design
The final desired architectural elements are:
1. The stairs & their elements (Figure 38)
2. The walls & their elements (Figure 39)
3. The floors/ceilings/roof & their elements (Figure 40)
4. The special floors/ceilings/roof & their elements  (Figure 41)
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The possibilities | vaults
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Test case | from building blocks to spatial units to final building structure
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Test case |building structure + final building with facades and finishing

F i g u r e  6 1  :  V a u l t  s t r u c t u r e F i g u r e  6 2 :  F i n a l  b u i l d i n g  w i t h  f a c a d e  a n d 
f i n i s h i n g s
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    8.4. META LEVEL GAME

Pre-defined steps 
f o r  t h e  g a m e

Steps  as  a  Gu ide 
t o  c r e a t e  n e w 
s o l u t i o n s  ( y o u 
can add your own)

1 .  I n p u t  s p a t i a l  c o n f i g u r a t i o n
F l o o r  l e v e l s  &  c o n n e c t i n g 

s p a c e s

2 .  A p p r o x i m a t e  t h e  s h a p e 
o f  t h e  s p a t i a l  c o n f i g u r a t i o n 
a c c o r d i n g  t o  t h e  c o n f i g u r i n g 
l o g i c  ( t h i s  t i m e  L e g o - l i k e 
l o g i c )  - >  v o x e l  s e t

3 .  A p p r o x i m a t e  g e o m e t r y  f r o m 
t h e  v o x e l  t i l e  s e t  w i t h  t h e 
p r e d e f i n e d  b u i l d i n g  b l o c k s

( C o n f i g u r i n g  l o g i c ) :
-  V o x e l  g r i d
-  A g g r e g a t i o n  l o g i c  & 
i n t e r f a c e  b e t w e e n  e l e m e n t s
-  C o n s t r a i n t s  ( a c c e s s , 
s t r u c t u r e  &  o t h e r )

( S h a p i n g  p r o c e d u r e )
-  S t r u c t u r a l  l o g i c 
-  M a n u f a c t u r i n g  c o s t s 
a n d  l i m i t a t i o n s : 
-  E l e m e n t  c r e a t i o n 
a p p r o a c h  ( T e s s e l l a t i o n  & 
e x t r u s i o n ,  p a t t e r n s )
-  T h e  f i n a l  s h a p e  o f  t h e 
d e s i r e d  s p a c e s ,  t h e  a e s t h e t -
i c a l  p r e f e r e n c e

Pre-defined steps 
f o r  t h e  g a m e

Steps  as  a  Gu ide 
t o  c r e a t e  n e w 
s o l u t i o n s  ( y o u 
can add your own)

?

F i g u r e  4 9 :  M e t a  l e v e l  g a m e  i n s t r u c t i o n s ,  b y  A u t h o r F i g u r e  5 0 :  M e t a  l e v e l  g a m e  v i s u a l  i n s t r u c t i o n s ,  b y  A u t h o r
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    9. VERIFICATION  
  & VALIDATION
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In order to verify the consistency of the created pieces a test case 
with a given architectural configuration has been undergone, to 
see if the predefined elements can create solutions for different 
residential spaces. The test case is simplified into a spatial 
configuration – floor levels & connection elements (stairs) 
(Figure 49), then the configuration is approximated with a voxel 
set (Figure 50). Finally, the voxels are approximated with the pre-
defined building blocks that are shaped for final use.  (Figure 51) 
and those blocks can be produced out of wooden plates. (Figure 
52) The test case can successfully be approximated with the 
predefined building blocks, yet a larger testing sample should 
be considered to prove variety of solutions. 

In order to analyze the validity of the model (usefulness of the 
model) it is tested against being:
- Scalable (since architectural projects vary in scale)
- Easily producable 
-  Accessible

The building system is scalable due to its structural logic – 
compression only structure and due to the way how pieces 
have been designed. There are base pieces and pieces for 
scaling the structure towards the width, length and the height. 
Finally, the logic of the system is such, that it can be scaled 
down and scaled up according to the function, this size works 
for housing, however, for a massive concert hall this grid can 
be scaled up and still the proportions would stay the same 
between elements. 
The building system is accessible  & easily producable due to the 
chosen material – wooden sheets and the production technique 
– CNC milling, Also the standard building system as well as 
the design pieces for diamond vaults consist of straight faces 
therefore no curved wooden pieces are necessary. Finally, the 
affordability comes into play once the elements are assembled 
and it is simple stacking and would not require skilled labor. 

F i g u r e  5 1 :  S p a t i a l  c o n f i g u r a t i o n  o f  t h e  g i v e n  b u i l d i n g
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w i t h  a  v o x e l  s e t
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    10. CONCLUSIONS &  
  DISCUSSION

In order to design a small set of stackable timber elements to 
form both a structure and the inner shell of a building that can be 
configured into versatile, scalable and affordable housing units 
using combinatorial design and a compression-only structure 
several steps need to be taken:
- A configuring logic for the elements needs to be 
defined (In this research a Lego-like logic was chosen) and one 
of the options for this can include:
o Defining a grid (taking into account room sizes of a 
house, but most importantly the dimensions of a comfortable 
stair and basing the main voxel size on it )
o Defining an aggregation logic for the interface of 
elements in order to ensure scalability (in this case several 
faces of the elements need to be full voxel size to be able to 
extend all elements to the z directions and in some cases also 
x&y)
o Defining access and structural constraints (in this 
research access meant leaving certain amounts of voxels 
open near stairs and connections of spaces, for the structure a 
compression only structure is assumed and certain patterns for 
equilibrium are chosen)
- Shaping logic in order to be able to create the final 
building geometry
o Structural logic needs to be defined  and prototyped 
and continued from the configuring procedure, this should allow 
for a scalable structure therefore a compression only structure 
is chosen. 
o The manufacturing technique and production 
limitations should be known which can be based on choosing 
a material and the way the elements will be produced (in this 
research wooden sheets and CNC milling is chosen) and basing 
the shaping of separate pieces on the maximum material 
product size and limitations of manufacturing. 
o An element creation approach needs to be defined 
to move away from the voxels and get towards a precisely 
shaped wooden structure. This can ensure architecturally 
and ergonomically valid and versatile spaces due to correct 
dimensioning of pieces and shaping pieces in such a way that 
several angles of vaults/arches can be found and that different 
widths & heights of spaces can be easily found. (in this research 
tessellation and extrusion is used as well as patterns based on 

10.1. CONCLUSIONS
o Rules of how the spaces should aesthetically look 
like and what style they should follow should be defined to 
finish off the element shaping. 
- Once the Configuring logic and Shaping of the pre-
defined building blocks is done a way of inputting a given 
floorplan needs to be found – in this research a spatial 
configuration is defined which consists of floor levels and 
connecting elements/spaces – stairs, ramps & corridors. And 
then this configuration undergoes the configurator steps and 
the voxel set is approximated with the predefined building 
blocks. 
These steps can be seen as a meta level game (See chapter 
8.3.) and the configuring and shaping procedures can lead 
to different results if different choices are made, also the 
configuring and shaping procedures themselves can be 
adapted. Overall, the research was succesful and a set of 
predefined elements was found which allows for versatile and 
easily producable and scalable wooden structures. 

The results of this research can be tested further more 
thoroughly with different given configurations of different 
architectural styles in order to test if more building block types 
are necessary. The research has found valid solutions that have 
been tested for vaults that are the same size in 2 directions, 
but prototyping is necessary to test if non symmetrical vaults 
need any adjustments and additional pieces. All of the elements 
should be further technically worked out stating the appropriate 
connections and build up. Different interlocking systems should 
be tested for easier assembly. The specific size of the elements 
could be analyzed in order to  increase the efficiency of 
production and material use.  Meaning how does the size of the 
elements fit on the wooden plates in order to have less waste of 
the material. Overall, the research is a start into creating a full 
building system for housing that can also become a building 
system that by scaling it can accomodate other functions. 
However, several steps need to be taken to further detail the 
pre-defined blocks.  

10.2. DISCUSSION
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