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Abstract 

In recent decades many new developments in structural design have been established. These 

new techniques enable structural engineers to design structures as efficient as possible. 3D 

concrete printing is one of these new techniques. Using 3D concrete printing (3DCP), structures 

can be optimized even more because of the design freedom of 3D printing. The motivation of 

optimizing structures is to increase the performance of a structure together with reducing the use 

of materials. New techniques come also with some new limitations. The possibilities of the 

printers must be kept mind during the whole process. 

It is not preferred to print large structure in one go, therefore they will be tessellated into smaller 

elements. The advantages of prefabrication can be applied to the elements and the design 

freedom of 3DCP can be used. After the tessellation, the structure will be assembled again. The 

connection between the elements will be the weak point using printed elements. An optimization 

process can reduce the forces which need to be transferred by the connections. Recent day 

optimization methods, topology optimization for example, cannot be used in combination with 

3DCP. New strategies are needed to optimize 3D concrete printed structures. 

In this graduation project, a model is developed which will optimize 3D concrete printed 

structures, based on the geometry of the elements and the connection to stack them together. As 

a starting point, a 2D wall structure loaded in-plane is used. The optimization will be based on 

structural requirements. Using interlocking, the elements itself will take care of most of the forces 

and the connections less. The analysis of the structure is based on the stringer-panel method 

(SPM). The SPM is a variant of a strut (S&T) and tie model, which is used to calculate the 

structure in a parametric environment.  

In the parametric model different parameters are implemented to optimize the structure, for 

example, the stiffness of the stringers and the position of the corner points. Also, the printability is 

incorporated, like angle constraints and the infill of the panels. To compare the models, several 

optimization goals are set. The structures are optimized for the work, which is the force multiplied 

by the displacement expressed in energy. This needs to lead to less deformation and less 

material use in structures. Different options to optimize, like the energy in the diagonals or edges 

only can be used. After optimization, all kind of quadrilateral elements occur. To proof the concept 

of the SPM, extra calculations are made to confirm the chosen calculation method. An advantage 

of the optimization method is that it can be used on a global scale as well as on small scale like 

element level. 

The S&T model is able to optimize structures based on the SPM. Different optimization goals lead 

to different results of the structures. The user itself can choose what goal fits the best to the 

intended optimization. The energy of the chosen stringers will decrease as well as the total weight 

of the structure. This will give new opportunities to structural designers to optimize 3D concrete 

printed structures. 
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1 Introduction 

 
Last decennia people started more and more to design structures as efficient as possible. More 

recent computational developments in the field of form finding and topology optimization vindicate 

these used methods and enable us to optimize structures even further. Using form finding and 

topology optimization techniques, a reduction of material use can be achieved. This will lead to 

more sustainable structures, less CO2 emission and a reduction in costs. But also for structural 

reasons the dead load of structures can be reduced significantly.  

An even more recent development in the building industry is 3D concrete printing (3DCP), which 

is being investigated and performed on the Eindhoven University of Technology since the 

summer of 2015, see Figure 1.1. This technique stacks layers of concrete on top of each other 

(Wolfs, 2015), and offers new opportunities. By printing the concrete instead of casting it, almost 

no formwork is needed anymore. This takes away the need of repetition which is characteristic for 

the current industrialized built environment. Every element can be printed differently. Present day, 

optimized or freeform structures are hard to realize with the traditional manufacturing techniques. 

New techniques are required for architects and engineers get more freedom in designing and 

optimizing buildings. New manufacturing techniques also ask for new principles where repetition 

is not needed. At the moment it is unknown where all these developments will lead to but we are 

curious what it will give us. A lot of research is pushing these developments.  

 

 

Figure 1.1. The 3D concrete printer at the Built Environment faculty. 
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For this graduation project, the 3D concrete printer available at the Eindhoven University of 

Technology will be used. It exists of a 4-axis gantry robot, controlled by a computer. The printer 

extrudes filaments of concrete on top of each other (Figure 1.2). Several researches are done on 

the material properties of concrete printed layers by Doomen (2016) and Slager (2017). More 

information about the properties and the process of the printer can be found in Bos et al. (2016). 

The 3D printer gives freedom in the design of structures. However, this freedom is limited by 

mechanical properties of the printer, Ahmed et al (2016). The limitations must be kept in mind 

during the design of structures. The printability is the translation from the design to the actual 

structure. This will be combined with an optimization process. 

 

 

Figure 1.2. 3D Printed element at Eindhoven University of Technology. 

 

People can design as efficient as possible but when it is not printable it does not make sense. 

The printability of structures must be considered while designing and optimizing structures. Like 

printing large structures in one go is rather not preferred, it is hard to print large structures in one 

go with 3DCP. Often there are some size limitations of the print area and the weight of the 

elements becomes very much. Therefore it is hard to transfer the elements to the building site. 

Heavy and big machines are needed to get the elements on site and also to assemble the 

structure. While using smaller elements, construction workers can work a lot faster and it makes it 

a lot easier to handle the elements. A solution to that is dividing structures into elements. This 

procedure is called tessellation in this graduation thesis (Figure 1.3). Tessellation is a process of 

dividing a surface into one or more geometric shapes. This can be done by shapes with all the 

same geometry but it is also possible to use many different geometries, small or big. Using 3DCP 

no repetition is needed. 
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Tessellating structures has also a big advantage, namely prefabrication. While printing the 

elements the benefits of prefabrication can be used. Printing in a conditioned environment with all 

the tools at hand inures the quality of the work. Prefabrication also saves material at the building 

site and less formwork is needed.  

 

 

Figure 1.3. Surface divided into elements, tessellation. 

 

If a structure is tessellated it also needs to be assembled again, the elements will be stacked 

together. Instead of one big surface which distributes all the forces, now the elements needs to 

transfer the force through the connections. Normally, in prefabricated elements, the connection is 

included in the prefabrication process. Extra connecting elements or big steel plates are placed in 

the elements. While making use of 3D concrete printing, this is not possible anymore. There is no 

space left for heavy and big connections. The connection will be a weak point for printed 

elements. Therefore the structures need to be optimized for the connection between the 

elements. The structure can be tessellated such a way, that the connections need to transfer as 

much as possible compression force and less shear and tension forces. So the connection is 

important for the performance of the total structure.  

Especially structures loaded in compression and shear are interesting to optimize. A column for 

example mostly distributes vertical forces (Figure 1.4). These will be easy transferred through the 

elements by just stacking elements on top of each other. When tessellating larger structures, wall 

structures for example, also horizontal forces need to be transferred and shear will be introduced. 

The optimization is interesting for this kind of structures. As a starting point, this research will 

focus on 2D wall structures loaded in-plane.  
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Figure 1.4. The difference in force distribution of a column (left) and a wall (right). 

 

Different techniques enable us to optimize structures. One of the techniques currently used 

construction is topology optimization. However, topology optimization is hard to combine with 3D 

concrete printing, where filaments of concrete are stacked on top of each other. An example of 

this is the column shown in   

Figure 1.5. The column is inspired by natural based forms. At the left, the digital model is shown, 

however, this form is not printable with the technique of printed layers. This column is casted in 

moulds which are made with a milling machine. For optimizing 3D concrete printed structures, 

other optimizztion principles are needed. The principle need to take into account the possibilities 

and limitations of the printer.    

 

  

Figure 1.5. Optimized column, manufactured by CNC milling. 
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1.1 Research objective 

Problem definition: 

The current Additive Manufacturing of Concrete (AMoC) relies on the printing of monolithic 

structures, which results in limiting the scale of structures within the printing domain of the printer. 

To overcome this limitation, 3DCP monolithic structures need to be assembled and multiplied to 

scale up the structures. However, when taking the approach of analyzing the global structure 

based on the individual structural properties of each monolithic element, the monolithic elements 

would dictate the form of the structure as the specific elements with specific structural 

characteristics need to be placed at the exact position. This approach, in turn, limits the potential 

of the 3D concrete printing process.  

 

Research objective: 

To overcome the limitations of the above mentioned problem definition, the global structure based 

on the capabilities of 3DCP construction has to be analyzed up front and then tessellated into 

smaller printable monolithic block to achieve the full potential of the 3DCP process. With 3DCP 

materials can be deposited exactly at the required position following certain printing constraints. 

However, for the system to work, the tessellation objectives should be in line within the paradigm 

of the 3DCP process or vice versa and need to be synchronized. To achieve the above objective 

this research focuses on developing a method for material deposition for 3DCP to fulfill structural 

tessellation requirements using a structural optimization logic, considering all the printability 

constraints. 

This research will focus on the following statement: 

“Developing a tessellation principle for 3D concrete printed walls using an optimization process.” 

 

1.2 Layout of the report 

This graduation report covers the realization of a parametric structural optimization model for wall 

structures, which considers the influences of the 3D concrete printer at Eindhoven University of 

Technology. The process of developing the model and the principle behind the optimization and 

calculations are described in this graduation report. In the current chapter, the motivation of this 

research is declared and the overall goal is described. The following chapter explains the process 

of how this will be achieved. The principle of the calculation method is elaborated and the start of 

parametric model is made. The third chapter describes the optimization process. The principle of 

the optimization method is explained. The parametric model is expanded for the optimization 

process and the influence of the printability is declared. The consequence of quadrilateral panels 

with the chosen principle is investigated. In the next chapter, a case study is done with the 

parametric model. The results of the case study will be discussed. At the end, the conclusion of 

the research is elaborated and the recommendations for further research are listed. 
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2 Tessellation method  

 

Now is clear why tessellation is needed, rules are needed on how to perform the tessellation. In 

this chapter will be explained which options are available for the tessellation process. Afterwards, 

the principle chosen for this research is declared and some examples will be given. When is clear 

what principle will be applied a structural analysis needs to be done. What kind of model will be 

used and how the structure is calculated will be explained in the last part of this chapter. 

 

2.1 Principle of the tessellation process 

The freedom of 3D printing gives the opportunity to look further than the practical reasons to 

tessellate structures. To expand the research on 3DCP at Eindhoven University of Technology 

this thesis will look for structural reasons to tessellate a structure. Rippmann (2016) investigated 

already requirements for tessellation on structures. In that research architectural, structural and 

fabrication requirements are mentioned, these requirements are related to the printing process. 

One of the structural requirements is staggering or interlocking, see Figure 2.1.  

 

 

Figure 2.1. Interlocking on a global scale. 

 

Interlocking on a global scale in a structure prevents elements to slide of. The elements itself will 

take care of most of the shear forces and fewer shear forces need to be transmitted between 

elements. The connections need to transfer mostly normal forces. The advantage is easier 

connections between the elements. A research about the connection is done by Bulck van den 

(2017). The idea of the connection is a prestressed rubber joint. While prestressing the rubber 

joint gets relatively stiff and is able to transfer normal forces as well as some shear force.  

Element edges which are in line with each other will slide off easier. Interlocking can be created in 

different ways. Due to extra connecting parts on elements or by just changing the geometry 

(Figure 2.2). The last way is the focus of this research because of the use of 3DCP. By changing 

the geometry of the elements a global interlocking pattern can be created. On these different 

geometries, an optimization process can be performed.  
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Figure 2.2. Different ways to interlock elements. 

 

So structures can be tessellated based on structural reasons. In this way, research can be 

improved for the use of 3DCP into the construction field. There are some examples of tessellated 

structures which are optimized based on structural reasons. The Block Research Group at the 

Institute of Technology in Architecture at ETH Zürich has done a lot of research about masonry 

and concrete structures in structural design. A present-day example is the Armadillo vault in 

Venice, in appendix A this example is analyzed.  

For this research, a method is needed which can calculate the structure, analyze the forces and 

optimize this all to a certain goal. Then, the model can be used as a tool for present-day structural 

designers. To create interlocking, the geometries of the element must be able to change during 

the process. Al kind of geometries must be possible to gain the best solution. The method must 

give the freedom to constantly change the geometry. To save material, also a varying thickness 

of the elements must be possible. This will influence the stiffness of the structure and change the 

force flow, again to gain the best solution. 

 

2.2 Stringer-panel method 

The calculation method must meet all the requirements mentioned before. The answer to this is 

the stringer-panel method (SPM). The stringer-panel methods allow us to divide a wall into 

different elements. In this method, there is a clear difference made between the normal forces 

and the shear forces in a structure. The stringer-panel method is a variant of a strut and tie 

method (S&T). There is one big advantage of SPM compared to the S&T. The SPM divides the 

structure into flat panels in combination with stringers, where the S&T only use stringers. 

Stringers made of concrete are hard to connect in the nodes. Also, it does not make sense to 

print concrete stringers because there is no use of the 3D printing techniques. While making 

panels it does, because the freedom of 3DCP allows us to design all the different geometries. 

Therefore this method is highly applicable to use in this research. Research about this method is 

done at Delft University of Technology by Blauwendraad (1994 & 1997) and Hoogenboom (1994 

& 1997).  
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Figure 2.3. Example of the stringer-panel method. 

 

In this method, for example a wall, is divided into area’s (Figure 2.3). The cutting lines are created 

at places where something happens like a load, support or an opening in the wall. These cutting 

lines are called the stringers, between these lines the panels are created. The stringers are 

connected together in the nodes and the panels are connected between the stringers. The 

advantage of the method is that the stringers only take normal forces and the panels only take 

shear forces (Figure 2.4). The panels transfer their loads over the length of the stringers. Thereby 

the normal force in the stringer will increase along its length. The difference of normal force in the 

stringer represents the shear force of the neighbouring panel. The shear force in a panel 

develops linear over the length of the edges. A simple example of the stringer-panel method is 

shown in Figure 2.5.  
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Figure 2.4. Separation of stringer and panel. 

 

 
Figure 2.5. Example of the stringer-panel method. 
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The examples of Blauwendraad and Hoogenboom are calculated with a program called 

SPanCAD, which is a plug-in for AutoCAD. But there is an easier way to calculate stringer-panel 

models. This can be done by replacing the panel with a diagonal stringer. This diagonal stringer 

represents the panel in the structure. By replacing the panel with a diagonal stringer a strut and 

tie model is created. This makes stringer-panel models a lot easier to calculate. To prove this 

concept some example can be found in the literature (Blauwendraad & Hoogenboom 2012). In 

these examples, the strut and tie model is compared with a stringer-panel model, see Figure 2.6. 

To calculate the shear forces in the panels of the stringer-panel method, the value and angle of 

the normal force of the diagonal is needed. By using the goniometry functions, the sine rule, the 

value of the shear force in a panel can be calculated.  

����

�
=	

����

	
=

���


�
   (sine rule) 

The diagonal connecting in the corner of the panel distributes the force over the two connection 

panel edges. This is the shear force per meter length, by dividing the force by the length of the 

edge the actual shear force can be calculated.  

 

            

Figure 2.6. Comparison of the stringer-panel method (above) and the strut and tie method (under). 
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2.2.1 Validation of the stringer-panel method 

It has to be noted that the user always must use his structural knowledge in general. The stringer-

panel method can always be physically applied to a structure. But it does not always make sense 

to use a stringer-panel method in his original way. Sometimes a force will be forced to transfer in 

a certain way in a structure. This does not mean it will be the most obvious way to be transferred. 

The stringer-panel method needs the space and freedom to find an efficient way to divide the 

structure into stingers and panels. If not, the method can give unexpected solutions which are not 

logical in structural design. 

After a structure is designed it will be printed and used in practice. If the structure is used in 

practice, the question is if a structure actually acts in the way it is designed. The stringer-panel 

method prescribes stringers to take care of the normal forces and the panels only shear forces. In 

practice, a force does not know where it is allowed to flow through the structure. The print 

process is important on how a structure acts. For the stringers a material must be used with a 

high Young’s modulus E. The panel must be made of a material with enough shear capacity G 

but with a low Young’s modulus. The difference in the Young’s and shear modulus must be clear. 

Also, the connections are of influence, the details are important. The connection between two 

elements has to follow the rules of a SPM. If a connection introduces normal forces in a panel the 

force flow will change. The design can be checked with FEM models, a clear difference between 

E and G can be modelled and also the connections. By analysing the force flow the distribution of 

the forces must be correct. Research done by Tillmanns (2017) also used the stringer-panel 

method to calculate concrete structures as a strut and tie model. Examples of calculations to 

check the result with FEM can be found in that report.  

In a stringer-panel method, the normal force will vary linearly over the length. The shear force 

calculated in the panel will be constant for each panel. After optimizing the structures, not all the 

panels, or even none of them, will stay rectangular. All kind of shapes can be formed like 

parallelogram or even more free-formed elements. These shapes are called quadrilateral. Articles 

in literature discuss the differences between rectangular shear panels and quadrilateral shear 

panels. Blauwendraad and Hoogenboom (1999) also did research about the quadrilateral shear 

panel. It is noted that the normal force in the stringers can become nonlinear. Also, the shear 

force in a quadrilateral panel is not constant anymore. In the article is mentioned that some 

differences in force flow will occur in quadrilateral shear panels. Therefore a remark must be 

made on the use of quadrilateral shear panels. How big these differences are needs to be 

checked afterwards. A possible reason for the differences are the introduced normal forces at the 

corners. Because the corners are not straight anymore, the normal forces are not distributed 

nicely into the stringers. Small normal forces in both directions need to be split. Therefore some 

of the forces flow into the panel, which is meant to take shear forces. This can disturb the clear 

separation of the forces in a stringer-panel method. This will mean, the more complex the 

geometry of the panel the bigger the deviation. 
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2.3 Parametric model  

The process of 3D concrete printing is completely digitally organized. Most of the work during the 

design phase is changed into digital modelling. So a logical step is to digitalize the whole process 

from the start of the design of. The answer for this is parametric modelling. Within a parametric 

environment, everything can change quickly and the whole process is regulated digitally. Many 

parameters can be introduced to get control of the process. Changing and understanding the 

parameters is important to know in a digital design process. This all can be easily done in a 

parametric environment. As the model is meant as a tool for structural designers it is easy to 

adjust it. Every part of the model can be improved or replaced by another one to the satisfaction 

of the user. For example the way of drawing the model or calculate it with another program. In 

this thesis, the model is made in a parametric environment called Grasshopper. Grasshopper is a 

plug-in for RhinoCeros which visualizes the work of Grasshopper. Within Grasshopper a program 

called Karamba is used for the calculations of the strut and tie model.  

The strut and tie model is made by de rules of the stringer-panel method. Which means that the 

grid of the panels follows from the boundary conditions and the loads. First, a standard case 

(Figure 2.7) is made to prove the concept in combination with a parametric environment. This 

standard case is a rectangle wall which is supported at the left with a hinge and at the right with a 

roller support. There are two forces applied to the structure, one horizontal force at the upper left 

corner and one vertical force at the upper edge. The value and position of the forces and the 

place and dimensions of the opening are variable. The model is made to get some first 

calculations of a SPM using S&T in a parametric model.  

 

Figure 2.7. Example of the stringer-panel method in a parametric model. 
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3 Optimization process 

 

The model with the standard grid will be used as a starting point for further extensions. One of the 

extensions to improve the model is by optimizing the structure. The optimization process will be 

explained in this chapter. First, the optimization goal and method will be described. When this is 

clear the extensions of the parametric model will be explained. The printability will be 

incorporated in the model. The first outcomes of the optimized model will be discussed at the end 

of this chapter. 

 

3.1 Optimization method 

As a starting point for the optimization process, the standard model will be used. To optimize this 

model different strategies and goals can be used. The main goal of the optimization process is 

reducing the shear forces transferred by the connections. This means the structure is designed 

such that as less and easy as possible connections are needed. Ideally, it will lead to better-

performing structures using less material. For example, better-performing structures are 

structures which deform less or need less energy in the structure. Less deformation can be 

achieved by using larger and stiffer elements. This will also lead to less energy in the structure. 

However, this principle is not in line with material savings. Therefore material use is another goal 

for this optimization process. A good ratio between both principles will lead to optimized 

structures.   

Many strategies for optimization are used in history to achieve this goal. In this research is 

chosen for interlocking in a structure. Interlocking can be achieved by making use of different 

geometries. By changing the element geometries, the structure will perform in another way. The 

starting point used in this model will be a standard grid. From the standard grid, the geometries of 

the elements will change slightly to a more optimized structure. The surface used at the start will 

remain the same. The testing value is the work in the structure, expressed in energy. Work, in this 

case, is the force multiplied by the displacement of a stringer. If the energy becomes less, the 

structure will perform better.  

This can be linked to the connections. To get easy connections, as less as possible shear force 

needs to be transferred. The shear forces need to be taken by the elements itself. When 

optimizing to the work in the diagonals, less force will be transferred by the connections. Since 

the diagonal represents the shear force of the element. Another option to influence the force flow 

is the stiffness of the stringers. Areas where act fewer forces, the stringers can become less stiff 

which will safe material use. And also areas where more material is needed according to the 

force flow the stiffness can be increased. Instead of concentrating stringers in those areas, 

adding stiffness can be a more sustainable solution. 
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3.2 Parametric optimization model 

The parametric model from the previous chapter will be expanded for the optimization process. 

First, a surface is needed which has to be tessellated. For this model, the surface must be a four-

sided surface. Freeform surfaces are not available yet. The surface is made out of four corner 

points. In this surface, a standard linear grid is drawn. The division and dimensions of the surface 

are free to change by the user. However, the total number of elements will not change anymore. 

So the division has an influence on the dimensions of the elements and also the weight of the 

elements. This can influence the choice of the total number of elements. After the standard grid is 

drawn the optimization can start by changing the geometries of the elements. The geometry of 

the elements will be changed by moving the inner points on the surface. Each of the inner points 

gets a design space where it is free to move in. The properties of the design space are 

adjustable, however, the areas cannot overlap. It is also possible to adjust the position of the 

points at the edges. These points can only move in the direction of the edge, the total surface 

does not change. By changing all the points a lot of possible solutions are available with the 

geometries. Another parameter to change for optimizing the model is the stiffness of the stringers. 

The stiffness is related to the diameter of each stringer. By changing the diameter of a stringer, 

the stiffness will increase or decrease which leads to another distribution of forces. Several 

options for optimization are possible, for example, to change only the diagonals stiffness or only 

the stiffness of the edges of the panels. 

To start the optimization, first, the forces in the stringers must be known. The program Karamba 

is used for the calculations. This plug-in of Grasshopper uses the geometry of Grasshopper as an 

input for the calculations. The boundary conditions and loads will be defined in Karamba itself. 

With this information, it is possible to calculate all the forces in the structure using Karamba. As 

mentioned before the structure is calculated as a strut and tie model where only normal forces 

exist in the structure. The normal forces are listed by Karamba and can be used for further 

calculations. Karamba is also able to calculate other information, the displacements and the 

energy in the structure. The last one is interesting for the optimization process. Because there are 

only normal forces in the structure Karamba gives the axial energy in each stringer. The axial 

energy will be used as fitness for the optimization process. Several options are available as 

fitness, Karamba can sum up every possible combination. The information obtained by Karamba 

is used as the input for the optimization tool, Octopus. Octopus is another plug-in in Grasshopper 

and is used for the optimization. Octopus is an evolutionary solver (Rutten, 2010) for parametric 

design and problem-solving. The evolutionary solver searches for the best solution in a landscape 

of many possible options. It uses brute force to calculate and compare all the options leading to 

the best solution. The solver works with parameters and a fitness. It will change the parameters to 

get the best fitness. The parameters in this model are the diameter of the stringers and the 

position of the nodes of the elements. It will compare all the solutions and ends with the structure 

which uses the least energy. The steps described above are illustrated in Figure 3.1. How the 

parametric model is built up exactly, is described in Appendix C. 
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Figure 3.1. Optimization process. A) Starting with a 4 point surface. B) Surface divided into elements. C) 
Plotted standard grid with inner points (green), edge points (red). D) Stiffness variation. E) Boundary 
conditions and loads. F) Karamba analysis of normal forces in the stringers. G) Distribution of normal 
stresses. H) Optimized structure by Octopus, diagonals are not shown. 

 

B) A) 

D) C)

F)E) 

H) G) 
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3.3 Printability 

To make optimal use of 3D concrete printing, the printability of structures is of great importance. 

People can design whatever they want but it is not always printable. Therefore printability is 

important while looking for the best-optimized solutions. A structure is not optimized when it is not 

ready to print after designing. This means that printability is needed, but it can decrease the 

optimum structural solution. One of the printability properties is the size of an element. A printer 

cannot print as large as we want, there are limitations in the reach of the printer. In this model, it 

is possible to choose the division in x and y-direction of the standard grid. This division 

automatically gives an estimation of the element size. Due to the optimization, the size can 

change but this can be regulated by design space of the inner points. The element size has an 

influence on the weight. When elements get too heavy, big machines are needed and are not 

manageable by people anymore.  

3.3.1 Angle constraint 

As mentioned before 3D concrete printing gives a lot of freedom in designing structures. All kind 

of geometries are possible to design but not everything is just as easy to print. While printing 

rectangular elements everything will be fine. But after optimizing, some angles will get too sharp 

to print nicely. It is possible to print but the end result will not look the same as the design. Due to 

the printer, small angles get a large rounding radius so openings will appear between the 

elements. How smaller the angle how bigger the openings will be (Figure 3.2).  

 

 

Figure 3.2. Printability of angles. 

 

The minimal angle can be set in the parametric model. The applied value will be set by the user. 

This can be different in each situation and can change when the manufacturing process is 

improved. If a solution does not meet the angle requirements, that possible solution will be thrown 

away on the list. It works like a hard constraint in the optimization process in Octopus. For the 

value used in this thesis, an experimental print is done. Different angels between 0 and 30 

degrees are printed, in steps of five degrees, shown in Figure 3.3. At the smaller angles can be 

seen that more material is deposited. What is accepted, is to decide by the designer. In this 

thesis, the minimum angle is set to 15 degrees. The angle still looks well according to aesthetics 

and the difference between the design path and reality is not too big.  
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Figure 3.3. Left) Angles of 0 till 15 degrees. Middle) Angles of 20 till 30 degrees. Right) Gap between 
printed angles.  

 

Not only can a minimum value be set but also a maximum value. This will influence the possible 

geometries of the elements. It can be imagined that some geometries are not likely in some 

situations. In this case, arrow-shaped geometries can occur, illustrated in Figure 3.4. At first sight, 

there is nothing wrong with these geometries. But with the principle of the diagonal in the 

calculation, it can occur that stringers are intersecting each other. These solutions are not 

preferable. In that case, a maximum angle degree can be set in the parametric model. For the 

arrow-shaped geometries, it will be 180˚ so these geometries will not occur anymore.  

 

 

Figure 3.4. Left, an optimized solution with arrow-shaped elements. Right, an optimized solution with 
plotted diagonals intersecting the element edges. 
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3.3.2 Stringer diameter 

The stiffness of the stringers is a parameter in the parametric model. At the moment, it is hard to 

print with different stiffnesses of stringers (Figure 3.5). It is not possible to change the cross-

section of the filament during the printing. Therefore another nozzle is needed which is not 

available yet. But it is possible to change the printing speed. By changing the speed the printer 

will deposit less or more material. However, the disadvantage is that it is hard to regulate the 

printing speed during the printing. It is not automatically coupled to the printing path. 

 

 

Figure 3.5. Example of 3D printing with different stiffnesses in stringers. 
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3.3.3 Panel infill 

After the structure is optimized and calculated there is one big difference with the stringer-panel 

method, the diagonal. The diagonal is only used as a replacement of the panel during the 

calculations. While translating the design to a printable path the diagonal is not likely anymore. It 

is hard to print a diagonal in an element because no working print path can be made. A print path 

has two requirements, using the printer at Eindhoven University of Technology. First, the starting 

point of each layer needs to be the same. Secondly, the printer needs to follow one continuous 

path every layer. Using the requirements it is not possible to find a strategy to print diagonals. In 

Figure 3.6 is shown how the print path will look for an element with a diagonal. First, the blue 

layer is printed starting at the dot and ending at the square. Then, the printer needs to move 

upwards to the second layer. The red path is the second layer, also starting at the dot and ending 

at the square. As can be seen, it is not possible to meet both the requirement printing one single 

filament.  

 

Figure 3.6. Printability of diagonals in an element. 

 

The solution to this problem is to use the optimization process once again. The whole idea of the 

model can be scaled down. The division of the surface can be used again on a smaller scale. So 

instead of the diagonal, a new tessellation pattern will be designed. This pattern can be optimized 

as well following the same, or other, rules. Because an element always has four sides the model 

can always be used again. In theory, this process can go on and on but at a certain point, the 

scale is too small to print. Once we need to get rid of the diagonals. At a certain point, it is 

accepted to ignore the diagonals and print a pattern without the diagonals. Following the rules of 

the print paths, these patterns can always be printed. Some of the possible solutions are 

sketched in Figure 3.7 to proof the concept. 
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Figure 3.7. Sketches of different printable solutions. 

 

It has to be noted that from a structural point of view one thing cannot be ignored. After the first 

optimization, the solution has a certain force flow. The force flow only acts in that case with that 

stiffness of the structure. When the optimization is used again on a smaller scale the stiffness of a 

panel can change, which also changes the force flow. After applying the optimization again the 

stiffness of the new tessellation pattern needs to be equal to the stiffness of the diagonal. If not, 

the optimization process does not what one has in mind. The infill of the panel determines the 

stiffness.  

Some other options for the infill of the panel are available, see Figure 3.8. The easiest one is to 

pour the panel with concrete. By varying the thickness, different stiffnesses can be achieved gain 

the same stiffness as the diagonal. The panel can also be filled with an isolation material instead 

of pouring. From a physical point of view, the panels can be used as a sort of sandwich elements. 

If the stiffness of the isolation material meets the requirements from the structural point of view it 

can be combined well. After optimizing, all the diagonals get different forces i.e. different panel 

stiffnesses are needed. Pure from a structural point of view, there are two different options. First, 

the easiest way is to add more material. The pattern can be printed as thick as needed to meet 

the stiffness requirements. When the force in the diagonal is high, the pattern will be printed 

thicker. Every panel can get a different thickness according to the force. The second option is to 

change the infill pattern. A finer mesh can be applied if a panel needs more stiffness. This mesh 

can also be optimized more if needed. With this principle, it can be seen from the panels where 

lots of forces need to be transferred or where less.  
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Figure 3.8. Four different panel infills. A) Poured with concrete. B) Filed with isolation material. C) Printed 
grid, more layers. D) Optimized printed grid. 

   

B) A) 

D) C)
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3.4 Quadrilateral panels 

After optimizing many different geometries occur. The most of these geometries are not 

rectangular anymore but quadrilateral. The question is, does the principle of the diagonal still 

work? The translation of the diagonal force using the sine rule needs to be checked. As 

mentioned before, research by Blauwendraad and Hoogenboom (1999) already mentioned there 

will be differences. To find that, some additional calculations are needed to check and compare 

the results. 

 

 

Figure 3.9. Two different finite element models. 

 

Therefore, some finite element calculations (FEM) are made. Two different models (Figure 3.9) 

are calculated in the FEM program called Abaqus. First, a strut and tie model is made of one 

individual panel with a diagonal. The stringers are modelled as trusses, so only normal forces will 

occur. The force in the diagonal is calculated and using the sine rule the shear force acting at 

each edge is calculated. For rectangular or parallelogram panels, the sine rule can be applied 

directly to the panel. The angles with the diagonal are the same, see Figure 3.10. But for 

quadrilateral panels, this trick does not work. The angles are different on each side of the 

diagonal. Two new triangles must be drawn and afterwards, the sine rule can be applied again.  

The second model is the stringer-panel model. The four stringers are again modelled as trusses. 

Because the stringers need to take the normal forces the Young’s modulus E must be set high 

enough. The panel is modelled as a solid part between the stringers. Because the panel is 

allowed to only take shear forces, the Young’s modulus is set low and the shear modulus G is set 

high. The stringers and the panel are coupled via the surfaces using a tie constraint in Abaqus. In 

this way, the model will act like a stringer-panel model. Using the model, the normal forces in the 

stringers can be calculated. The magnitude of the shear force can be read from the graph as the 

difference in normal force in the stringer. 
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Figure 3.10. Distribution of the diagonal force. 

 

To check the results, a quadrilateral panel is drawn and loaded with 10 kN horizontal force 

(Figure 3.11). For this panel, the shear force along each edge is calculated via both two models 

as described above. The result of the S&T model is shown in Figure 3.12, the S11 stresses are 

the normal forces in the stringers. Because the cross-section of the stringers is set as 1, the 

stress in the stringers is equal to the force in the stringer. Using the diagonal force form these 

results, the shear forces are calculated using the sine rule as shown in Figure 3.13.  
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Figure 3.11. Quadrilateral panel, test case. 

 

 

 

 

 
Figure 3.12. Strut & tie model result from Abaqus. 
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Figure 3.13. Test case calculated with S&T 

 

For the stringer-panel model, the results are shown in Figure 3.14. Again the S11 results are the 

normal stresses in the stringers. For every edge, a path is drawn along the whole length of the 

edge. From this path, the result of the normal force is plotted in a graph to show the result clearly. 

In Figure 3.15 is the result shown of the top edge. The difference of the normal force in this graph 

should be equal to the calculated force of the S&T. This is the comparison of the trick used in the 

parametric model. As an extra check, the results of the shear forces in the panel can be 

compared with the normal forces in the stringers. The results of the shear forces in the panel are 

shown in Figure 3.16. Again a path is drawn along the top edge of the panel. The result shown in 

Figure 3.17, the S12 is the shear stress in the panel. By calculating the integral of the plotted S12 

graph, the normal force is calculated in that stringer. This result should be equal to the normal 

force calculated with the S&T model as well as the calculated force the stringer of the SPM. This 

extra check shows if the model is calculated correctly.   
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Figure 3.14. The stringer-panel result from Abaqus. 

 

 
Figure 3.15. Plotted normal force along the top edge of the SPM. 
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Figure 3.16. The stringer-panel result of the shear forces in the panel from Abaqus. 

 

 

Figure 3.17. Above, the plotted result of the shear stress along the top edge. At the bottom the integral of 
the shear stress shown above. 
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All the calculated results from the different models are listed in Table 3.1. As can be seen, the 

results of the two S&T models are almost equal as expected. The difference is caused by the 

round off numbers used in the sine rule. In the last column, the difference is calculated between 

the two most deviant numbers. Three of the four edges are almost equal. The result of the bottom 

edge deviates more. The SPM S11 result is 14% less than the S&T sine rule result. The other 

three results only deviate 1.5%. The cause of the deviation of the SPM S11 is unknown. As 

proven with the SPM S12 model the result are still accepted.  

 

Table 3.1. Results of the shear force along each edge. 

 S&T (graphical)   S&T(sine rule) SPM (S11) SPM (S12)  Difference 

Bottom 14.08 14.12 12.35 13.97 14 % 

Left 11.76 11.77 11.80 12.19 3.7 % 

Top 9.76 9.67 10.01 9.93 3.5 % 

Right 9.68 9.67 9.44 9.71 2.9 % 

 

The last step is to compare the results with the research done by Blauwendraad and 

Hoogenboom (1999). In this research also a comparison is made between different calculation 

methods. A finite element is compared with the equations derived by themselves, the compliance 

is used as a comparison. The difference found by a quadrilateral panel is 5% between the two 

models. This difference in the same order of magnitude as found in the table above. The 

compliance of the results using the derived calculations is less than the FEM results. The results 

are an overestimation compared with the FEM calculations. The results calculated in this cannot 

be seen as an under- or overestimation. Two of the four edges are underestimated and two are 

overestimated.  

For this research different geometries are checked with finite element calculations. First, a 

rectangular panel is modelled. Afterwards, models with increasing complexity are compared, 

ended with two quadrilateral optimized panels. The results of these calculations shown in 

Appendix C. 
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In this thesis, a wall is chosen as the case. Therefore the model is made of a four-sided surface 

which is divided into a regular grid. The theory of the stringer-panel method is limited to four-sided 

elements. Now is proven the theory also works for quadrilateral panels it will give more design 

freedom. Not only all geometries of panels are possible but also the surface itself can be 

quadrilateral. The model is not limited to rectangular surfaces, as long as it exists out of four sides 

(Figure 3.18). Based on the theory also even more freeform surfaces are possible, see Figure 

3.19. The subdivision of the surface can be anything as long as the grid consists out of four-sided 

elements. There is one limitation of freeform surfaces. The model will always draw straight lines 

between the points. The designed surface will differ from the original surface, but will still be an 

approximation.  

 

 

Figure 3.18. Rectangular as well as quadrilateral surfaces are possible. 

 

 

 

Figure 3.19. Freeform surface with a four-sided grid. 

 
  



32 
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4 Results of the optimization model 

 

Now the optimization process is clear and the model is running with the printability taken into 

account, a case study will be performed. For the case study, some examples will be calculated 

and compared. There are a lot of options to optimize to and the available parameters are 

explained in the previous chapters. The case study contains a step by step explained example of 

a standard grid model. Each optimization some of the parameters or optimization objective will 

change.  

 

4.1 Case study 

For this case study, a wall of three by four meter will be used as starting surface, see Figure 4.1. 

This surface will be divided in a standard grid consisting out of 12 elements, one by one meter. 

The following boundary conditions and loads are applied to the wall. At the left supported by a 

hinge and at the right supported by a roller. Two forces are applied, one horizontal force of 10 kN 

at the left upper corner. And one vertical force of 10 kN at the middle of the upper edge. The 

combination of a horizontal and a vertical force is consciously chosen, it enlarges the effect of the 

shear distribution in the wall. At the beginning, all the stringers have the same cross-section, a 

circular hollow section of 10 centimetres with a wall thickness of 4 millimetres. As objective for the 

optimization, the energy in the stringers is chosen. Three different objectives are used to 

compare; 

- The energy in the diagonals only, 

- The energy in the element edges only, 

- The total energy in all the stringers. 

When using the energy in the diagonals only as objective, the optimization is based on the shear 

forces. Since the diagonals represent the shear force in the panels, this will lead to easy 

connections. These results will be compared with the energy in the edges only or the total energy. 

Interesting are the different solutions of these different goals. Does the different optimization goal 

also give completely different tessellated geometries?  

 

Figure 4.1. Starting point of the case study. 
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To compare the different cases several parameters can be used. First of all, the energy used in 

the stringers. For example, when optimizing to the energy in the diagonals, the energy in the 

whole structure can be compared to judge the different structures. Another option is 

displacements, for example, all the nodes of a structure together. Noted that the displacement in 

combination with the force also is compared to the energy in the structure. Since the energy is 

calculated by the work in a stinger, which is the force multiplied by the displacement. For 

sustainable reasons, the weight of the structure is interested to compare. Will a better structurally 

performing model also be able to use less material?  

To optimize all these different examples, parameters are needed for the optimization process. In 

Octopus the parameters are called genomes. These parameters are the design space of the 

optimization process. There are three different parameters which will be used in this case study: 

- The inner nodes of the surface, 

- The edge nodes of the surface except the corners, 

- The diameter of the stringers i.e. the stiffness. 

Because of simplicity, the inner nodes will be used as a standard parameter. These will be used 

for comparing the results of the different optimization goals. To expand the optimization, the edge 

nodes and diameters of the stringers can be used as extra parameters. For this case study, 

Octopus is feed with the different genomes and objectives. The optimization goal is the main 

objective combined with the hard constraint of the minimum and maximum angle. The genomes 

are described above and will change for the different cases.  

To limit the optimization process, a maximum number of generations is set to 100. Beforehand is 

tested how many generations are needed for a plausible answer. At the beginning, the 

optimization process makes the most progress. After several generations there is no significant 

improvement, the chosen population size is 50. Octopus (Figure 4.2) is using the HypE method. It 

will keep changing the parameters and compare the result with the other ones in that population 

and the best ones of the previous generations. It will select the best 10% of solutions for example, 

which it will remember. The next generations are created around those best 10% of the 

populations. More explanation of this principle is written by Rutten (2010). 

 

 

Figure 4.2. Screenshot of a population shown in Octopus.  
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As a reference point, the standard grid is calculated first. The results are shown in Figure 4.3. 

First, the stress distribution is shown in the whole structure. The blue stringers are in tension and 

the red stringers are in compression. The intensity of the colour shows the magnitude of the 

force. The image next to it is the same structure with the same distribution. Only the diagonals 

are not shown so one can see how the geometry of the elements will be. The magnitude of the 

forces is shown beneath. In every stringer, a constant normal force occurs. The results of the 

different cases will be compared with these results in order to value the structures. Of each of the 

different cases, the same results will be shown. At the end, the numbers of the optimization goals 

are listed together.  

 

 

 

Figure 4.3. Results of the standard case. 
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1. Objective: energy in the diagonals 

Parameters: inner points 

The results of the first optimization are shown in Figure 4.4. As can be seen, the force flow 

concentrates from the left upper part to the bottom right support. It distributes like an arch shape. 

At the bottom, the stringers form a tension string. From the point load at the middle, one straight 

line is created to the support. The magnitude of the forces is the highest in these stringers. At the 

right support, a small truss is formed to distribute the forces. The left part of the structure is used 

less, the magnitude of the forces is significantly lower. 

 

 

 

 

Figure 4.4. Results of optimization 1. 
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2. Objective: energy in the element edges 

Parameters: inner points 

The results of the second optimization are shown in Figure 4.5. The first thing what stands out is 

the truss formed at the bottom along the whole edge. The truss will distribute the tension forces at 

the bottom. Also, the force flow from the left upper part to the bottom right part can be seen. It is 

less clear as the first optimization. The magnitude of the forces in these diagonals are also 

higher. Again the left part of the structure distributes fewer forces. The geometries of the 

elements look more organized. 

 

 

 

 

Figure 4.5. Results of optimization 2. 
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3. Objective: total energy 

Parameters: inner points 

The results of the third optimization are shown in Figure 4.6. The truss at the bottom is also 

formed in this optimization, even more clear. The overall forces are distributed nicer through the 

structure compared with the previous ones. No stringer stands out compared with the others. The 

force flow from the left upper part to the bottom right part can be recognized here as well. No 

clear difference in the magnitude of the forces in the edges or the diagonals. The areas where 

fewer forces are distributed, bigger elements are formed.  

 

 

 

 
Figure 4.6. Results of optimization 3. 
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4. Objective: energy in the diagonals 

Parameters: all points 

The results of the fourth optimization are shown in Figure 4.7. In this optimization process, all the 

point are included. A straight distribution of the force at the middle can be seen again compared 

with the first optimization. The magnitude of the forces is clearly the highest in these stringers. 

This time, the truss formed at the bottom is extended. The structure has more freedom to create 

different geometries. The elements are less organized compared to the previous two 

optimizations.  

  

 
 

 
Figure 4.7. Results of optimization 4. 
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5. Objective: energy in the diagonals 

Parameters: all points + diameters of all stringers 

The results of the fifth optimization are shown in Figure 4.8. The variation of the diameters of the 

stringers is added. First thing noticed is the structure looks less organized. Generally, the 

stiffness is changed to the magnitude of the force. The higher the force, the thicker the stringer. 

One stringer stands out, between the two forces at the top edge. The truss at the bottom and the 

arch-shaped force flow are less recognizable in this optimization.  

 

 
 

 
Figure 4.8. Results of optimization 5. 
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All the different optimization models are finished and the results are discussed visually. As can be 

seen, a clear difference is notable between the different models. To compare the numbers of the 

optimizations, Table 4.1 is made. Five numbers are listed, which can tell something about the 

performance of the structure. It can be seen that all the models use less energy in the total 

system, which also leads to fewer deformations, compared to the standard grid. The energy in the 

element edges and diagonals differ more. For the three different models optimized for the 

diagonals, edges or total energy, it can be seen they all perform the best when optimized to their 

own goal. For all models applies, the own goal will decrease but the energy in the other stringers 

will increase compared to the other optimization goals. The deformations are the lowest when 

optimizing for the total energy, which can be expected. The parameters used for these three 

models are the inner points only.  

When the edge points join the optimization, better structural results can be achieved. The model 

has more freedom to optimize which results in better-performing structures. Even better results 

can be achieved whit the stiffness parameters. The diameters of all the stringers are included in 

the optimization which leads to the best results. Both models are optimized for the energy in the 

diagonals. As can be seen in the table beneath the results of the other stringers are less 

compared to their own optimized models. 

 
Table 4.1. Results of the case study. 

 Total E 
[kNm] 
 

Diagonals E 
[kNm] 

Edges E 
[kNm] 

Displacement 
[m] 

Weight 
[kg] 

Standard case 0.001783 0.000700 0.001083 0.000256 454.28 

1. Energy in diagonals 0.001552 0.000326 0.001226 0.000222 474.12 

2. Energy in edges 0.001649 0.000890 0.000759 0.000229 471.13 

3. Total energy 0.001350 0.000438 0.000912 0.000204 470.10 

4. Energy diagonals  
(all points) 

0.001565 0.000267 0.001298 0.000201 471.39 

5. Energy diagonals  
(all points + diameters) 

0.001729 0.000144 0.001585 0.000187 514.44 

 
 

Comparing the first results, only the structural performance was taken into account. If we take a 

look at the last column of the table, the weight is only increasing in every model. This is in 

contradiction with the optimization goal. The cause of this problem is the self-weight of the 

structures. In the models, the self-weight is not taken into account as a load. Because the 

stringers only increase in length or change diameter compared to the standard case, it is 

predictable the weight will increase. The weight will only decrease if the self-weight of a stringer is 

taken into account it will be useful to change the diameter. Only the diameter of the edge will be 

used. These stringers will influence the self-weight of a structure. Since the diagonal stringers are 

only used for the calculations, in practice this will not influence the total weight. Therefore a few 

extra optimizations are done.  
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Table 4.2. Results of the case study, including the self-weight. 

 Total E 
[kNm] 
 

Diagonals E 
[kNm] 

Edges E 
[kNm] 

Displacement 
[m] 

Weight 
[kg] 

Standard case 
 

0.002028 0.000808 0.001220 0.000254 454.28 

Energy diagonals  
(inner points) 

0.001790 0.000402 0.001389 0.000226 466.87 

Energy diagonals  
(inner points + D edges) 

0.001772 0.000331 0.001441 0.000237 440.16 

Energy diagonals 
(inner points + D edges) 

0.002953 0.000354 0.002599 0.000418 344.21 

 
 

In Table 4.2 the results of the extra optimization models are shown. The figures and descriptions 

are shown in Appendix D. First the standard case is calculated again as a reference point. The 

objective of all these models is the energy in the diagonals, to compare the influence of the 

parameters. The second row shows the first optimization, this one again leads to an increasing 

weight because the diameter parameter is not included yet. This is done for the bottom two 

models which are shown in the table. As can be seen, now the weight is decreasing as well as 

the energy of the objective. The deformations in the structure are increasing, but the difference is 

not much. The last row shows the result of adding the weight as an extra objective to the 

optimization process. The weight decreasing a lot in this case as well as the energy in the 

diagonal stringers. But the structural performance of the rest of the structures in decreasing 

significantly. This shows that adding an extra objective will give a better result for the total 

performance of both objectives. But it is at the expense of the structural performance of the total 

structure.  
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5 Conclusion and recommendations 

 

In the introduction, the objective of this graduation research is defined: “Developing a tessellation 

principle for 3D concrete printed walls using an optimization process.” This chapter will take a 

look back at the research goal and the decisions made during the process. The conclusion will be 

explained and to extend the research in 3D concrete printing some recommendations are 

discussed.  

 

5.1 Conclusion 

The stringer-panel method is used for two purposes in this research. First, the optimization 

process is based on the SPM. Secondly, the stringer-panel method is used to make the elements 

printable. The big advantage of the developed optimization method is that it can be used two 

times for one problem. At the end, the developed method gives an inclusive system. The 

proposed solutions are structurally calculated already and always printable. When the structure 

will change, again the solution is already calculated and printable. Compared to the traditional 

way, there are no further steps needed. 

It can be concluded that the developed model works for optimizing 3D concrete printed 

structures. The case study which is made gives the results of optimized structures. Structures 

which perform better for structural reasons as well as saving the use of material in a structure. 

Quadrilateral panels are possible to use in the optimization, the theory is proven. The technique 

of 3D concrete printing can be used optimally to design all kind of geometries.  

The optimization model is set up in a parametric model, one can choose the optimization goal 

itself. But also change parts of the model for further extensions to improve the optimization 

process. The chosen calculation method and principle is proven. A strut and tie model is able to 

calculate the structure and optimize the model. The S&T model is following the rules of a stringer-

panel method.  When optimizing to the energy in the diagonals, as less as possible shear force 

need to be transferred by the connections. Therefore as easy and less as possible connections 

are needed to create 3D printed structures. 
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5.2 Recommendations 

To further develop the model some recommendations can be made based on different parts of 

the optimization process. First, some recommendations related to the optimization process are 

mentioned. Secondly, the possibilities of the 3D concrete printing technique will be discussed to 

further improve structural designs. 

In this model, the optimization process starts with a surface divided into a standard grid. The 

geometries of the standard grid will be changed to the best result and then it stops. An extra step 

can be added to the optimization process by analyzing the result (Figure 5.1). Looking for the 

area where lots of shear forces (diagonals) or forces in the edges are active. If lots of forces 

concentrate at the edges, extra stringers can be added in those elements. Actually, the panel is 

split up into two different panels. When the shear force dominates, the optimization can be 

applied again on a local scale and give a denser and optimized infill of the panel.  

 

 

Figure 5.1. Example of a wall a with different panels, adjusted to the acting normal and shear force. 

 

For now, the model is limited to four-sided surfaces. But the theory is not limited to that, it is 

limited to four-sided elements. As shown in Figure 3.19 it is possible to apply the theory on more 

free formed surfaces with four-sided elements. The model can draw these structures but not 

calculate them yet. Therefore an extension of the model is needed. The drawing process needs 

to be parametrized. The definition of the design space of each movable point needs to be 

described better to get optimized results. After that, the model has to be able to calculate and 

optimize freeform surfaces as well. 
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In this graduation research is chosen to start with a 2D wall structure. The calculation principle 

and theory is proven for 2D structures as well as quadrilateral panels. To extend the possibilities 

of structural design, 2,5D or 3D models are interested. For 2,5D, several walls can be placed in a 

row to create a building. These walls can have openings and freeform surfaces to get more 

aesthetic buildings. The theory will still work for this principle. For 3D structures, for example like 

domes, more research is needed. It is not confirmed yet, the theory will work in 3D. The question 

is if the diagonal still represents the panel in the SPM.  

After the first optimization, the panels must be filled with one of the four options mentioned. The 

weight of the structure will change, all of the options add more material to the elements. This is 

not in line with the goal of using less material. The influence of the translation of the diagonal to a 

new panel infill is not taken into account in this research. Other options can be figured out for a 

better optimization process. 

The optimization process of Octopus is not investigated in this graduation thesis. The principle 

behind it is studied theoretical but not compared with other optimization principles. Other 

principles can be studied to get better results or an own optimization code can be written. A more 

accurate or a faster optimization process can be achieved possible. Another option is to start with 

a more accurate chosen grid.  

The optimization process makes use of different stiffnesses of stringers in this model. As 

mentioned before, nowadays it is not possible to print different cross sections of filaments in one 

go. It is possible to change the printing speed to change the cross-section. However, this is hard 

to regulate. To print elements with a varying stiffness of the edges, the nozzle must change 

during the printing. It can be imagined that the nozzle opening will change during the printing. It 

must be taken into account that the printing speed and the capacity of the pump are of influence. 

An automatic system has to be made to regulate these different parameters.  
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Appendix A. The Armadillo vault 

 

One of the present-day examples of computational design is built for the exhibition ‘Beyond 

bending’ in the Corderie dell’Arsenale of the Architecture Biennale in Venice. The Armadillo vault 

is a structure on the interface between construction and architecture (Figure A.1). The structural 

design of this project is combined with architectural geometry and digital fabrication. Which made 

it a cut-stone vault of compression-only forms. 

The vault construction consists of 399 limestone blocks, also called voussoirs, which are doubly 

curved. There is no mechanical connection between the voussoirs, just stacked on each other. 

This gives the potential of efficiency and stability where the vault stands in compression. The total 

area of the vault is 75 m2 and it is supported by three linear supports at the edges and one in the 

middle of the structure. The supports are coupled with steel ties to take care of the horizontal 

forces because mechanical connections to the floor are not allowed.  The geometry of the vault 

has triangular floorplan with openings created by arches between the supports. The geometry of 

the voussoirs is determined with a discretisation pattern, also called tessellation.  

 

Figure A.1. The Armadillo Vault in the exhibition: ‘Beyond Bending’. 

 

The design process is divided into three phases. The first part is the design of the structure. 

There are some structural and fabrication requirements which influence the design of the 

structure. When these possibilities are known the structure can be designed by form finding. 

Afterwards, the structure is tessellated with the computational methods and the voussoirs 

geometry can be applied. The second part is the analysis of the structure. This part is ignored for 

this example. The third part is the fabrication and assembly of the vault structure. All voussoirs 

are individually made with machinery. To assemble the complex structure a customized falsework 

is needed. 



 

Structural and fabrication requirements 

Due to the fabrication process, there are some limitations in the design. From these limitations in 

combination with the structural and architectural requirements, the design is developed. All these 

requirements are listed in Figure A.2.  

 

 

Figure A.2. Requirements for the design process. 

 

First, the structural requirements will be discussed. The thickness of the stone shell had to be 

significantly reduced in order to meet weight limitations on the exhibition floor. This means that all 

the voussoirs have a thickness in a range of 5 cm in the middle and 12 cm at the supports. Five 

centimetres is the minimum thickness of the voussoirs to avoid crumbling. Due to this reduced 

thickness, the contact surfaces between the voussoirs are small. The voussoirs are just stacked 

without any mortar to compensate any tolerances so the load-transferring surfaces must be 

fabricated precisely. All the voussoirs are doubly curved, high degrees of curvature give stability 

to the structure and ensures that in all load conditions enough compressive stress can be 

developed. The voussoirs are placed in a staggered pattern to ensure interlocking between the 

elements. All the load-transferring surfaces are aligned to the force flow, this prevents sliding of 

the voussoirs. There are also small notches between the contact surfaces, this makes it easier to 

assemble the structure. 

To actually make the dome structure there are some fabrication requirements. Some of these 

requirements are caused by CNC-machining process and some are caused by practical 

considerations regarding assembly. The fabrication process is set up to limit the cutting time 

because of the high number of voussoirs, but always keep in mind the highly accurate cutting 

precision. To cut the limestone blocks a 5-axis router OMAG Blade5 CNC machine with a circular 

blade is used. This machine is able to cut relatively fast and precise the planar surfaces of the 

limestone blocks. The voussoirs are designed with a planar top surface. It makes it easy to place 

and cut the blocks in the machine which limits the cutting time. The maximum weight of the 

voussoirs is limited to assembly. There are no heavy machines or equipment available thus all 

the limestone blocks have to be placed manually. This results in a maximum weight of 45 kg in 

the middle of the span and 135 kg at the supports.  



  
 

Design of the vault structure 

To design this kind of structures is a complicated task. Characteristics as a cut-stone vault, 

doubly curved, unreinforced and discrete are complex to implement in the design. The design 

process follows the next steps. It starts with the form finding process creating a thrust surface 

which is the middle surface of the cross-section. The local thickness is defined by the live load 

cases, the offsets are defined as the intrados and extrados of the vault structure. After this the 

tessellation pattern is applied, this is done by discretising the voussoirs and take into account all 

the requirements. The stability of the vault structure can be verified with the discrete element 

method. With this last step, the design of the structure is completed. The next paragraphs will go 

further into the different design steps. 

The first step of the design process is the form finding (Figure A.3). The geometry of the vault 

structure is based on the thrust network analysis (TNA) which results in a funicular shape. With 

RhinoVault some possible designs were sketched. On the surface, a mesh is applied and based 

on some fabrication or aesthetic requirements this mesh can be refined. The goal for this refined 

mesh is to obtain the closest possible network of compressive forces under the given loads. Only 

the self-weight of the structure is considered during the form finding process, as mentioned 

before this is limited by the requirements of the exhibition floor. The thickness of the voussoirs is 

based on experience, aesthetic considerations and common sense.  

 

 

Figure A.3. (a) The form diagram shows the horizontal force directions. (b) The magnitude of the forces in 
the force diagram. (c) The thickness distribution in the structure. (d) Analysis of the stress distribution in 
the structure. 



 

From the trust network analysis, a form diagram can be derived. This form diagram represents 

the layout of the force direction of the horizontal trust which is based on geometric and structural 

features of the three-dimensional target geometry. To find the best solution the target geometry 

has to match as much as possible with the three-dimensional network. Therefore a best-fit 

algorithm is used to align the distribution of forces along the directions of the three-dimensional 

network. While updating the geometry target, better solutions can be found with minimized 

stresses along the supports. The final stresses in the structure nodes are relatively low, up to 

hundred times lower than the compressive strength of the limestone blocks.  

When the form finding process has completed the geometry of the vault will be tessellated. Some 

of the characteristics that influence the tessellation are the structural and fabrication requirements 

but also aesthetic considerations. The most important structural requirements for the tessellation 

are a staggered pattern to ensure interlocking between the voussoirs and the load-transferring 

surfaces of the voussoirs must be aligned to the force flow to prevent sliding failure.  

The first step to design the tessellation pattern is to apply a mesh on the thrust surface (Figure 

A.4). In this case, is chosen for a quad mesh which faces the layout of the force diagram. The 

mesh gives a first indication regarding the orientation and spacing of the course line layout. 

Defining the course lines on the trust surface is the next step. The actual course lines were 

created manually out of geodesic curves on the trust surface. To control the predefined spacing 

range of the course lines custom design and monitoring tools were used. This is needed to meet 

all the requirements, like alignment to the force flow and maximum allowable weight of the 

individual voussoirs. The next step is to generate vertical lines between the course lines which 

are placed aligned with the force flow. These lines will become the cutting lines of the voussoirs. 

To align the cuts between two course lines such that the force flow still becomes globally 

apparent is a challenge. To obtain a gradual course in the lines the end point at one course line is 

used as starting point for the next one. Because of the variety of the vault geometry, a strategy is 

developed for gradual insertion or removal of additional cut lines.  

Initially, the vertical cut lines will be spaced equally from the rough-cut pattern. As mentioned 

before it is important to design a staggered pattern. Alternating boundary conditions, like a 

maximum distance between joints of neighbouring voussoirs,  will ensure a staggered pattern. 

This will create a more staggered pattern with larger overlaps between the voussoirs, preferable 

half of the length of a voussoir.  The designed pattern will be changed manually close to local 

singularities. The whole design process is an iterative solving procedure. To complete the 

tessellation process all the faces of the voussoirs will be made convex. This is done by scaling 

the vertical cut lines based on a user-defined scale factor, proportional to the height. To the top, 

the degree of convexity will increase, which results in smoother surfaces around the singularities.  



  
 

 

Figure A.4. Tessellation of the structure. (a) The mesh of the thrust surface. (b) Course lines. (c) The 
rough-cut pattern on the intrados. (d) Final tessellation and aligned rough cuts. 

 

Hereby the edges of each element are defined which will become the geometry of the voussoir. 

The thickness of the voussoirs is chosen by the distribution showed in Figure A.3. As many as 

possible surfaces of the voussoir are flat due to the limited amount of time. These are the 

extrados of the voussoir and the non-load-transferring surfaces. The intrados is curved, created 

by a circular blade leaving fins that are hammered off. To make the notches on the load-

transferring surfaces, surfaces aligned with the course lines, a cylindrical profiling tool is used to 

create a ruled surface. In this case, it was needed to planarize the extrados surfaces to create a 

disconnected discretisation of the exterior of the vault structure. This is due to the anticlastic 

areas, or negative Gaussian curvatures, where it is not possible to create a connected flat-panel 

discretisation.  

  



 

In Figure A.5 is the planarization process is shown. The first step is to project the normal of the 

disconnected faces to the original surface. These deviations at the corners are aesthetically not 

pleased and they increase the weight of the voussoirs unnecessary. To improve this in the next 

step the planar faces are shifted slightly up and down and the planar surface may rotate around 

the centroid point of the voussoir. The tessellation is not changed during this planarization 

process. This means that the vectors at the corners of the voussoirs are nog perfectly aligned 

with the normal of the thrust surface. This deviation is maximum 5 degrees from the original state. 

Finally, also the non-load-transferring faces are planarized and the notches were added.  

 

 

Figure A.5. Planarization of the voussoirs 

 

Fabrication and assembly 

To construct the vault structure with very high precision a combination of traditional and digital 

methods is used. To achieve this precision three CNC cutting machines are used, G codes are 

generated digitally for these machines. All the voussoirs are cut out of rough blank cubic 

limestone blocks. The blocks are categorised into 55 different sizes to save time and material 

during production. First of all the blank limestone block is put on the cutting table and placed in 

position with vacuum pods in different sizes and heights. The side edges are being cut first with a 

circular saw which results in planar side edges. Secondly, the top surface is shaped, 

corresponding the intrados of the voussoir geometry, by a series of side-by-side cuts. Sawing a 

zig-zagging pattern on the surface results in fragile fins all over the intrados surface. These fragile 

fins are knocked off manually with a hammer which creates the aesthetic look on the intrados 

surface of the vault structure. To finish the interfaces three different profiling tools are used. The 

edges without notches are finished with a simple cylindrical tool. A semi-circular 12mm diameter 

ridge is used to cut the female edges and for the male edges a semi-circular 12 mm diameter 

groove. 

All the sides are cut in the same right to left direction to achieve high tolerances. To make the 

voussoirs, G codes need to be generated by CAM software. To assemble the vault structure a 

fully supported falsework is built, like the traditional way. Started from all sides they built the 

structure up to the top manually. At each of the four support points, a tower is built out of standard 

scaffolding which supports a waffle structure of marine-grade plywood. The waffle structures are 



  
 

designed on orthogonal grids to the main directions of each support section. The voussoirs are 

placed on top of the waffle structures. They are positioned precisely using shims which also 

provides an inclination of the voussoirs. The position of the voussoirs is controlled with 

registration notches. A total station is used to measure the corner points of the extrados of the 

voussoir to control the assembly process precisely. To limit the assembly time separate crews 

started together at different support points. From bottom to top they worked towards each other. 

At the top, all the imperfections come together. The differences in geometry are solved by making 

custom keystones. When almost the whole vault structure was built the differences are measured 

on site and the keystones can be made with the correct geometry so it fits perfectly together to 

finish the vault structure 

 

 

Figure A.6. Assembly of the Armadillo vault structure. 

 

Figure A.7. Armadillo vault at the exhibition 'Beyond bending'. 

All figures are from Rippmann, et al (2016).  



 

  



  
 

Appendix B: Parametric optimization model. 

 

The optimization model is made in a parametric environment called Grasshopper. To visualize 

the results, Grasshopper is coupled to Rhinoceros. In Rhinoceros the model is shown, several 

view options are available. The calculations are done by Karamba, a plug-in for Grasshopper. At 

the end, the calculations are coupled with the design and optimized by Octopus. In this appendix, 

the model is shown and explained step by step. In Figure B.1 an overview of the complete 

Grasshopper model is shown. Hereafter the different parts will be explained.  

 

 

Figure B.1. Overview Grasshopper model. 

 

The first part of the model the design of the structure (Figure B.2). It starts with the four corner 

point of the surface. Between these points, the surface is drawn. This surface is divided into a 

standard grid. Therefore a mesh is used which is divided into x- and y-direction. Here is chosen 

for a mesh because every part has its own vertices (corner points) and faces (surface). These will 

be used further ahead in the model. Every face will always recognize its own corner points.  

To change the geometries for the optimization, the inner points of the structure are needed. A 

scaled surface of 99% of its origin is drawn. At every point in the structure, a line is plotted out-of-

plane. The lines which intersect the scale surface are the inner points. These index of the inner 

points will be used to move the points for the optimization. The inner points of the standard grid 

will be replaced by its position in the optimization process. Every point gets a movement in x- and 

y-direction. The index of the point is used to recognize the right point in the list. After replacing the 

inner points a new mesh is drawn. Because the faces are linked to the vertices, always the right 

new faces will be drawn. After the new position of the points are known the diagonals will be 

drawn between the left upper corner and the bottom right corner.  



 

 

Figure B.2. Part 1: design of the structure. 

 

In the next part, the movement of the inner points is explained. Therefore the design space of the 

point must be determined. The length in x and y-direction between two points is measured and 

divided by two. A spacing can be set for the minimum distance between two points. The width of 

the concrete filament is used in this case. With this information the design space can be 

determined in both directions, a square space will be used. The optimization by Octopus needs a 

slider to change the position of the point. Therefore a genepool is made with a slider for each 

point in both directions. For this genepool, a script is used to automatically generate the right 

settings. This script is made by David Rutten [1] and extended by David Stasiuk. The sliders are 

coupled to vectors for x- and y-direction. Afterwards, they are combined in one movement for all 

the directions. This movement is coupled to the first part where the points are listed. 

 

 

Figure B.3. Part 2: movement of the middle nodes (inner points). 

 

 

 

 
________________ 

[1] 
http://www.grasshopper3d.com/forum/topics/request-parametric-genome-list 

  



  
 

The same thing is done for the points at the edges (Figure B.4), these can be moved separately. 

The four corner points cannot be moved because these points form the surface of the structure. 

The main thing is to order the points well. The horizontal and vertical edges will be split. Again a 

script is used to define the sliders and its design space. The movement of the points is again 

coupled to the lists of the first part of the model. 

 

 

Figure B.4. Part 3: movement of the edge points. 

 

To apply the loads further ahead in the model, the position of the loads must be defined. These 

positions are needed for Karamba to define the loads. In this case, two point loads are applied. 

One at the left upper corner and one at the middle of the top edge. First, all the points of the top 

edge are listed. Using a list item component the exact position of the load is selected. 

 

 

Figure B.5. Part 4: Position of the loads. 



 

After the design of the structure is ready, it has to be calculated. Karamba is used to calculate the 

structure (Figure B.6). To recognize all the different stringers in the structure, elements must be 

defined for Karamba. The elements are separated by the diagonals and the edges. Because a 

strut and tie model is used, every element can be modelled as a line element. By modifying the 

elements, the bending stiffness will be set to zero in the calculations. This means the elements 

will act as truss elements. All the elements are merged in a container block. Afterwards, the 

boundary conditions can be applied. The structure has two supports. The upper one is the left 

support and the bottom one is the right support. For both supports, the translation in z- and y-

direction are fixed. At the left, also the x-direction is fixed. The rotations are only fixed in the z-

direction for both. Because a 2D structure is used, some extra supports are added. All the points 

are fixed in the z-direction for the translations and rotations. This will prevent any deformation out-

of-plane.  

The position of the loads is already defined. These are coupled to the load components of 

Karamba. To complete the load component only the magnitude of the force and the direction are 

needed. These can be easily set using sliders. Also, a gravity load is added. This one is used to 

add the self-weight of the structure in the calculations. Last, the cross-sections need to be 

defined. A circular hollow cross-section is chosen with a diameter of 10 centimetres. The default 

thickness is set to 0.4 centimetres. All the stringers get the same cross-section in default.  

 

  

Figure B.6. Part 5: boundary conditions and input of Karamba. 

 
To influence the stiffness of the structures the diameter of the stringers can be changed. The next 

part (Figure B.7) is just to change the diameter. Again the script is used for the settings of the 

sliders. In this case, a minimum value of 5 and a maximum value of 15 is chosen, it can be 

changed by the user. This can be coupled to the certain stringers which have to change. The 

stringers are separated into the diagonals and the edges. To change the diameter of a stringer, 

the elements used by Karamba will be modified.  

 



  
 

 

Figure B.7. Part 6: The diameter of the stringers. 

 
All this information will be combined with the input of Karamba (Figure B.8). First, the structure is 

assembled, the model is made out of the different containers. The model output can be used for 

different blocks. The model is also the input for the analysis. The analyze component already 

gives some information about the whole structure. To make the outcomes visual in Rhinoceros, 

the view components are used. Different settings can be applied. With the beam view component 

the stress distribution can be shown and the magnitude of the force. An extra component is 

added to calculate the normal forces in the stringers. These are used to calculate the shear force 

along the edges. At the end, the energy in the stringers is calculated. 

 

 

Figure B.8. Part 7: the structural analysis by Karamba. 

  



 

 
As mentioned before, an angle constraint is set to the geometries. Therefore all the four angles of 

each corner of the element are calculated. These angles are checked by the settings of the user. 

In this case, the minimum angle is set to 15 degrees and the maximum to 180 degrees. When 

one of the angles does not fit in the range, the constraint will give a false value at the end. 

 

 

Figure B.9. Part 8: the angle constraint. 

 

When everything is calculated the optimization can be applied (Figure B.10). Octopus needs two 

different inputs. First the genomes, these are the sliders which will be used as the parameters. 

Secondly the objective, this is the comparable value of the optimization. In this case, Octopus will 

minimalize the objective number. As a second objective, the angle constraint is added. If the 

angle constraint is false, the solution is thrown out of the list by Octopus. At the end, Octopus will 

give all possible answers. In Figure D.1, the interface of Octopus is shown. 

 

 

Figure B.10. Part 9: the optimization by Octopus.  



  
 

Appendix C: Results quadrilateral panels Abaqus + script. 

 

In this appendix, the results of the checked quadrilateral panels are shown. First, a standard strut 

and tie model is made consisting out of five stringers. This model calculates the diagonal force 

which represents the panel. From this value, the shear force along each edge of the element can 

be calculated. This is the same way as the optimization model works. To verify the result a 

stringer-panel method is made in Abaqus. Two different ways from the same model are used to 

calculate the shear force along each edge. These values are compared to the value of the S&T 

model. The results are shown in the next pages. For every element, a table is made with the 

values of the stringer forces. They are numbered as shown in Figure C.1.  

Four different cases are explained. First, a rectangular straight panel, to check the model as well. 

Secondly, a quadrilateral panel where the top edge is moved 25% to the right. The third and 

fourth case are optimized quadrilateral panels. Both with a different geometry which can exist 

after the optimization. The first variant is the one explained in the report as well. In this appendix, 

all edges are shown. 

Before the different cases are explained, first the script of the Abaqus model is shown. The script 

below is from the quadrilateral optimized panel variant 1. 

 

 
Figure C.1. The numbering of the stringers in the strut and tie model. 

 
 
 
  



 

Script Abaqus model stinger-panel method 

# -*- coding: mbcs -*- 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from optimization import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

 

# Part 1 Panel # 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=2000.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(950.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(950.0, 0.0), point2=(1200.0, 1200.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(1200.0, 1200.0), point2=(-200.0, 900.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-200.0, 900.0), point2=(0.0, 0.0)) 

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Panel', type=DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Panel'].BaseShell(sketch= 

mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

 

# Part 2 Stringers # 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=2000.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(950.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(950.0, 0.0), point2=(1200.0, 1200.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(1200.0, 1200.0), point2=(-200.0, 900.0)) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-200.0, 900.0), point2=(0.0, 0.0)) 

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Stringers', type=DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Stringers'].BaseWire(sketch= 

mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

 

# Create Materials # 

mdb.models['Model-1'].Material(name='Panel, without N') 

mdb.models['Model-1'].materials['Panel, without N'].Density(table=((2000.0, ),)) 

mdb.models['Model-1'].materials['Panel, without N'].Elastic(table=((0.1, 0.1, 0.2, 13000.0, 13000.0, 13000.0), 

), type=LAMINA) 

mdb.models['Model-1'].Material(name='Stringers') 

mdb.models['Model-1'].materials['Stringers'].Density(table=((2000.0, ), )) 

mdb.models['Model-1'].materials['Stringers'].Elastic(table=((20000.0, 0.2), )) 

 

# Create Sections # 

mdb.models['Model-1'].HomogeneousSolidSection(material='Panel, without N', name='Panel', 

thickness=None) 

mdb.models['Model-1'].TrussSection(area=1.0, material='Stringers', name='Stringers') 

 

# Complete part Panel # 

mdb.models['Model-1'].parts['Panel'].SectionAssignment(offset=0.0, offsetField='', 

offsetType=MIDDLE_SURFACE, region=Region( 

faces=mdb.models['Model-1'].parts['Panel'].faces.getSequenceFromMask(mask=( 



  
 

'[#1 ]', ), )), sectionName='Panel', thicknessAssignment=FROM_SECTION) 

mdb.models['Model-1'].parts['Panel'].MaterialOrientation( 

additionalRotationField='', additionalRotationType=ROTATION_NONE, angle=0.0, axis=AXIS_3, fieldName='', 

localCsys=None, orientationType=SYSTEM, region=Region(faces=mdb.models['Model-

1'].parts['Panel'].faces.getSequenceFromMask(mask=('[#1 ]', ), )), stackDirection=STACK_3) 

mdb.models['Model-1'].parts['Panel'].Surface(name='Surf-1', side1Edges= 

mdb.models['Model-1'].parts['Panel'].edges.getSequenceFromMask(('[#f ]', ),)) 

mdb.models['Model-1'].parts['Panel'].seedPart(deviationFactor=0.1, 

minSizeFactor=0.1, size=10.0) 

mdb.models['Model-1'].parts['Panel'].generateMesh() 

 

# Complete part Stingers # 

mdb.models['Model-1'].parts['Stringers'].SectionAssignment(offset=0.0, 

offsetField='', offsetType=MIDDLE_SURFACE, region=Region( 

edges=mdb.models['Model-1'].parts['Stringers'].edges.getSequenceFromMask( 

mask=('[#f ]', ), )), sectionName='Stringers', thicknessAssignment= 

FROM_SECTION) 

mdb.models['Model-1'].parts['Stringers'].Surface(name='Surf-1', side1Edges= 

mdb.models['Model-1'].parts['Stringers'].edges.getSequenceFromMask(('[#f ]', ), )) 

mdb.models['Model-1'].parts['Stringers'].seedPart(deviationFactor=0.1, 

minSizeFactor=0.1, size=10.0) 

mdb.models['Model-1'].parts['Stringers'].generateMesh() 

mdb.models['Model-1'].parts['Stringers'].setElementType(elemTypes=(ElemType( 

elemCode=T2D2, elemLibrary=STANDARD), ), regions=( 

mdb.models['Model-1'].parts['Stringers'].edges.getSequenceFromMask(('[#f ]', ), ), )) 

 

# Assembly # 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Panel-1', part= 

mdb.models['Model-1'].parts['Panel']) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Stringers-1',part=mdb.models['Model-

1'].parts['Stringers']) 

 

# Constraint # 

mdb.models['Model-1'].Tie(adjust=ON, master= 

mdb.models['Model-1'].rootAssembly.instances['Panel-1'].surfaces['Surf-1'], 

name='Constraint-1', positionToleranceMethod=COMPUTED, slave= 

mdb.models['Model-1'].rootAssembly.instances['Stringers-1'].surfaces['Surf-1'] , thickness=ON, 

tieRotations=ON) 

 

# BC's # 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial', 

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1', region=Region( 

vertices=mdb.models['Model-1'].rootAssembly.instances['Stringers-1'].vertices.getSequenceFromMask( 

mask=('[#1 ]', ), )), u1=SET, u2=SET, ur3=UNSET) 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial', 

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-2', region=Region( 

vertices=mdb.models['Model-1'].rootAssembly.instances['Stringers-1'].vertices.getSequenceFromMask( 

mask=('[#8 ]', ), )), u1=UNSET, u2=SET, ur3=UNSET) 

 

# Loads # 

mdb.models['Model-1'].StaticStep(name='Step-1', previous='Initial') 

mdb.models['Model-1'].ConcentratedForce(cf1=10.0, createStepName='Step-1', 

distributionType=UNIFORM, field='', localCsys=None, name='Load-1', region= 

Region( 

vertices=mdb.models['Model-1'].rootAssembly.instances['Stringers-1'].vertices.getSequenceF 

romMask( 

mask=('[#2 ]', ), )))  



 

Rectangular straight panel 

  

 
 

 

Results: 

 

 Sinus rule SPM (S11) SPM (S12)  

Bottom 10.0 10.0 10.0 

Left 10.0 10.0 10.0 

Top 10.0 10.0 10.0 

Right 10.0 10.0 10.0 

Truss nr. Force [kN] 

1 10 

2 0 

3 0 

4 10 

5 14.14 



  
 

 
 

 

 
 

 
 



 

 

 

 

 

 



  
 

 

 

 

 



 

Quadrilateral panel, moved 25%  

 

 
 

Results: 

 

 Sinus rule SPM (S11) SPM (S12)  

Bottom 10.0 9.17 9.98 

Left 10.31 9.78 10.44 

Top 10.0 9.39 9.98 

Right 10.31 9.96 10.43 

Truss nr. Force [kN] 

1 7.50 

2 0 

3 0 

4 10.31 

5 -12.50 



  
 

 
 

 

 

 
7.72     -1.45  10.21     -0.43 

 

 
-9.17     0.22  0.09     9.87 



 

 

 

 

 

Top: 9.98      Top: 10.44 

  



  
 

 

 

Top: 9.98      Top: 10.43 

 



 

Quadrilateral panel optimized (variant 1) 

 

 

 
 

 

Results: 

 

 Sinus rule Graphical SPM (S11) SPM (S12)  

Bottom 14.12 14.08 12.33 13.97 

Left 11.77 11.76 11.80 12.19 

Top 9.67 9.76 10.01 9.93 

Right 9.67 9.68 9.41 9.71 

Truss nr. Force [kN] 

1 12.11 

2 0 

3 0 

4 9.70 

5 -15.37 



  
 

 
 

 

 
11.09     -1.26  -10.08    0.07  

 

 

 
10.38     -1.42  -9.36    0.08 



 

 

 

 

Top: 13.97      Top: 12.19



  
 

 

 

Top: 9.93      Top: 9.71 



 

Quadrilateral panel optimized (variant 2) 

 

 
 

 

Results: 

 

 Sinus rule Graphical SPM (S11) SPM (S12)  

Bottom 11.58 11.66 11.35 11.39 

Left 8.01 8.02 8.30 8.07 

Top 9.97 9.94 8.85 10.31 

Right 12.86 12.93 11.35 13.12 

Truss nr. Force [kN] 

1 8.30 

2 0 

3 0 

4 10.92 

5 -13.53 



  
 

 
 

 

 
8.35     -3.0  10.96     -2.66

 
-8.89     -0.14  -0.14    -11.39 



 

 

 

 

 

Top: 11.39      Top: 8.07



  
 

 

 

Top: 10.31      Top: 13.12 

 
 

  



 

Appendix	D:	Results	optimization	models.	

 

This appendix relates to the optimizations for the case study. The case study is explained in the 

thesis itself. Extra information and three extra optimizations are discussed in this appendix. 

First extra information about the optimization done by Octopus is given. In Figure D.1 a 

screenshot of the settings of Octopus is shown. Most of the settings used are the default settings 

of Octopus. For this research, no comparison is made between different optimization methods. 

The maximum generations are changed to 100 and the population size is 50. Furthermore, no 

changes are made to the default settings. 

 

 
Figure D.1. Screenshot of the settings of Octopus. 

 

To take the self-weight into account during the optimization some extra models are calculated. In 

the thesis itself, the numbers are discussed. The results are discussed visually based on the 

images on the next pages.    



  
 

6. Objective: energy in the diagonals including self-weight 

Parameters: inner points 

The results of the sixth optimization are shown in Figure D.2. The results look quite the same as 

the first optimization. The only difference is the self-weight which is included. The distribution of 

the forces looks equal. Also, the magnitude of the forces are almost equal. Most of them are a bit 

higher due to the self-weight load. The results of this optimization are used as a reference point to 

compare the next optimizations.  

 

 
 

 
Figure D.2. Results of optimization 6. 

 
  



 

7. Objective: energy in the diagonals including self-weight 

Parameters: inner points + diameter of the element edges  

The results of the seventh optimization are shown in Figure D.3. The varying diameter is added 

as a parameter in the optimization process. As can be seen, the diameter varies in stringers 

where more forces are distributed, except the bottom stringer connected to the left support. 

Especially, at the top edge of the structure, it can be seen well. In this structure also, a direct line 

is formed from the load at the middle to the support is created. Compared to the previous 

optimization, most of the diameters are decreased to decrease the weight of the structure. 

 

 

 

 

Figure D.3. Results of optimization 7. 

 



  
 

8. Objective: energy in the diagonals and total weight, including self-weight 

Parameters: inner points + diameter of the element edges  

The results of the eight optimization are shown in Figure D.4. An extra objective is added to the 

optimization process, the total weight of the structure. Even more, stringers are decreased in 

diameter. The stress distribution is more intense compared to the previous models. But there is 

no big difference notable in the magnitude of the forces. The force flow from the upper left part to 

the bottom right part can be recognized, like all the others models optimized for the energy in the 

diagonals.   

 

  

 

 

Figure D.4. Results of optimization 8. 

 


