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1.0 Introduction

• Traditional Engineering Design vs. Biologically Inspired Automated Design
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1.0 Introduction

• Traditional Engineering Design vs. Biologically Inspired Automated Design

• Objective: structural optimization 

• multiply connected domains 

• subsystem placement
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1.0 Introduction

• Biologically Inspired MDO procedure:

1. Map-L Systems for structural topology representation (inspired in 

biology)

2. Finite Element method for structural analysis

3. Genetic Algorithm for objective topology optimization (inspired in 
biology)
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1.0 Introduction

• Why use a biologically inspired methodology for topology 

representation? (Map-L System)

• Improve the representation for structural elements compared to 
traditional methods:

• Bit-array representation - may have physical 
limitations or create non-viable topologies

• Voronoi-based representation - has problems of design connectivity
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Figure 5.6. Decoding step for the bit-array representation.(a) The genome; (b) the resulting
wing structure: white squares represent latex panel and the black squares represent carbon
panels.

5.5 Methodology for the SIMP optimization

This section explains the methodology used to solve this problem by means of

the solid isotropic material with penalization (SIMP). For this method the topology of the

wing is defined in a very similar way to the bit-array representation (see figure 5.7). The

only difference is that to each panel is assigned a value that varies between 0 and 1. This

value, for a given panel i, 1 ! i ! M " N , represents the density variable xi, where the

word density stands for the relative percentage of each material. For example, a density

value of xi = 0 means that the panel i is made out of latex membrane, a density value of

xi = 1 represents a panel made out of carbon laminate and an intermediate value represents

a theoretical, nonexistent material that is a mix of both. The efficiency of this method

increases when x is penalized in order to obtain a near discrete topology as seen in the

previous chapter.

The optimization is done with the gradient-based function fmincon available

in MATLAB. This is a high-level function that supports several methods to minimize non-

linear problems with constraints. However, fmincon only minimizes scalar functions

unlike the multiobjective evolutionary algorithms explained above. Thus, here, the finesse
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1.0 Introduction

• Why use a biologically inspired methodology for topology optimization? 

(Genetic Algorithm)

• Improve the solutions for structural optimization in efficiency and 
robustness given by traditional methods:

• Solid Isotropic Material with Penalization (SIMP) Methods - the 
solution may be represented by non-existent materials (or hard to 
manufacture)

• “Hard-kill” Methods usually determine a complex structure 
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per ground element (62). Other techniques include perimeter constraints (63) and filters

(61; 64).

Per se, SIMP is just a discretization technique that relaxes the discrete problem

making it more tractable mathematically. Thus, to solve the minimization problem, an

optimization method must be selected. One option are gradient based methods which are

general but, as already mentioned, very time consuming for large numbers of design vari-

ables. Over the years, other techniques were developed such as Optimality Criteria methods

(65) or the Method of Moving Asymptotes(66).

Figure 4.3. Examples of problems arising from topology optimizations based on ground-
structures.(a) The gray elements represent undesirable fictitious material. (b) Elements
connected just by one point. (c) Checkerboard patterns. (d) The removal of loaded ele-
ments. (e) Disconnected elements.

“Hard-kill” methods

Another popular strategy for topology optimization are the so-called “hard-kill”

methods, in which elements of the ground-structure are removed based on some rejection

criteria. From this family of methods the most popular one is the Evolutionary Structural

Optimization (ESO) first proposed by Xie and Steven (49). As noted in (60), this name is

not the most appropriated one because “evolutionary” usually refers to Darwinian processes

such as the genetic algorithms, and implies that at the end of the algorithm one attains the

optimal solution. Such does not happen for the ESO method where the best solution can

be obtained at any iteration and may result in extremely nonoptimal designs(67). However,

54

The discrete designs shown on the right were obtained by changing the design variables as

follows

xi =

!
"#

"$

0 if xi ! !

1 if xi > !

where ! is such that the volume fraction of the discrete solutions is 50% of the design

domain. Theses designs where then simulated in COMSOL in order to compare with the

result from the BioTOM.

Figure 4.15. The solution for the minimum compliance problem obtained with SIMP. (a)
SIMP’s solution for the 24" 12 ground-structure, (b) the discrete solution. (c) and (b) are
the same for the ground-structure 40" 20.

From table 4.2, again it is possible to conclude that the BioTOM outperforms

all the other methods based on the Genetic Algorithm. Only SIMP with a finer ground-

structure is able to find a better solution. For SIMP as well for Wang et al.(88) two re-

sults are reported for two different meshes, which illustrates the importance of using a fine

ground-structure for such methods, at the risk of high computational cost. On the other

hand, BioTOM requires no ground-structure and it effectively works both as a topology

optimization tool and as a size optimization tool simultaneously. If the optimal design re-

quires thinner components the BioTOM can easily capture those solutions with the control

69
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1.0 Introduction

• Cantilever Benchmark Tests for weight optimization (by Dr. Hugo T. C. Pedro)
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Figure 4.4. (Example of a bit array representation. (a) The bit array. (b) The structure’s
topology.

4.2 Problem setup

One of the most common benchmarks for structural topology optimization is the

short cantilever problem. In this problem the structure of the 2 ! 1 cantilever in a state of

plane-stress with a load applied at the free extremity (figure 4.5) is optimized for minimum

weight and minimum compliance. The Young modulus, E, the point load, P , the density,

! and the cantilever width w are all set to 1. The Poisson ratio, ", is set to 0.3. These values

do not make sense from a physical point of view, however the purpose of this benchmark is

to compare the performance of new methodologies against other approaches disregarding

physical insight.

!

"

#$"

Figure 4.5. The 2! 1 cantilever benchmark.
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Traditional Design

m = 100 %

given that all have elements connected just at a point and the second one even shows a

checkerboard pattern. On the other hand, the BioTOM solution is completely feasible.

!"# !$# !%#

Figure 4.11. Best designs for the minimum weight problem from (a)Wang et al. (88), (b)
Balamurugan et al.(87) and (c) Hamda et al. (96)

The column Wmin in table 4.1 lists the weight of the best solutions obtained with

the different methods. It demonstrates that the optimal structure for the BioTOM represents

a significant improvement with respect to the other methodologies. The column Feasible

shows the percentage of feasible individuals for all generations. As emphasized above, the

method of describing the topology is vital, given that the efficiency of the genetic algorithm

will be low if most of the generated topologies are not viable, either because of connec-

tivity problems or the removal of loaded elements. As pointed out above, for bit-array

representations that ratio can be rather low as shown in the results for Wang et al., whereas

for the BioTOM all the individuals are feasible. Another performance measurement is the

number of FE evaluations necessary until convergence is achieved. For this problem, the

number of FE evaluations necessary for the BioTOM is at least two orders of magnitude

lower than the number of evaluations for the other methods. However, in terms of com-

putational time the BioTOM is not necessarily faster since the geometry generation using

the Map L-system can be time consuming. For instance, the cost of one generation of 80

individuals for Hamda et al.(96) is 2 sec whereas a generation with 50 individuals for the

BioTOM takes 10 min. However, given the ever increasing computational resources this

limitation is of little importance.
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1.0 Introduction

• Cantilever Benchmark Tests for weight optimization (by Dr. Hugo T. C. Pedro)
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Biologically Inspired 

Design

Figure 4.4. (Example of a bit array representation. (a) The bit array. (b) The structure’s
topology.

4.2 Problem setup

One of the most common benchmarks for structural topology optimization is the

short cantilever problem. In this problem the structure of the 2 ! 1 cantilever in a state of

plane-stress with a load applied at the free extremity (figure 4.5) is optimized for minimum

weight and minimum compliance. The Young modulus, E, the point load, P , the density,

! and the cantilever width w are all set to 1. The Poisson ratio, ", is set to 0.3. These values

do not make sense from a physical point of view, however the purpose of this benchmark is

to compare the performance of new methodologies against other approaches disregarding

physical insight.
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Figure 4.9. Convergence of the BioTOM for the minimum weight optimization.

Figure 4.10. (a) The optimal cantilever’s structure for the minimum weight optimization
after 60 generations. (b) The colormap shows the Von Mises stresses from 0 to 50 and the
arrows represent the principal stresses. Converging pairs represent compressible stresses
and diverging pairs represent tension stresses.

Table 4.1 compares the results from BioTOM against other methods in the lit-

erature that use a bit-array representation(81; 88) and a Voronoi-based representation (96)

for the structure. The three structures referred to are depicted in figure 4.11. In first place

it should be noticed that none of these three structures corresponds to a practical design
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m = 100 %

 Hamda et al.

Design

m = 33.0 %

given that all have elements connected just at a point and the second one even shows a

checkerboard pattern. On the other hand, the BioTOM solution is completely feasible.

!"#

Figure 4.11. Best designs for the minimum weight problem from (a)Wang et al. (88), (b)
Balamurugan et al.(87) and (c) Hamda et al. (96)

The column Wmin in table 4.1 lists the weight of the best solutions obtained with

the different methods. It demonstrates that the optimal structure for the BioTOM represents

a significant improvement with respect to the other methodologies. The column Feasible

shows the percentage of feasible individuals for all generations. As emphasized above, the

method of describing the topology is vital, given that the efficiency of the genetic algorithm

will be low if most of the generated topologies are not viable, either because of connec-

tivity problems or the removal of loaded elements. As pointed out above, for bit-array

representations that ratio can be rather low as shown in the results for Wang et al., whereas

for the BioTOM all the individuals are feasible. Another performance measurement is the

number of FE evaluations necessary until convergence is achieved. For this problem, the

number of FE evaluations necessary for the BioTOM is at least two orders of magnitude

lower than the number of evaluations for the other methods. However, in terms of com-

putational time the BioTOM is not necessarily faster since the geometry generation using

the Map L-system can be time consuming. For instance, the cost of one generation of 80

individuals for Hamda et al.(96) is 2 sec whereas a generation with 50 individuals for the

BioTOM takes 10 min. However, given the ever increasing computational resources this

limitation is of little importance.
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1.0 Introduction

• Innovation

• Map-L Systems and Multiply Connected components 
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cannot be crossed. Figure 2.6 shows a typical Map L-system division using the a simple

example. Considering the alphabet ! = {1, 2, x, [, ],+,!} and the following initial map

defined by the axiom:

! : 1212 (2.2)

and the production rules

r1 : 1 " 2[!1][+1]2 (2.3)

r2 : 2 " 1 (2.4)

This configuration will produce the map sequence shown in figure 2.6

Figure 2.6: First 5 steps in the cellular division process using the Map L-system with no
connected components inside the initial map. Map L-system iterations using the axiom 2.2

Adding a connected component to the map the cellular division process will behave

di"erently as shown in figure 2.7. The most important aspect of this work is the develop-

ment of a new method to create proper cellular divisions when the maps contain multiple

connected components while keeping all the same principles of the Map L-system explained

in section 2.1.

The search for a systematic and general method to divide maps with connected com-

ponents was the main driver for this research and also the most challenging and time

consuming because the Map L-system methodology is not formulated to be used with mul-

14



A Biologically Inspired Methodology for Multi-Disciplinary Design Optimization, Miguel Nunes /60

1.0 Introduction

• Innovation

• Map-L Systems and Multiply Connected components 

11
Figure 2.7: First 5 steps in the cellular division process using the Map L-systemwith one
connected component inside the initial map. Map L-systemiterations using the axiom 2.2

tiple connected components inside of maps. The two main problems are 1) divide the cells

without intersecting the connected components and 2) properly defining the new cells after

the division has been done. The process is more challenging when a connection is made with

between di!erent connected component. Mathematical tools and Graph Theory elements

must be used to successfully solve this problem. The next section will set the framework

to develop the process of decision about possible intersections with other connected com-

ponents during the cellular division.

2.2.1 Intersection of Connected Components

The Map L-system methodology does not take into account the fact that there can be

other connected components inside the initial map, so it does not take into account the fact

that improper intersections done with compatible markers may happen. An example of an

improper cellular division is shown in figure 2.8.

To have a successful division the process must not only be based on the compatibility

criterion of the markers (as shown previously in section 2.1) but must add another criterion

that is based on the fact that a new possible division must not intersect any edges other

than the ones that it is being connected to.

This added criterion implies that all the edges of the connected components inside

the cell being divided must be tested for intersection. Before explaining the intersection

15
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1.0 Introduction

• Motivation

• Satellite Systems

• Cost Reduction

• Robust Design
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2.0 Methods

2.1 Map L-Systems

2.2 Map L-system and 
Connected Components

2.3 Single Objective 
Optimization
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2.1 Methods/Map L-Systems

• L-Systems

• Parallel Rewriting of Strings

• Branching Topologies

• Complex Organic Systems 
modeling

• Used in mathematics, computer graphics, 
artificial intelligence, arts, etc.
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variables!: A B

start !: A

rules !: (A ! AB), (B ! A)

n = 0!: A

n = 1!: AB

n = 2!: ABA

n = 3!: ABAAB

n = 4!: ABAABABA

n = 5!: ABAABABAABAAB
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2.1 Methods/Map L-Systems

• Map L-Systems

• Extension of the L-Systems

• Closed loop topologies, planar graphs

• Complex Organic Systems modeling
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7.3. Microsorium linguaeforme 161

Figure 7.13: Simulated development of Microsorium linguaeforme

Figure 7.14: Microphotograph of Microsorium linguaeforme at magnification
70x

Microsorium linguaeforme 
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2.1 Methods/Map L-Systems

• Map L-Systems formalism: Binary Propagating Map 0L-system with markers

(mBPMOL-systems):

• Binary: at most in two daughter cells can be created

• Propagating: cells cannot merge of disappear

• 0L system: context-free parallel rewriting systems where regions do not 
interact 

• markers: juncture points on the edges where the cell may divide

17
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2.1 Methods/Map L-Systems

• Alphabet:

• Axiom: 

• Rules:
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example to illustrate the principles of operation for the mBPMOL-systems. An example

of an alphabet would be ! = {A,B,C..., [, ],+,!} and an example of an axiom using the

letters from this alphabet is ! = ABAB. The alphabet ! can use numbers instead of letters,

allowing it to use an infinite set of symbols. The method implemented in this work uses

this extended alphabet with numbers. The axiom must have the same number of letters

has the number of edges in the initial map, that in the given example is four.
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Figure 2.3: Example of the mBPMOL-systems process for the first four steps of the cellular
division. This also shows the process of modeling the developmental stages or the structure
topology.

Every rule in mBPMOL-systems must be in the form A " " where the edge A # ! is

called the predecessor, and the string " is called the successor. This string is composed of

any symbols from ! including special symbols [, ], + and !. To continue using the given

example a rule could be of the form B " A[!C] so when applied to an edge with the label

B it would be replaced by A[!C].

6

example to illustrate the principles of operation for the mBPMOL-systems. An example

of an alphabet would be ! = {A,B,C..., [, ],+,!} and an example of an axiom using the

letters from this alphabet is ! = ABAB. The alphabet ! can use numbers instead of letters,

allowing it to use an infinite set of symbols. The method implemented in this work uses

this extended alphabet with numbers. The axiom must have the same number of letters

has the number of edges in the initial map, that in the given example is four.

!"#$#%&'(%)

*#+,$',$-)

.

/

0

.

.

. .
.

0

00

/

//

//

/

/

/

/

.

0 ..

0 ..

0

/

/

1-23"4',$-)

56#+4',$-) *37+$6',$-)

Figure 2.3: Example of the mBPMOL-systems process for the first four steps of the cellular
division. This also shows the process of modeling the developmental stages or the structure
topology.

Every rule in mBPMOL-systems must be in the form A " " where the edge A # ! is

called the predecessor, and the string " is called the successor. This string is composed of

any symbols from ! including special symbols [, ], + and !. To continue using the given

example a rule could be of the form B " A[!C] so when applied to an edge with the label

B it would be replaced by A[!C].

6

may be any symbol. These symbols are called letters or tokens. Figures 2.3 and 2.5 will

serve as an example to illustrate the principles of operation for the mBPMOL-systems. An

example of an alphabet would be ! = {A,B,C..., [, ],+,!} and an example of an axiom

using the letters from this alphabet is ! = ABAB. The rules can be in the form:

A " B[!A]x[+A]B

B " A

This set-up produces the result shown in figure 2.3. The alphabet ! can use any symbol

including numbers and letters. The method implemented in this work uses numbers. The

axiom must have the same number of letters has the number of edges in the initial map,

that in the given example is four.
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Figure 2.3: Example of the mBPMOL-systems process for the first four steps of the cellular
division. This also shows the process of modeling the developmental stages or the structure
topology using the rules A " B[!A]x[+A]B and B " A.
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2.1 Methods/Map L-Systems

• Alphabet:

• Axiom: 

• Rules:
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of cells with narrow edges angles and will be useful for of the mesh generation in the

finite element analysis;

2. Do not allow small edges (see figure 2.4b):- if the children edges are smaller than a

prescribed lower limit then the parent edge will be kept

3. Do not allow small areas (see figure 2.4c):- the areas of the o!spring cells must be

larger than a predefined percentage of the original map, this precludes excessively

slender or relatively minute o!spring cells to form.

4. Only one division may happen (see figure 2.4d):- when multiple markers are avail-

able, the first pair to pass the first three criteria described above, is selected and the

remaining are dropped.

The process described to model cellular division using the mBPMOL-systems is best

explained with the following example. Using an alphabet with numbers (instead of letters)

we have " = {1, 2, x, [, ],+,!}, the initial map or axiom is ! = 1, 2, 1, 2 and the production

rules are:

1 " 2[!1]x[+2]1

2 " 1

The symbols 1 and 2 are the non-terminal tokens and the remaining symbols are called

terminal tokens. The rules for the terminal tokens are not listed because they are constants;

for instance, a symbol x in a word is copied as x in the rewriting.

The process of cellular division is described as follows:

• Initialize with the labelling of each edge of the initial map according to the axiom -

please refer to the initial map on top of figure 2.5 - each edge has a specific orienta-

tion that makes possible to define the left (-) and right (+) for each edge. The the

orientation of the edges is counter-clockwise in this example;

8
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Some criteria exist for the cellular division to happen after the selection and validation

of the edge pair. These are described as follows:

1. Do not allow small angles (see figure 2.4a): the angles between the adjacent edges in

the divided cells must be larger than a prescribed lower limit, this prevents the creation

of cells with narrow edges angles and will be useful for of the mesh generation in the

finite element analysis.

2. Do not allow small edges (see figure 2.4b): if the children edges are smaller than a

prescribed lower limit then the parent edge will be kept.

3. Do not allow small areas (see figure 2.4c): the areas of the o!spring cells must be

larger than a predefined percentage of the original map, this precludes excessively

slender or relatively minute o!spring cells to form.

4. Only one division may happen (see figure 2.4d): when multiple markers are avail-

able, the first pair to pass the first three criteria described above, is selected and the

remaining are dropped.

The process described to model cellular division using the mBPMOL-systems is best

explained with the following example. Using an alphabet with numbers (instead of letters)

we have " = {1, 2, x, [, ],+,!}, the initial map or axiom is ! = 1, 2, 1, 2 and the production

rules are:

1 " 2[!1]x[+1]2

2 " 1

The symbols 1 and 2 are the non-terminal tokens and the remaining symbols are called

terminal tokens. The rules for the terminal tokens are not listed because they are constants;

for instance, a symbol x in a word is copied as x in the rewriting.

The process of cellular division is described as follows:

10
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Example of Edge Rewriting

Some criteria exist for the cellular division to happen after the selection and validation

of the edge pair. These are described as follows:

1. Do not allow small angles (see figure 2.4a): the angles between the adjacent edges in

the divided cells must be larger than a prescribed lower limit, this prevents the creation

of cells with narrow edges angles and will be useful for of the mesh generation in the

finite element analysis.

2. Do not allow small edges (see figure 2.4b): if the children edges are smaller than a

prescribed lower limit then the parent edge will be kept.

3. Do not allow small areas (see figure 2.4c): the areas of the o!spring cells must be

larger than a predefined percentage of the original map, this precludes excessively

slender or relatively minute o!spring cells to form.

4. Only one division may happen (see figure 2.4d): when multiple markers are avail-

able, the first pair to pass the first three criteria described above, is selected and the

remaining are dropped.

The process described to model cellular division using the mBPMOL-systems is best

explained with the following example. Using an alphabet with numbers (instead of letters)

we have " = {1, 2, x, [, ],+,!}, the initial map or axiom is ! = 1, 2, 1, 2 and the production

rules are:

1 " 2[!1]x[+1]2

2 " 1

The symbols 1 and 2 are the non-terminal tokens and the remaining symbols are called

terminal tokens. The rules for the terminal tokens are not listed because they are constants;

for instance, a symbol x in a word is copied as x in the rewriting.

The process of cellular division is described as follows:
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• After the rewriting process there are two markers left with the label 1 pointing inside

the map. Because the two markers are of the same type and the other criteria are met

(no small edges, no small area, no small angles) the cell may be divided by connecting

these markers. The result is shown if figure 2.5 “First step”.

• The same process described in the previous items is done sequentially and in parallel

for the next cells. This process generates a sequence of maps that models the devel-

opment stages of cellular division which can be seen as developmental stages of the

structural topology.

Figure 2.5: Same example of the mBPMOL-systems process as expressed before for the first
four steps of the cellular division using numbers instead of letters

Remark 1 Note that the cell division would stop if, at a certain stage, all edges were

labeled with a terminal token. However, stopping only when all letters are terminal tokens

could lead to infinite iterations: if x,for example, would be absent from the previous rules.

10
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(a) Small angles are not allowed (b) Small edges are not allowed

(c) Small areas are not allowed (d) Only the first two markers will be se-
lected

Figure 2.4: Four di!erent criteria for cellular division

• each edge is then labelled and divided according to the corresponding rule, in the

example the edges with a label 2 are relabelled with the label 1 and no sub-division

follows. The edges labelled 1 are sub-divided into three new and equal segments.

Considering, for example, the edge 1 at the bottom of figure 2.5. The first segment

is labelled 2, the second x and the third 2. The first marker [!1] is placed after

the first segment to its left because the symbol “!” precedes the marker within the

brackets. The second marker is placed to the right after the edge with the label “x”.

Because this marker lays outside the map it is discarded. This process holds true for

the remaining edges where the relabelling process is done counter-clock wise.

9

• Criteria for cellular division

1. Small Angles

2. Small Edges

3. Small Areas

4. Only two markers used
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• Main Challenges

1. Divide cells without intersecting 
the connected components

2. Define the new cells properly 
(general approach for different 
topologies)

!0.3 !0.2 !0.1 0 0.1 0.2 0.3

!0.3

!0.2

!0.1

0

0.1

0.2

0.3
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• The Intersection of Connected Components

•  

•
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!1 ! ! ! !2

|L| > |LI |

|LI | = rLI (z1, z2, !) = real{ z1 ! z1 " "
ei! ! " " e!i!

} ! =
z2 ! z1
z2 ! z1

}
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CHALLENGE #2 

• Define new cells:

• Simple Face Search

• Breadth First Search

• Depth First Search

• and more ...

27
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Components 

CHALLENGE #2 

• Define new cells: topology search based on Graph Theory

• “an undirected graph can be represented by a directed graph if every 
undirected edge a,b is represented by two directed edges < a, b > and 
< b, a >”

• Every edge is composed of two half-edges

• Every half-edge is attached to a different face

28

Face #1

Face #2
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• Define new cells: cellular division process - initial map
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in the graph, to successfully decide the right branch that must be selected a rigorous

methodology must be used. The following description illustrates one example of the di-

vision method:

1. The initial map may have any orientation: in the case of figure 2.9 the orientation on

the left of the edge is counterclockwise. The external part of the cell (or face) is defined by

the edges [1, 2, 3, 4] and the connected component has the edges [5, 6, 7]. These edges and

corresponding half-edges are oriented in the way presented in the figure. It is of extreme

importance that the initial map be well oriented because otherwise the method to connect

multiple connected components will fail.

Initial Map with proper orientation

• Face #1 vertices: [1 2 3 4 1; 5 6 7 5 ]

• Face #1 edges: [1 2 3 4; 5 6 7]

• Face #1 edges dir: [1 1 1 1; 1 1 1]
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Figure 2.9: Step 1 :- Initial Map Orientation

2. A new connection is made and is represented by the edge [1 5]. It must keep the

same orientation based on the initial map: counter-clockwise on the left and clockwise on

the right of the edge.
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New connection between two di!erent

connected components

• Face #1 verts: [1 2 3 4 1 5 6 7 5 1 ]

• Face #1 edges: [1 2 3 4 8 5 6 7 8]

• Face #1 edges dir: [1 1 1 1 1 1 1 1 2]
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Figure 2.10: Step 2 :- New edge created between two di!erent connected components, the
connected components are merged

3. Another edge is created [2 5] and the orientation is assigned coherently as described

before. This edge divided the cell and created a new face. The criterion to determine the

new division is to look for the vertices that are intersected from the previous face: in the

case of this edge it is exactly at the vertices that it connects: 2 and 5. To define the new

cells one starts from the new edge created on the left side (counter-clockwise direction) !

[2 5]. Using the vertices of face #1: [1 2 3 4 1 5 6 7 5 1] (the “cut” is done on the edges

that have vertex 5: that is [5 6] and [5 1] ). At this stage two edges have been selected to

connect. To choose witch of these two edges is necessary to connect the smaller open angle

criterion is used. This means ([5 1] has a smaller angle than [5 6] with respect to [2 5]).

So the new face will have this vertices sequence: [2 5 1 2] and the other face will have: [5

2 3 4 1 5 6 7 5 2]. This defines with generality the new regions, or cells, with the proper

orientations.
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New connection within the same connected

component

• Face #1 verts: [5 2 3 4 1 5 6 7 5 2 ]

• Face #1 edges: [9 2 3 4 8 5 6 7 9]

• Face #1 edges dir: [1 1 1 1 1 1 1 1 2]

• Face #2 verts: [2 5 1 2 ]

• Face #2 edges: [9 8 1]

• Face #2 edges dir: [1 2 1]
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Figure 2.11: Step 3 :- New edge created within the same connected component, two new
cells are formed

This section showed the method to be applied when connecting di!erent connected

components inside a map. This methodology is implemented in the software for automatic

topology optimization. Next section will describe the method to avoid intersecting a con-

nected component before a division is made.

2.3 Intersection of Connected Components

The Map L-system methodology does not take into account the fact that there can be

other connected components inside the initial map, so it does not take into account the fact

that improper intersections done with compatible markers may happen. An example of an

improper cellular division is shown in figure 2.12.

To have a successful division the process must not only be based on the compatibility

criterion of the markers (as shown previously in section 2.1) but must add another criterion

that is based on the fact that a new possible division must not intersect any edges other

than the ones that it is being connected to.

This added criterion implies that all the edges of the connected components inside
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Gene 1 Gene 2 Gene 3
genotype [19.3, . . . , 53.6] [53.6, . . . , 17.8] [39.9, . . . ,46.7]

Axiom Rules Topology input
phenotype con. comp. 1: 1 ! [+5];[-3];[+6];5;5 number of iterations = 6

2 1 2 1 2 1 4 2 2 ! [+1];[-6];1;2;[+5] global shell thickness = 1.8 [mm]
con. comp. 2: 3 ! [-5];6;[-2];[-3];[-4] subsystem shell thickness = 0.5 [mm]
4 5 3 4 4 ! [-4];2;1;[-2];6 external beam feature size = 9.4 [mm]

5 ! 3;3;[-2];5;6 internal beam feature size = 3.1 [mm]
6 ! 6;5;4;1;[-5] subsystem position x = -57.3 [mm]

subsystem position y = -46.8 [mm]
subsystem angle = 168.1 [deg]

Genetic Algorithm
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• Minimize mass of structural element

• Optimization:

• Genetic Algorithm (a biological metaphor from genetics applied to computer 
science) 
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2.3 Single Objective Optimization

Optimization problems often have a single candidate metric for defining optimality. Opti-

mization is searching for and choosing the best element from a set of evaluated candidates.

Very often this is done by minimizing or maximizing a real function that is well defined. A

well defined function must transport every element of its own domain to a paired element

of its co-domain. Nevertheless, most of the problems to be solved are not modelled by well-

defined functions. That is why a generalization of the optimization theory encompasses a

large domain of techniques and applied formulations to find the best solution available in

the solution space. Because this work has a single objective optimization - minimize the

mass of a given structure - the choice of the optimization search algorithm is based on the

Genetic Algorithm for the search of the solution space of the fitness of a given structure.

The optimization for this type of minimization problems can be described as follows:

Proposition 2.3.1 let a function f(x) : A ! R where x is the vector of design variables

(”the genes” for the Genetic Algorithm), A is the set of x’s and R represents the set of real

values of the fitness function for the topology generated after the x’s. The minimal value is

given by the search for an element x0 in A such that f(x0) " f(x) #x in A.

The elements of A, the candidate solution, are a subset of the Euclidean space Rn where

n is the dimension of the gene that will be produced on the Genetic Algorithm.

2.3.1 Genetic Algorithm

This section will present the Genetic Algorithm as a search tool for topology optimization.

This process encodes the topology grammar presented before (see section 2.1) and searches

for the individual with the best fitness.

A Genetic Algorithm is a search heuristic that generates an insightful and more useful

solution at each iteration. The Genetic Algorithms are keen to find the optimal solution

of problems that are not well defined or di!cult to model like discontinuous sets, highly

non-linear functions, stochastic or even with undefined variables. The Genetic Algorithm is

22

used to find solutions for problems that are di!cult to solve with traditional optimization

algorithms.

The Genetic Algorithm is a biological metaphor from genetics applied to computer

science. The algorithm starts with a population of strings (also called chromosomes or

the genotype of the genome) each one carrying a genotypic content. These encode the

candidate solutions (also called individuals or phenotypes). The genotype has the primitive

parameters (the genes) that determine the individuals’ layout and topology in the context

of the Map L-systemmethodology. It also refers to the geometric and physical parameters

for the application object. Table 2.1 shows one example of the de-codification process.

Figure 2.16: Example of a chromosome and its genes

Gene 1 Gene 2 Gene 3
genotype [19.3, . . . , 53.6] [53.6, . . . , 17.8] [39.9, . . . ,46.7]

Axiom Rules Topology input
phenotype con. comp. 1: 1 ! [+5];[-3];[+6];5;5 number of iterations = 6

2 1 2 1 2 1 4 2 2 ! [+1];[-6];1;2;[+5] global shell thickness = 1.8 [mm]
con. comp. 2: 3 ! [-5];6;[-2];[-3];[-4] subsystem shell thickness = 0.5 [mm]
4 5 3 4 4 ! [-4];2;1;[-2];6 external beam feature size = 9.4 [mm]

5 ! 3;3;[-2];5;6 internal beam feature size = 3.1 [mm]
6 ! 6;5;4;1;[-5] subsystem position x = -57.3 [mm]

subsystem position y = -46.8 [mm]
subsystem angle = 168.1 [deg]

Table 2.1: Example of a chromosome and its de-codification
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fitness #1

used to find solutions for problems that are di!cult to solve with traditional optimization

algorithms.

The Genetic Algorithm is a biological metaphor from genetics applied to computer

science. The algorithm starts with a population of strings (also called chromosomes or

the genotype of the genome) each one carrying a genotypic content. These encode the

candidate solutions (also called individuals or phenotypes). The genotype has the primitive

parameters (the genes) that determine the individuals’ layout and topology in the context

of the Map L-systemmethodology. It also refers to the geometric and physical parameters

for the application object. Table 2.1 shows one example of the de-codification process.
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External beams thickness Global shell thicknessSubsystem shell thickness

Internal beams thickness

3.0 Structural and Finite Element Models 

• Structural Object, implemented in Matlab and Comsol: 

• Shell (Subsystem + Global)

• 3D Euler Beams (Internal + External)

36



A Biologically Inspired Methodology for Multi-Disciplinary Design Optimization, Miguel Nunes /60

3.0 Structural and Finite Element Models 

• Finite Element Model in Comsol Multiphysics

• Output:

• von Mises Stress

• Displacement

37

2. The multiphysics setup: after the mesh has been generated it is necessary to set

the physical properties like the material properties, the physical loads, the thickness,

the beams size, etc. This is done using internal COMSOL Multiphysics™ commands

to set each specific physical problem.

3. The Finite Element Method analysis: after creating the the structural model, the

analysis can be performed using other COMSOL Multiphysics™ commands to solve

the Partial Di!erential Equations to obtain the desired information on deformation

and stress of the structure.

Figure 3.3 shows one of the simulation results for the static structural mechanics problem

applied to the satellite panel.

Figure 3.3: Example of von Mises stress distribution for the satellite structural panel

29

satellite panel that follows.

!0.3 !0.2 !0.1 0 0.1 0.2 0.3

!0.3

!0.2

!0.1

0

0.1

0.2

0.3

(a) Skeleton (or topology) of the panel structure (b) Generated mesh from the panel structural skeleton

Figure 3.2: Finite Element Method applied to the topology generated from the Map L-
system

There are various implementations of the Finite Element Method available in the in-

dustry and academia. This work was developed using COMSOL Multiphysics™ (formerly

FEMLAB) that was started as an academic and research software but was progressively

adopted by the industry. This is a Finite Element Method analysis software that is capa-

ble of coupling di!erent physical phenomena making it appropriate to simulate the shell

and the beams structural behaviour within the same analysis. This software interfaces

with MATLAB® and its toolboxes giving it a wide variety of programming, pre and post

processing capabilities.

The procedure to generate the Finite Element Method model for the satellite panel is

essentially based on three steps:

1. The mesh generation: this is to generate a two-dimensional mesh that conforms

to the planar topology. Figure 3.2b shows one example of a bidimensional mesh.

The default method for generating free triangle meshes in COMSOL Multiphysics™
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4.0 Software Development

• Automatic Topology Generation 
(Map L Systems)

• Structural Analysis 
(Genotype to Phenotype) and FEM

• Search for the Optimal Structure (GA)

39

Set Genetic

Algorithm options

Run Genetic

Algorithm

Configuration Input

Automatic Topol-

ogy Generation

Structural Analysis Fitness Value

End of

Genetic

Algorithm?

Optimized Map

no

yes

Figure 4.8: Flow diagram of the structural optimization procedure
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4.1 Software Development / Automatic 

Topology Generation

• Objective: create valid topology (gene 3)

40

genotype/gene 3 phenotype input range
70.2 ! 8 number of iterations for topology division 3 . . . 10
2.6 ! 0.4 mm global shell thickness 0.1 . . . 12.5 mm

80.4 ! 10.1 mm subsystem shell thickness 0.1 . . . 12.5 mm
15.2 ! 1.6 mm external beam feature size 0.1 . . . 10.0 mm
48.0 ! 4.9 mm internal beam feature size 0.1 . . . 10.0 mm
24.7 ! -70.9 mm subsystem position x -140 . . . 140 mm
36.8 ! -37.0 mm subsystem position y -140 . . . 140 mm
48.0! 172.7 deg subsystem angle 0.0 . . . 360.0 deg

Table 4.6: Example of the genes de-codification process for the benchmark gene
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(a) initial map with vertices numbered and ori-
entation of the edges
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(b) initial map with edges numbered

Figure 4.1: Initial map definition

identification number “edgeID” and the edges direction “edgeDir”. This information is

stored in a structure “map” which is a structure that has other nested structures in itself:

1. the cells structure which contains the information of every connected components

inside that cell for every cell

2. the edges structure contains the ordered vertices that form the edges

3. the vertices structure contains the coordinates for every vertex used in the map

4. the faces structure which contains the information of the two faces that each edge

touches (in coherent order with the edge orientation)
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4.1 Software Development / Automatic 

Topology Generation

• Objective: create valid topology

41

Translate Genes

Initialize Map

ChromosomeConfiguration Input

Map labelling

Remapping

Division

Possible?

End of

remapping?

New Map

no

yes

no

yes

Figure 4.4: Flow diagram of the automatic topology generation software
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Figure 4.3: 8 steps in the cellular division process using the “Remapping” process for the
benchmark example
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4.1 Software Development / Automatic 

Topology Generation

• Objective: create valid topology
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4.2 Software Development / Structural 

Analysis

• Objective: transform and analyze the topology

• Analyze and compute using FEM in COMSOL

• Output: mass, displacement, stress

• Compute Fitness

43

Finally the fitness value is computed as given by equation 4.12

fitness =
mass of current map

mass benchmark map

+ !disp ! penalization(displacement)

+ !vMises ! penalization(von Mises); (4.12)

The lower the fitness value is the ”more optimized” the individual is.

Next section will show how the Automatic Topology Generation plus the Structural

Analysis code are integrated into the search heuristic based on the Genetic Algorithm to

obtain an optimized structure.

4.3 Search for the Optimal Structure

Searching for the optimal structure using a systematic approach is the main objective for this

thesis. This search process uses the Genetic Algorithm as the search algorithm because the

fitness function is not known and is highly dependent on dozens of variables. The methods

that support this section of the software are described in section 2.3. This search process

is implemented using the Genetic Algorithm and Direct Search Toolbox in MATLAB® .

To start the process it is necessary to set the Genetic Algorithm options using the

“GAOPTIMSET” command in MATLAB® . The most important options that need to

be set are the number of generations the Genetic Algorithm will run, the population of

individuals for each generation and the number of selected individuals that will pass to the

next generations. All these parameters are defined in the configuration parameters.

Because this run is for a single objective optimization (only the mass is to be optimized)

the “GA” command in MATLAB® is used. If instead a multi-objective optimization was

required the ”GAMULTIOBJ” would be used. This command calls the fitness function

handle for every new individual to be tested during the run, it is the fitness function that

calls the procedures previously discussed: Automatic Topology Generation and Structural

Analysis, returning the fitness value for every individual. For each generation the individual

44

4.2 Structural Analysis

The Structural Analysis process is applied to the resulting map from the Automatic Topol-

ogy Generation process converting the map to a structural equivalent form and then ana-

lyzing its mechanical behaviour using a Finite Element Method in COMSOL Multiphysics™

. The methods that support this section of the software are described in chapter 3.

The software process starts with the set-up of the physical geometry for the Finite

Element Method. This reads the information provided in the map structure and for every

cell it populates the vertices, the edges and finally the faces for the structural object.

The “geomcoerce” command in COMSOL Multiphysics™ forms the union of the geometry

objects given into solids so they are not more abstract entities. The next step is to embed

the just created planar geometry in a three-dimensional working plane, this is done with

the command “embed” in COMSOL Multiphysics™ . Finally, to define the geometry, the

“geomcsg” command is requested to analyse the geometry model for possible errors in the

geometry and to generate a specific format to be used for the mesh generation process.

Figure 4.5 shows the geometry generated at this stage by the COMSOL Multiphysics™

commands.

!0.3 !0.2 !0.1 0 0.1 0.2 0.3

!0.3

!0.2

!0.1

0

0.1

0.2

0.3

(a) Topology given from the Automatic
Topology Generation process

(b) Geometry generated in COMSOL Multi-
physics™ from the given topology

Figure 4.5: Geometry created in COMSOL Multiphysics™ from the topology map
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4.3 Software Development / Search for the 

Optimal Structure

• Objective: find best structural 
element

44

with lower fitness value is kept since its the most optimized structure.

Figure 4.8 shows the overall process in a flow diagram for the structural optimization

process that encompasses the software developed for this thesis.

The next chapter will present the results obtained from this process development.

Set Genetic

Algorithm options

Run Genetic

Algorithm

Configuration Input

Automatic Topol-

ogy Generation

Structural Analysis Fitness Value

End of

Genetic

Algorithm?

Optimized Map

no

yes

Figure 4.8: Flow diagram of the structural optimization procedure
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5.1 Case Study and Results / Satellite Panel 

Design

• Objective function: mass minimization of 
structural panel in the HawaiiSat-1 satellite.

• Design parameters: topology, plate 
thickness, beam cross-section side length 
and sub-system placement (fixed or free to 
move).

• Constraints: maximum displacement less 
than or equal to 0.5 mm and stresses within 
allowable range (yield for Al 6061-T6 is 241 
MPa). 

• Boundary conditions: fixed at the vertices of 
the octagon. The boundary edges are free. 
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CHAPTER 5
RESULTS AND ANALYSIS

The previous sections presented the building blocks for the method developed in this work:

the topology optimization of mechanical structures. This section shows the results of the

methodology applied to optimize the mass of a structural component for the HawaiiSat-1

satellite under the launch conditions.

(a) deck is represented at the top of this figure (b) top deck, the ribs and the subsystem with
transparency seen from ”bellow”

Figure 5.1: Structural Frame of the HawaiiSat-1

5.1 Satellite Panel Design

The structural component to be optimized is shown in figure 5.1 as well as the subsystem

in place. This structural component is designated as the nominal zenith deck or simply the

top deck. The panel (or deck) is part of the satellite structure and is connected to 8 ribs for

structural support. The subsystem in this case is an Inertial Measurement Unit (IMU for
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5.3 Case Study and Results / Benchmarks

1. mass = 9.5 kg (100%); 13 "m displacement

2. mass = 3.8 kg (40%); 81 "m displacement

47

Figure 5.6: Structural panel unoptimized, mass = 9.50 kg

The objective is to minimize the mass of the panel and still meet the requirements as

presented in the subsection 5.1.2.

Another benchmark is presented after the optimization done by an experienced mechan-

ical engineer. Figure 5.7 shows this design.

benchmark mass [kg] Max. Displacement [µm]
1 ! 9.50 13
2 ! 3.80 81

Table 5.3: Benchmarks to compare with the optimization runs

The next section will show the results of the optimization process applied to the problem

that has been presented in these previous sections.
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Figure 5.7: Structural panel optimized by an experienced engineer, mass = 3.8 kg

5.4 Optimization Run

Various optimizations runs were made to compare results. The longest Genetic Algorithm

run had a population of two hundred individuals for one hundred generations, the equivalent

to 20,000 individuals were evaluated. This run was broken in two sections (run 3.1 and

3.2) because of computer memory problems with pure virtual function calls. The Genetic

Algorithm can resume from any population so it was possible to continue the run without

loosing a significant amount of information.

Table 5.4 shows in brief the results of the optimization runs. For more details please

refer to the tables in the appendix A.1 to A.3.
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Figure 5.14: Optimized structure after run #1 with 50 generations and 100 individuals.
Final Mass = 1.443, Fitness = 0.1604, and subsystem was free to move.

61

5.4 Case Study and Results / Optimization 

Run

• Optimization Run #1 (50 generations, 100 individuals, subsystem free)
Best Individual m = 1.443 kg (bench #1: m= 9.5 kg; bench #2: m= 3.8 kg)
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run without loosing a significant amount of information.

Table 5.4 shows in brief the results of the optimization runs. For more details please

refer to the figures 5.10, 5.11 and 5.12. These figures show the sequentiation of the various

topologies for the di!erent optimization runs.

(a) Plot with fitness values for the di!erent generations in the run #1.

(b) Topologies that correspond to the selected fitness values in the fitness plot above.

Figure 5.10: Topology selection sequencing for run #1.

Run # Individuals Generations Elapsed Time Fitness Mass Subsystem Position

1 100 50 43h 51m 07s 0.1604 1.443 free

2 200 50 38h 17m 31s 0.1813 1.632 fixed

3.1 200 50 33h 02m 55s 0.1459 1.308 free

3.2 200 50 25h 15m 15s 0.1422 1.280 free

Table 5.4: Di!erent optimization runs with the Genetic Algorithm based on the biologically
inspired methodology for topology generation

The results show that the longer the Genetic Algorithm runs the most likely is to find

a better structure topology with lower mass. The mass for the run 3.2 is the lowest: 1.280
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5.4 Case Study and Results / Optimization 

Run
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5.4 Case Study and Results / Optimization 

Run

• Optimization Run #2 (50 generations, 200 individuals, subsystem fixed)

Best Individual m = 1.632 kg (bench #1: m= 9.5 kg; bench #2: m= 3.8 kg)

50

Figure 5.15: Optimized structure after run #2 with 50 generations and 200 individuals.
Final Mass = 1.632, Fitness = 0.1813, and subsystem was fixed.
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(a) Plot with fitness values for the di!erent generations in the run #2.

(b) Topologies that correspond to the selected fitness values in the fitness plot above.

Figure 5.11: Topology selection sequencing for run #2.

kg. This is a significant improvement when compared to the benchmarks.

Figures 5.14 to 5.17 show the results after the finite element analysis and optimization

run was done. The SolidWorks model for the most optimized structure is shown in figure

5.13. This SolidWorks model has a mass of 1.202 kg which is very close (within 6%) to

the estimated mass in the developed software. The displacement and the stress values are

also compared in table 5.5 and shows how close the results are in percentages. The mass

and the displacement results between SolidWorks and COMSOL Multiphysics™ are very

close which confirms the accuracy of the model implemented in the software developed.

The stress values are not so close but because they are well bellow the yield strength of the

selected material and also because the mesh grid has di!erent sizes in both models which

a!ects these results more than the displacement.
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5.4 Case Study and Results / Optimization 

Run
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5.4 Case Study and Results / Optimization 

Run

• Optimization Run #3 (100 generations, 200 individuals, subsystem free) 
Best Individual m = 1.280 kg (bench #1: m= 9.5 kg; bench #2: m= 3.8 kg)
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(a) Plot with fitness values for the di!erent generations in the run #3.

(b) Topologies that correspond to the selected fitness values in the fitness
plot above.

Figure 5.12: Topology selection sequencing for run #3.

mass [kg] Max. Displacement [µm] Max. Stress [MPa]
COMSOL Multiphysics™ ! 1.280 473.28 33.6

SolidWorks! 1.202 461.91 42.2
absolute di!erence 6% 2% 26%

Table 5.5: Comparison between results from COMSOL Multiphysics™ and SolidWorks for
the most optimized structure.

Figure 5.13: SolidWorks model for the best individual. Raw model on the left and finalized
model with chamfers on the right.
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Figure 5.17: Optimized structure after run #3.2 with 50 generations and 200 individuals
starting from best individual in run#3.1. Final Mass = 1.280, Fitness = 0.1422, and
subsystem was free to move. This is the best structural topology found.

Figure 5.18: Best optimized structure after run #3 modelled in SolidWorks. Mass = 1.202
kg, Disp = 461.9µm, von Mises Stress = 42.2 MPa.
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5.4 Case Study and Results / Optimization 

Run
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5.4 Case Study and Results / Optimization 

Run

• Summary of results
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run without loosing a significant amount of information.

Table 5.4 shows in brief the results of the optimization runs. For more details please

refer to the figures 5.10, 5.11 and 5.12. These figures show the sequentiation of the various

topologies for the di!erent optimization runs.

(a) Plot with fitness values for the di!erent generations in the run #1.

(b) Topologies that correspond to the selected fitness values in the fitness plot above.

Figure 5.10: Topology selection sequencing for run #1.

Run # Individuals Generations Elapsed Time Fitness Mass [kg] Subsystem Position

1 100 50 43h 51m 07s 0.1604 1.443 free

2 200 50 38h 17m 31s 0.1813 1.632 fixed

3.1 200 50 33h 02m 55s 0.1459 1.308 free

3.2 200 50 25h 15m 15s 0.1422 1.280 free

Table 5.4: Di!erent optimization runs with the Genetic Algorithm based on the biologically
inspired methodology for topology generation

The results show that the longer the Genetic Algorithm runs the most likely is to find

a better structure topology with lower mass. The mass for the run 3.2 is the lowest: 1.280
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5.4 Case Study and Results / 3D Model

55

• 3D SolidWorks Model, mass = 1.202 kg

Figure 5.17: Optimized structure after run #3.2 with 50 generations and 200 individuals
starting from best individual in run#3.1. Final Mass = 1.280, Fitness = 0.1422, and
subsystem was free to move. This is the best structural topology found.

Figure 5.18: Best optimized structure after run #3 modelled in SolidWorks. Mass = 1.202
kg, Disp = 461.9µm, von Mises Stress = 42.2 MPa.
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5.4 Case Study and Results
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(a) Plot with fitness values for the di!erent generations in the run #3.

(b) Topologies that correspond to the selected fitness values in the fitness
plot above.

Figure 5.12: Topology selection sequencing for run #3.

mass [kg] Max. Displacement [µm] Max. Stress [MPa]
COMSOL Multiphysics™ ! 1.280 473.28 33.6

SolidWorks! 1.202 461.91 42.2
absolute di!erence 6% 2% 26%

Table 5.5: Comparison between results from COMSOL Multiphysics™ and SolidWorks for
the most optimized structure.

Figure 5.13: SolidWorks model for the best individual. Raw model on the left and finalized
model with chamfers on the right.
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6.0 Conclusion and Future Work

• Successful development of a new methodology for multidisciplinary system 
design optimization inspired on nature

• Mass reduction of 83% compared to the un-optimized benchmark

• Mass reduction of 57% compared to the optimized 
benchmark

• Potential savings in one panel of $78,680 
(assuming $10k/kg)

• Potential savings on three panels of $236,040 
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CHAPTER 5
RESULTS AND ANALYSIS

The previous sections presented the building blocks for the method developed in this work:

the topology optimization of mechanical structures. This section shows the results of the

methodology applied to optimize the mass of a structural component for the HawaiiSat-1

satellite under the launch conditions.

(a) deck is represented at the top of this figure (b) top deck, the ribs and the subsystem with
transparency seen from ”bellow”

Figure 5.1: Structural Frame of the HawaiiSat-1

5.1 Satellite Panel Design

The structural component to be optimized is shown in figure 5.1 as well as the subsystem

in place. This structural component is designated as the nominal zenith deck or simply the

top deck. The panel (or deck) is part of the satellite structure and is connected to 8 ribs for

structural support. The subsystem in this case is an Inertial Measurement Unit (IMU for
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6.0 Conclusion and Future Work

• Improve the software developed

• Optimize code

• Parallel processing capability 

• Integrate Finite Element Method into the 
code

• Compare analysis with commercial software

• Extend to other structural elements on the satellite

• 3D version
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8.0 Any Questions?
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