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Abstract 

H
au

IS THESIS EXPLORES novel CAD modeling methods for design reuse and 
tomation realization. It will be demonstrated that by applying the described 

methods, CAD models can be utilized as framework integrators in order to generate 
geometric input for various engineering analysis tools. Multidisciplinary design can as a 
result be facilitated in early design due to decreased manual model re-definitions. 
Furthermore, due to the complex dependency between analysis tools, certain product 
characteristics can only be evaluated by applying a holistic design approach. Therefore, 
by applying multidisciplinary design, the level of knowledge about the product will 
increase. 

T 

To simulate and evaluate the properties and behavior of an engineering product during 
design, the geometry has to be constantly re-estimated. CAD tools can be employed to 
produce the requested geometry. However simplifications introduced in the geometry, 
due to incomplete and imprecise knowledge available in early design, result in inaccurate 
geometries. Thus re-modeling has to occur in a frequent rate in order to achieve 
sufficiently accurate models. Hence CAD tool are traditionally applied in later stages of 
design when the geometry of the product is more or less defined and CAD is applied to 
generate drafting and technical drawings for manufacturing purposes 

It is therefore proposed that geometries for repetitive components are stored in so 
called high level templates and instantiated in the CAD model parametrically. Upon 
instantiation, each instance can be modified parametrically. Given the fact that the 
instantiation process is automated, the deletion and replacement procedures are also 
automatic, enabling easier model modifications in the design process.  

To estimate the gained advantage when applying the proposed methods, holistic 
design frameworks are implemented. The frameworks consist of a combination of various 
engineering tools which are integrated through a user interface. Given that an information 
flow between the design tools is implemented, many aspects of design is computed and 
optimized concurrently.  Consequently in order to draw general conclusion concerning 
geometric modeling, two different design applications with dissimilar requirements are 
studied in this work, namely aircraft and industrial robots. 
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1  
Introduction 

 
N THE DESIGN OF complex products it is essential to be able to combine models 
from several engineering disciplines in order to obtain a holistic view of the system. 

Furthermore, to achieve an optimal design the product must be treated as a complete 
system instead of developing the different subsystems independently. Many aspects from 
the involved engineering domains should be treated concurrently if the most suitable 
trade-offs are to be found.  

I 

To effectively design and develop such products, efficient tools and methods for 
integrated and automated design are needed throughout the development process. The 
rate of computer technology advancements is continuously paving way for new design 
tools, providing increasing model granularity as well as increasing the prospect for design 
reuse and automation. The last mentioned can be used to abolish routine like tasks, giving 
rise to elimination of human errors and possibility to design more customized products.  

A critical requisite to achieve reuse is knowledge management enabling methods. 
Geometry modeling with high fidelity CAD tools, for automated design purposes, is a 
particular area where modeling methods in terms of knowledge caption and deployment 
are underdeveloped. The motivation of this work is to establish novel methods to 
eliminate non creative geometric modeling by performing reuse on specific design 
features. The goal is to allow engineers to work on a higher abstraction level where the 
use of actual CAD functions during the modeling and simulation phase is minimized if 
not fully eradicated. The automated geometry generation will enable multidisciplinary 
design frameworks, where the CAD geometries can serve as framework integrators for 
other engineering tools. 

To eliminate non-creative work, methods for creation and automatic generation of 
high level CAD templates are suggested. The templates can be compared to parametric 
LEGO® blocks containing a set of design parameters. These templates are produced and 
stored in certain libraries, giving engineers the possibility to firstly topological select the 
templates and then modifying the shape of each template parametrically. How the high 
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level templates ought to be created and instantiated into the CAD model will be discussed 
in this thesis. 

Beside the elimination of routine-like operations, following factors are also achieved 
when applying the proposed design framework: 

• Enabling of multidisciplinary design and optimization of the entire product, 
including the geometry. 

• Employing high fidelity models in early design. 
• Increase of model fidelity throughout the design process. 

To verify the profit from such methods, a holistic design approach is adopted, since 
there is a complex dependency between modeling and product requirements. It is 
ultimately the type of requirements generated that will specify the tools and models 
necessary for determining the performance of the product. This will in turn determine the 
type of CAD modeling required. Consequently in order to draw general conclusion 
concerning geometric CAD modeling, two different applications with dissimilar 
requirements are studied, namely aircraft and industrial robots. 

1.1 The design process 
The design process of any given product can be divided into several phases, visualized 

in Figure 1-1.  For further reading on the subject refer to Jenkinson et al. [1] , Ullman et 
al [2] and Mavris et al. [3]. 

Cost of Change & KnowledgeFreedom of Choice

Time
Conceptual

Preliminary

Detailed

Testing

Manufacturing

 
Figure 1-1.  The classical design process where freedom of choice decrease while cost of change and 

knowledge increases in time. Illustration adapted from Jenkinson et al. [1] and Mavris et al. [3] 

The process starts with conceptual design work in which the specifications of the 
product is set and a number of concepts covering the design space and satisfying the 
requirements are generated. The most promising concepts are then selected for further 
evaluation in the preliminary phase. In this stage the concepts are evaluated using higher 
fidelity tools and models. Once again the worse concepts are scrapped and further 
analyses are performed on the often single remaining design in the detailed phase. 
Generally it can be said that as time is elapsed and more design decisions are made, the 
cost of change on design becomes higher though the product’s design dependencies 
becomes more intricate, resulting in a lower freedom of choice.  
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The design process viewed in Figure 1-1 is bound to be a paradox in the sense where it 
is profitable to take design decisions in early stages where the freedom of choice is the 
greatest and cost of change is very low. Nonetheless actual knowledge about the product 
is at this stage very poor as well, which makes all design choices uncertain. It is believed 
that by applying knowledge management, know-how reuse and automation can be 
obtained, as depicted by Hopgood [4]. Knowledge concerning specific processes in the 
modeling phase can thereby be recorded and initiated when design of new products takes 
place. Being able to capture knowledge will allow engineers to use modeling and high 
fidelity tools earlier in the design process, increasing the level of product knowledge. In 
this work novel geometric methods are introduced, providing means to generate and 
manipulate CAD models automatically. This will in turn enable multidisciplinary design 
approaches where various characteristics of the product are simultaneously analyzed. 
This approach increases the level of knowledge in the early design stages. Concurrently 
the actual models are easier modified throughout the process and therefore the level of 
cost of change is decreased, in addition freedom of choice is increased, see Figure 1-1. 

Cost of Change

Freedom of Choice

Time

Knowledge

 
Figure 1-2.  When applying design reuse and automation, knowledge and freedom of choice will increase 

while cost of change will decrease 

The absence of high fidelity tools and design automation in early design stages is 
explained by lack of hardware, software and adequate designing methods. Processor 
speed alone has increased more than 1000 folds since the first microprocessors were 
introduced in early 70s, and the trend appears continuous. The costs of computing power 
have earlier been too high to allow heavy simulation demanding tools in early phases. 
With the expanding hardware capacities, new design tools have evolved. Nevertheless it 
can be argued that the rate of design method development has been considerably lower 
than hardware and software development. One particular field where design methods for 
automated design support are immature and underdeveloped is geometry modeling with 
high fidelity CAD tools for automated and multidisciplinary design.  

1.2 Related work 
To accomplish automated design reuse, the process of design knowledge has to be 

captured and stored as presented by Hopgood [4]. This process can be referred to as 
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Knowledge Based Engineering (KBE). Knowledge capture can be accomplished by 
storing rules, relations and facts in what we would like to call templates. By instantiating 
these templates in the design of new products, re-design and re-work can be eliminated to 
some degree. 

The field of KBE and design process automation is broad and well documented. 
Methodology research conducted in the KBE field can roughly be divided into: 

1. Focus on design automation for the overall design system, the Knowledge 
Based System (KBS).  

2. Focus on design methods for creating reusable models in the KBS. 
Regarding the first point, design of the Knowledge Based Systems, major progress has 

been made. Cederfeldt [5] proposes methods for design process identifications in order to 
plan for design automation. Stolt [6] presents methods for how DAR (Design Automation 
Ready) CAD models can effectively be used to achieve design automation. Johansson [7] 
explores the efficiency of global contra local KBE-system for CAD tools in design 
automation. Elgh presents an approach for management and maintenance of 
manufacturing knowledge in automated design systems with focus on the requirements 
related to the manufacturing. The methods mentioned all address means to achieve design 
automation for a complete system. However concrete routines on how to produce the 
models to enable automated systems are not thoroughly tackled.  

Meanwhile, the aircraft research domain has made big strides for describing methods 
for creation of automatic generated geometries. Mawhinney et al. [9] proposes to divide 
the aircraft geometry model into three sub models, namely skeleton, surface and solid 
models in order to utilize each model in different analyses disciplines. Mawhinney also 
claims that by generating displacement, rotation and profile components, aircraft 
geometries such as fuselage and wing can be generated for a wide range of concepts. The 
methods depicted are sufficient since these are used for conceptual design work and no 
complex geometries have to be generated in this stage. Consequently the methods cannot 
be used in a more general product design outline and are impractical to implement if 
fidelity enhancement is required.  

Rodriguez et al. [10] proposes RAGE (rapid geometry engine) in order to produce the 
geometry of the aircraft. By implementing a lofting algorithm, different kinds of cross 
sections are used to create surfaces for the various parts of the aircraft. Similar to 
Mawhinney, Rodriguez methods are not practical to use when a more detailed model is 
requested. 

La Rocca et al. [11] goes one step further and suggests high level geometry primitives 
to support designers in order to produce automated aircraft geometries. This means that 
the user is able to pick geometric elements from a database parametrically in order to 
achieve concept realization instead of constructing the elements with CAD-based 
functions such as point, lines and curves etc. This framework is proven to be effective 
and time saving when performing multi disciplinary design and optimization, though the 
geometry is produced much faster than a CAD tool. However because of the code based 
nature of this application, expanding fidelity is very limited and dependent on the code 
writer. The fact that engineers will have to wait in order to get new primitives being of 
higher fidelity will ultimately slow down the design pace. 

Bérard et al. [12] presents methods similar to those of La Rocca where the idea is to 
eliminate CAD-based functions and allow designer to work with intuitive engineering 
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parameters by storing various parameterized CAD parts of an aircraft as components. 
However, instead of generating the components in a code based environment, these are 
stored in component libraries and automatically generated in commercial CAD tools.  
The generated components will then undergo a Boolean operation where rough interfaces 
between the components are made when eliminating the additional material, resulting in a 
closed solid model. The idea of using templates to generate the aircraft product is well 
motivated. However, the methodology adapted to generate the components makes it very 
hard to firstly define smooth interfaces between the templates and secondly further 
increase the fidelity of the aircraft through the entire design process. 

Ledermann et al. [13] and [14] makes a genuine effort trying to categorize CAD 
modeling and introduces the benefits of template modeling in CAD tools in order to 
develop associative and parametric methods for aircraft design. The geometry modeling 
methods proposed in this thesis are based upon those presented by Ledermann. 

It is the author’s judgment that modeling techniques, required to achieve design 
automation without compromising the possibilities to enhance the model fidelity, are 
underdeveloped. Therefore effort is made in this work to remedy this gap. 

1.3 Research method 
The hypotheses prepared during this research have had an implicit nature. The types of 

hypotheses are very simple and straight forward, i.e. with automated design and reuse it is 
possible to shorten lead time, eliminate routine-like work and facilitate multidisciplinary 
design and optimization. The first presumption, concerning cutting lead time is difficult 
to empirically confirm if not evaluated directly in the industry. On the other hand, the 
second and third assumptions, namely elimination of routine-like work and the enabling 
of multidisciplinary design, are much easier to verify just by performing computer 
simulations whenever the proposed system is fully developed.  

The implemented research method in this work is a mixture of different scientific 
procedures, illustrated in Figure 1-3. The axes of the diagram consist of atomism-holism 
and empiricism-rationalism, see [15]. Atomism or reductionism is a philosophical 
approach that breaks down problems into smallest components and explains the basis of 
these problems. The opposite of atomism can in some cases be regarded as holism, 
putting weight on the whole. According to the holistic reflection, components alone are 
unable to describe the wider problem. Empiricism stresses the value of observation and 
experience as the only sure source of truth while rationalism, on the contrary, argues that 
knowledge can only be derived from common sense. 

The carried out mixed research approach in this thesis, involves the above described 
paradigms, which complement each other. Atomistic-rationalism is adopted to construct 
the mathematic based models. The models are then connected following a holistic-
rationalistic approach. The framework is finally verified by means of atomistic-
empiricism, by conducting model simulations, see Figure 1-3. 
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Figure 1-3.  A mixture of different scientific procedures are implemented when realizing the presented 

work, adapted from [15] 

After each emperical study new assumptions are made and the methods are further 
refined, resulting in new design methods. The iterative process between system creation 
and evaluation is portrayed in Figure 1-4. 

 
Figure 1-4.  The interplay between the different scientific disciplines during time 

1.4 Thesis outline 
This thesis is divided into three main sections: 

• A proposed methodology section presenting novel geometry modeling 
procedures for automated multidisciplinary design. The methodologies 
proposed are evolved from earlier routines outlined in the appended papers. 

• Application theory section giving a brief overview on aircraft and industrial 
robot design theory.  

• The last section depicts a set of application examples where the proposed 
methods are utilized to accomplish design reuse and automation.  

For readers well familiar with the advantages of design automation in CAD modeling, 
only the chapter concerning the proposed design methods needs to be studied. Otherwise, 
to fully appreciate the need of the outlined methodology, the reader has to get an 
overview of the application examples depicted and for those alien to aircraft or industrial 
robot design, it is recommended that the application theory section is revised as well. 



 

 

2  
Proposed Framework 

for Design Reuse 
and Automation 

YPICAL MECHATRONIC SYSTEMS have a complex dependency between 
geometry, dynamic performance, functionality and cost. The ability to predict these 

characteristics is very important since these maps directly to fundamental design 
requirements. However, these characteristics can in many cases not be predicted 
independently. In the design process, the product characteristics are traditionally 
evaluated using different software tools such as CAD tools, simulation tools and cost 
models. Normally, there are also different engineering disciplines that need to be 
considered, which are handled by different domain experts. In order to achieve an optimal 
design, the challenge is to integrate all design information from the different tools. By 
tradition, this is a manual procedure where data is extracted from one tool and entered 
into the next tool. 

T 

2.1 Multidisciplinary Design 
When automating the information flow between design tools, many aspects of design 

can be computed and optimized automatically. In order to implement design automation 
and optimization, a manual approach is not feasible. For this purpose, it is necessary to 
integrate all the tools involved in the design process. To achieve this, a common user 
interface is developed for the entire framework. The purpose of the user interface is to 
provide the user with necessary means to manipulate a set of input and monitor a set of 
output for the given system, consisting of a geometric model, a set of analysis models and 
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a component database, see Figure 2-1. In the following sections a description on how 
geometric design automation can be performed is depicted. 

Analysis Model x
Component
Database

Analysis Model 2

Geometric Model

User Interface

Analysis Model 1

 
Figure 2-1. Model integration framework for multidisciplinary design 

The type of models and analysis tools employed in the multidisciplinary framework as 
the one portrayed in Figure 2-1 depend on the product under evaluation. Complex 
products generally have an intricate dependency between geometry, dynamic 
performance, functionality and cost. Important framework enablers to achieve automated 
design are flexible and reusable geometry models, providing various analysis tools with 
geometric input.  

In Paper I & II a more detailed description regarding the developed design framework 
for aircraft conceptual design is given. Here further information can be found about 
model integration, the user interface, the component library as well as the analysis tool 
utilized to compute the aerodynamic properties. For further information on the 
multidisciplinary approach for the industrial robot design framework, see Paper III & IV.  

2.1.1. CAD in the Design Process 
To simulate and evaluate the properties of any given product, the geometry of the 

product is needed. CAD tools can be used to calculate this geometry, but because 
simplifications are introduced in the geometry, the estimations are usually initially 
inaccurate and re-modeling has to occur in a frequent rate in order to define a sufficiently 
accurate model. Nevertheless considering the time demanding process to facilitate new 
CAD models, this tool has traditionally been introduced in the later stages of design when 
the geometry of the product is better defined, see Figure 2-2.  
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Detailed Design &
Manufacturing

Flight Testing

Production
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Flo w Simulations

Wind Tunnel 
Testing

Computational
Flo w Simulations

CAD / CAM

 
Figure 2-2.  Aircraft development process where CAD modeling is initiated during the detailed design 

phase according to Brandt et al. [16] 

Moreover CAD models can be used to effectively achieve integration between other 
analysis tools by connecting them to a common geometry as proposed by Mawhinney [9]. 
By using one geometric source it can be assured that the geometric modifications will 
affect all involved models in the framework simultaneously. Using a CAD tool to 
generate the geometry has the advantage of enabling the designer to increase the level of 
detail throughout the design process, unlike code based geometries which need extensive 
coding for fidelity increase. It is suggested by Ledermann et al. [13] that incorporating 
parametric and associative models early in the design will decrease the total design cost 
as an immediate effect although considerably increasing the design expenditures initially 
see Figure 2-3. 

Design Expanditures

Feasibility
Phase

Concept
Phase

Design
Phase

Production
Phase

Parametric
Associative Design

Conventional
Design

 
Figure 2-3. Design expenditures in an aircraft design project (Ledermann et al. [13]) 
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2.2 Design Reuse and Automation 
In this work the word automation is synonym with both modeling and simulation 

automation. Modeling automation refers to automatic instantiation of model templates 
during the creation of the model, while simulation automation enables parametric 
optimization on the model. 

The concept of reuse generally allows for faster generation of new concepts and 
products by eliminating repetitive activities and allowing designers more time to exercise 
their creativity. The amount of reuse possible is dependent on two main factors, namely 
tools used to generate the models and the methods applied for the modeling.  

Here, effort has been made to allocate appropriate methods for modeling and to 
enhance reuse and automation, which is believed to be underdeveloped especially for 
CAD modeling. 

There is a consensus that a geometry modeling re-formulation is taking place in order 
for engineers to avoid working with lower level CAD functions such as points and lines, 
but instead with domain specific engineering function as put forward by La Rocca et al. 
[11] and Bérard et al. [12]. A parallel can be drawn with programming languages where 
higher level programming scripts has evolved to reduce ramp up time in specific 
programming applications.  

As described in the beginning of the thesis, some researchers, such as Rodriguez el al.  
[10] and La Rocca et al. [11], want to produce discipline oriented CAD tools for i.e. 
aircraft design. Another branch of researchers, for instance Ledermann et al. [14] and 
Bérard et al. [12], are more interested in constructing higher level templates on the 
existing commercial CAD platforms. However in order to accomplish this task, methods 
describing the process for template definition has to be defined. 

In an attempt to describe methods for higher level CAD modeling, for automated 
design, and thereby categorizing various modeling techniques, following division is 
made, namely morphological and topological modeling. Any geometric modifications 
made on the product will either alter the shape of the elements (morphology) or alter the 
number of elements (topology). 

2.2.1. CAD Model Development Process 
To be able to generate efficient CAD models for automated design framework, 

extensive knowledge is needed on the type of analysis performed on the product. In view 
of the fact that the analysis performed maps directly to the development process for the 
CAD model. The type of analysis differs from one product to another as shown in this 
work concerning aircraft and industrial robot design. Here an overview of CAD modeling 
is given, before introducing a new development process where both the morphological 
and topological aspects of the geometry can be manipulated parametrically in order to 
enable automated design.  

CAD Overview 
CAD models are created in different hierarchical levels mostly known as assemblies, 

sub-assemblies and parts. An assembly is a collection of various components such as, 
individual parts and sub-assemblies. A sub-assembly has essentially the same 
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functionalities as an assembly. However the word sub implies it is not on a hierarchal top 
level.  Parts contain the geometric objects defined by the user.  

Traditionally CAD design is divided into top-down and bottom-up design (Mäntylä 
[17]). In bottom-up approach the geometry of each component is created separately in 
parts and finally assembled together in the top assembly. Since there is no context 
dependency between the parts, the final geometry is difficult to modify.  

In top-down design the critical information is placed on a hierarchal top level and 
branches down to all lower component levels in the product. Thereby the holistic 
representation of the product is in focus and as a result the complexity is managed and the 
possibility to revise the product structure and parametrically modify the morphology of 
the geometry is improved. 

Proposed Dynamic Top-Down Development Process 
Although the top-down approach is a well proven method, it has to be modified in 

order to achieve topological automation of the geometry. In true design optimization of 
the geometry, the shape, placement and number of the CAD components should be 
modifiable. This in turn generates a new mean of CAD modeling, referred here as 
dynamic top-down modeling. The level of design automation capability of the three 
model developments processes depicted is visualized in Figure 2-4. 

Dynamic
Top

Down

Top Down

Bottom Up

 
Figure 2-4. Suitability for automated design in different type of model development process 

Not surprising the bottom-up approach is least suited for automated design 
frameworks since the non established contextual dependencies between the components 
result in poor morphological and topological automation.  

In top-down modeling the general outline is to divide the product geometry into a 
placement definition assembly, called the product skeleton or Master Datum File (MDF), 
and a mechanical element assembly or Master Definition Structure (MDS). The MDS 
assembly contains the actual geometries of the complete product. The MDF assembly 
generates a placement and rotation array p, which all the components in MDS look to and 
automatically update when modified.  

In order to attain further product transparency, a new assembly referred here to as 
Master Definition Component (MDC) is introduced, see Figure 2-5. The initiative of 
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incorporating the MDC stems from the fact that in contrast to structure parts, components 
(such as gears and bearings) have in many applications static geometries. The 
modifications made in this assembly are more of a topological nature where the 
components are replaced rather frequently during the design process. Therefore locating 
MDC separate to MDS has the major advantage that both assemblies can be modified or 
replaced independently, see Figure 2-5.  

MDC
MDF

p
Bus

MDS

 
Figure 2-5. The placement and rotation output from MDF is filtered before sent to the MDS and MDC 

assemblies in a top down fashion 

When applying dynamic top down development process the actual assemblies can be 
generated from pre-described high level templates, see Figure 2-6. This gives the 
possibility to define new types of geometry types effortlessly and even parametrically, 
implicating that the type of geometry and topology is variable even during optimizations. 

 

MDC
MDF

p
Bus

MDS

MDF Templates MDS Templates

MDC Templates

Template Assembly

 
Figure 2-6. The assemblies are defined by employing high level templates in a dynamic top down fashion 

In certain products, aspects defining the product geometry have very complex 
dependencies. In these cases, modeling of the product can be much more manageable by 
using so called reference geometries, here referred to as Master Definition Reference 
(MDR). This assembly is used as a reference and also as geometric boundary conditions 
for both the MDS and MDC assemblies, as seen in Figure 2-7. 

Template Assembly
MDC

MDF
p

Bus MDS

MDF Templates MDS Templates

MDC Templates

MDR

MDR Templates
 

Figure 2-7. The MDR assembly is introduced to reduce geometric context complexity 

The creation of high level templates is especially useful for repetitive features. The 
templates are called into the model parametrically and placed accordingly in parts and 
adapted to the placed context. An example for such template input is visualized in Figure 
2-8, where the number of MDF parts can either be increased or decreased parametrically.  
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> Old No of Parts > Old No of Parts 

Yes

No

No of Parts No of Parts 

Add PartAdd Part Copy ReferencesCopy References Instantiate TemplateInstantiate Template

Delete PartDelete Part Parameter Procedure

 
Figure 2-8. Template instantiation and deletion process initiates with the parametric input of No of 

Parts  

The process of template instantiation in the MDF assembly is initiated by the user 
input of No of Parts parameter. If the input value is lower than previous, the procedure 
Delete Part, deletes the surplus part in the MDF assembly. Otherwise another procedure, 
Add Part, is initiated and a new part is created. Immediately after another procedure, 
Copy References, begins copying references from the previous part(s) to the newly 
created part. Finally the last procedure, Instantiate Template, instantiates a MDF template 
into the part, containing all geometrical objects, having context dependencies to the 
references imported earlier.  

The actual template modeling is further explained in the following section. 

2.2.2. High Level CAD Modeling 
Here the actual modeling methods applied when creating CAD models, for reuse and 

automation purposes, is depicted and arranged. By organizing the various principles of 
modeling, the actual modeling phase of higher level templates can be specified as 
explained by Ledermann [13]. 

Figure 2-9 visualizes the first and the most common type of modeling, namely the 
morphological stages. 
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b
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h
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else { h = 10, 
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b

h
if shape = ”sq”
{ h = 10, b = h }
else { h = 10, 
b = 2*h }

b

 
Figure 2-9. The morphological pyramid visualizing the morphological stages of geometric modeling. 

Morphologic modeling can be divided in four stages:  
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• Fixed Object (FO): Essentially objects not being able to change shape. These 
objects are intentionally or non-intentionally static and have therefore a fixed 
set of geometric output. This stage has zero morphological value. 

• Parameterized Object (PO): Geometric objects of which the input values are 
able to change, hence not having a static set of output. Because of lack of 
relations between the various geometric objects it is not realistic to use 
models based only on parameterization other than cases of very simple 
geometries. 

• Mathematic Based Relation (MBR): An effective way to decrease the number 
of input parameters is to set up relations between the geometric objects of a 
model, which can be done strictly mathematically. 

• Script Based Relation (SBR): Relations are made using various programming 
languages provided. The main advantage is the ability to involve non 
numerical parameters. 

The relations described in stage MBR and SBR can either be directly written in the 
CAD software or in another tool connected via the CAD API (application programming 
interface). The advantages of applying the geometric relations outside the CAD tool are 
further discussed in Paper IV. 

The second type of CAD modeling, the topological stages, is visualized in Figure 
2-10. Topology addresses modifications inflicted on the number and placement of 
elements of the model. 

 
Figure 2-10. The topological pyramid visualizing the topological stages of geometric modeling. 

The topological pyramid consists of the following stages:  
• Manual Instantiation (MI): By performing copy and paste functions on 

various objects, manual instantiation is performed. However the instances 
made are not context dependent upon creation. 
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• Automatic Instantiation (AI): Though only the template is defined the 
instances created will follow the template model slavishly and are not able to 
be context dependent due to missing constraint definitions. The number of the 
instances is parametrically modified. 

• Generic Manual Instantiation (GMI): Context dependency for initiated 
instances is achieved by producing template and constraint manuals. The 
manuals contain complete construction procedures of the template objects 
and to which geometric features they are constrained to. These definitions 
enable the template to be manually instantiated into different contexts as seen 
in stage three. This increases the level of reusability in a created geometric 
model. 

• Generic Automatic Instantiation (GAI): This stage is achieved when pre-
defined functions can automatically generate or delete the instances 
depending on user parameter input. The instances are both context dependent 
and able to vary parametrically, hence full reuse and automation is achieved. 

Dynamic top-down modeling process has to be adopted in order to utilize the entire 
topological pyramid and modify the topology of the model assembly.   

If the first stage of morphology is used for modeling the templates, the instances will 
become static. This paves the way for perfect application when calling a large component 
library where the components are pre-described and no morphological range is needed.  

The top two stages in the morphological pyramid can be used to define high level 
templates where the instances will have built in design parameters, able to change 
individually after instantiation. A morphological design space is hence produced for each 
created instance. 

Important to note is that because the actual templates are built within the CAD tool, 
the possibilities and availabilities to increase the fidelity of each template is exceptional. 

2.3 Optimization 
In order to achieve optimal design, the challenge is to integrate design information 

from various design models. Integration between the models is thereby obtained when the 
design information is managed from a global user interface, see La Rocca et al. [11]. 
Consequently, when attaining an automated design process, the possibility to search 
through a vast design space automatically arises. The pursuit for the optimal design is 
achieved by utilizing various optimization algorithms. 

During an optimization the best solution in a given design space is searched for by 
using an optimization algorithm. Generally two types of optimization algorithms exist, 
gradient and non-gradient methods. In gradient methods the gradient of the objective 
function is needed in order to obtain a search direction towards an optimal point. 
Although the gradient methods are fast, they have there limitations since engineering 
problems generally have non continuous and noisy objective functions. For applications 
with many extreme points, non-gradient methods are used. These methods are 
computation expensive, but are general and offer better probability in locating the global 
optimum. Two commonly used non-gradient algorithms are genetic algorithms (GA) and 
the Complex method. 
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2.3.1. Genetic Algorithm 
The basic idea of Genetic Algorithms is the mechanics of natural selection (Goldberg 

[18]). Each optimization variable is coded into a gene as for example a real number or a 
string of bits. The corresponding genes for all parameters form a chromosome, which 
describes each individual. A chromosome could be an array of real numbers, a binary 
string, a list of components in a database, all depending on the specific problem. Each 
individual represents a possible solution, and a set of individuals form a population. In a 
population, the fittest individuals have the highest probability of being selected for 
mating. Mating is performed by combining genes from different parents to produce a 
child, called a crossover. Then there is also the possibility that a mutation might occur. 
Finally the children are inserted into the population to form a new generation. 

2.3.2. Complex Algorithm 
In the Complex method the word complex refers to the geometric shape with k ≥ n+1 

points in an n-dimensional space. These k points are known as vertices  of the complex. 
The number of points k in the complex must be such that k ≥ n+1, where n is the number 
of independent variables. The starting points are generated using random numbers and the 
object function is evaluated at each point. The method progresses by replacing the worst 
point by a new point obtained by reflecting the worst point through the centroid of the 
remaining points by a factor α. It has been shown that a useful value of α is 1.3 (Box 
[19]). If a point repeats as the lowest value on consecutive trials, it is moved one half the 
distance towards the centroid. The original complex method has been further developed 
by Krus et al. [20], using a randomization factor and a forgetting principle, yielding the 
Complex- RF method. The Complex-RF method has also been modified in order to 
handle discrete variables by Petterson et al. [21]. 

In Paper IV both the Complex-RF and the GA algorithms are applied to find optimal 
drive train components for a given kinematic structure. An overview of the problem 
formulation and optimization results will be given in Application Examples. In Paper III 
a commercial non-gradient method is used to find the optimal relation between the lower 
and upper arm for a backwards-bending robot with a given reach and payload. 

 



 

 

3  
Application Theory 

HIS CHAPTER PROVIDES a basic overview on aircraft and industrial robot design 
in order to establish a sufficient theoretic base for the application examples depicted 

in the following chapter.  
T 

3.1 Civil Aircraft  
The general purpose of a civil aircraft is to transport a specific payload from one 

destination to another following certain requirements. Civil aircraft include private, 
business, commercial and private vehicles. In this work the civil aircraft under study are 
turbofan powered consisting of a fuselage, wing, vertical tail and horizontal tail, see 
Figure 3-1. 

Vertical Tail

Horizontal Tail

Fuselage

Wing

Propulsion

ThrustDrag

Lift

Weight  
Figure 3-1.  Force distribution of an aircraft in cruise flight 

3.1.1. Basics about Aircraft 
The definition of powered fixed wing aircraft is a vehicle, driven by one or several 

propulsion(s), obtaining lift during flight mainly through aerodynamic reactions on static 
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surfaces. The lift is primarily obtained by the forces generated on the wing. Here a basic 
overview of aircraft aerodynamics will be depicted, for more information on the subject 
see Raymer [22].  

For the aircraft to be able to lift and maintain flight a force opposite to the 
gravitational load has to be generated. The lift force originates primarily from the 
pressure gradient generated above the wing when put in motion.  

All aspects of the exterior geometry of the aircraft are of high importance because of 
the direct aerodynamic effects caused by even the smallest modifications. The exterior 
geometry has obvious effects on the drag and lift. Nevertheless a modified geometry also 
affects the static and dynamic stabilities through changes in aerodynamic and weight 
distributions, i.e. the center of gravity position providing a counter moment when a force 
balance is disturbed, see Figure 3-2. 

 
Figure 3-2.  Static stabilities in all three degrees of freedom due to certain geometric properties of the 

aircraft 

The aircraft is able to maneuver in air with help of so called control surfaces mounted 
on the wing, horizontal tail and vertical tail. The control surfaces provide changes in the 
aerodynamic balance of the aircraft, forcing it to move along the roll, yaw and pitch axes, 
see Figure 3-3. 

 
Figure 3-3.  The three axes of movement roll, yaw and pitch displayed 

Consequently, aerodynamic computation plays a significant roll in aircraft design. 
Thus finding new ways to more effectively calculate the aerodynamic properties for both 
conventional and unconventional aircraft is highly prioritized. 

3.1.2. Traditional Design Methods for Aerodynamic Computation 
Generally the aerodynamic design methods in early phases are empirical and 

statistically dominated, see Raymer [22]. For a given validity range these methods 
provide fast results with fair accuracy. Therefore designing new type of aircraft falling 
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out of range from conventional design will not generate an accurate result and other 
approaches have to be explored. One possibility is to use numerical panel code solvers 
which have traditionally been too time expensive for earlier phases of design. Although 
the computational cost has decreased considerably there is still lack of methodology for 
how to incorporate these tools to generate fast and accurate results, nevertheless currently 
under investigation by various research project, i.e. SimSAC [23]. 

3.1.3. Panel Code Methods for Aerodynamic Computation 
Panel method codes have been used for aerodynamic analysis in the aeronautical 

industry for several decades. One main reason is because of its simplicity and 
inexpensive way to predict the aerodynamic characteristics of an aircraft (Epton [24]). 
For more reading on the subject see Katz et al. [25]. 

Panel code solvers rely on numerical schemes for solving (the Prandtl-Glauert 
equation) linear, inviscid, irrotational flow at subsonic or supersonic free-stream Mach 
numbers. The Prandtl-Glauert equation is a linear equation and it is the simplest form of 
the fluid-flow equations that contains compressibility effect. These equations are obtained 
from a more general approach to the Navier-Stokes equations.  This general approach 
implies that the effects of viscosity and heat transfer are neglected, as well as non linear 
terms. Panel code is therefore not as accurate as modern CFD solvers, but are more time 
affordable in many aspects, i.e. only meshing of the aircraft has to be made in contrast of 
CFD, where the surrounding of the aircraft has to be meshed. It should however be added 
that CFD analysis will still be needed in later stages of design, since panel code methods 
neglect effects such as viscous effects and non linear terms. Nevertheless panel code is 
much more accurate in predicting some aerodynamic properties than empirical methods, 
especially for regions outside the validity range, though taking into account the real 3D 
geometry of the aircraft.  

The approach taken to connect the geometries created in CAD to the aerodynamic 
panel solver, PANAIR, is further depicted in Paper I & II as well as in the Application 
Examples section.  

3.2 Industrial Robots 
Industrial robots or manipulators are according to the International Organization for 
Standardization “automatically controlled, reprogrammable, multipurpose manipulator 
programmable in three or more axes”. The mechanism of an industrial robot is based 
upon kinematic chains, called closed or open kinematic depending on how the chains are 
connected in respect to each other, seen in Figure 3-4.  
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Figure 3-4.  Open (left) and closed (right) kinematic robot structures displayed 

If the links connected form at least one loop then the chain is called closed loop. If the 
links are connected to each other through only one path then the manipulator has an open 
kinematic structure and the robot is called a serial manipulator. In this work the design 
studies made are based upon serial manipulators and therefore the outlined theory is 
focused on this type of robot structure with rotational joints.  

A serial robot is generally divided into an arm and a wrist. The arm is used to reach 
the position requested in Cartesian space and the wrist is used to obtain the requested 
orientation of the tool. Depending on which type of connection chosen between the links 
and how they are placed in the robot structure, different types of manipulator arms can be 
generated, i.e. cylindrical, spherical and anthropomorphic, see Sciavicco et al. [26].  

Serial Manipulator Design 
Design of an industrial robot is a very complex process involving tremendous 

modeling and simulation efforts. Major steps in robot manipulator design are; kinematics 
design, dynamics design, thermal design, and stiffness design, see Figure 3-5.  

 
Figure 3-5.  Workflow for industrial robot design process 

Since focus of the design studies, outlined in this work, is on kinematic and dynamic 
design, an overview on kinematic and dynamic modeling will be described in the 
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following sections. For further reading on the subject see Sciavicco et al. [26], Spong et 
al. [27] and Niku [28]. 

3.2.1. Basics about Serial Manipulators 
A serial manipulator or an industrial robot can be described as series of links 

connected through axes, see Figure 3-6. The mechanical structure of a traditional serial 
manipulator consists of a base, stand assembly, lower arm, arm house assembly, upper 
arm, tilt house assembly, and a tool flange, as well as drive-train components (permanent 
magnet motors and gears), see Figure 3-6. 

 
Figure 3-6.  A conventional and a redundant modular industrial robot  

Links, Frames and Axes 
Generally the kinematic structure of an n degrees serial industrial robot is described by 

n+1 links and n axes (joints). The links are numbered 0 to n and the axes 1 to n where 
axis i connects link i and link i-1. Link 0 is generally fixed to the ground. The nth axis is 
the tool flange where the nth link, namely the tool, is mounted. Joint variable i is 
specified qi and in case of revolute joint, qi is the angle of rotation. 

To describe the motion of each link, frames f (coordinate systems) are used, hence 
frame i is placed at the beginning of link i. 

3.2.2. Kinematics 
In robot kinematics the motion of the manipulator is described without taking into 

consideration the causes leading to the motion. A rigid body motion is described by: 
0 0 1

1
0p R p d= +  

0p  is the coordinates of point p  relative to f0. 
1p  is the coordinates of point p  relative to f1. 
0
1R is the rotation matrix describing the orientation of f1 with respect to f0. 
0d describes the translation between 0p  and 1p  expressed in f0. 
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By using the homogeneous transformations the rigid body motion can be written as 
0 0 1

1

0 0
0 1
1 0 1

p H p

R d
H

=

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

 

The homogeneous transformations are used to describe the motion of the manipulator 
and are therefore essential when calculating the trajectory of the manipulator. By using 
frames at each link the position, velocity and acceleration of the links in respect to each 
other and most importantly to the base frame in the Cartesian space is evaluated. There 
are two ways for calculating the kinematics of a serial manipulator, forward and inverse 
kinematics, illustrated in Figure 3-7.  

z
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x

Inverse kinematics

q1

q2

q3

q4

q5

q6

q7

Forward kinematics  
Figure 3-7.  Forward and inverse kinematics definitions are dependent on whether the joints or tool 

center Cartesian variables are specified 

In forward kinematics the end position and rotation of the manipulator is computed 
given the position and rotation of each frame while in inverse kinematics the position and 
rotation of each frame is calculated following the position and rotation of the tool center, 
see Figure 3-7. To be able to reach all points in the Cartesian space three degrees of 
freedom (DOF) is needed. In addition, three DOF are needed for the orientation. This is 
why industrial robots usually do not have more than six degrees of freedom. Recently, 
robot manufacturers are competing with redundant manipulators with higher degrees of 
freedom as seen in Figure 3-7. The added number of freedom(s) offer more flexibility and 
maximize the operational work space. Nevertheless, solving the inverse kinematic 
equations is considerably harder and more time consuming when the DOF exceed 6 
Sciavicco et al. [26]. 

Denavit-Hartenberg convention 
Although arbitrary choices of frames are possible for solving the rigid body motion, it 

is helpful to use a more systematic approach to define the frames. The Denavit-
Hartenberg convention (D-H convention) is a commonly used methodology to select 
frames of reference. In D-H convention each transformation matrix Ti is characterized by 
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The two characteristics of the coordinate frames are  
D-H1 => axis xi perpendicular to axis zi-1 
D-H2 => axis xi intersects axis zi-1 
The choice of zi is arbitrary but intuitively chosen as the axis of actuation of jointi +1. 
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Figure 3-8.  Display of the D-H parameters  

In Figure 3-8 the D-H parameters are displayed. Following is a short description: 
• Angle θi: angle between the xi−1 and xi axis measured in the plane perpendicular 

to the zi−1 axis. 
• Length ai: distance from origin frame oi to the intersection between the xi and 

zi−1 axis measured along the xi-axis. 
• Offset di: distance between origin frame oi−1 and the intersection of the xi axis 

with zi−1 axis measured along the zi−1 axis. 
• Twist αi: angle between the zi−1 and zi axis measured in the plane perpendicular 

to the xi axis. 

Forward position 
In forward kinematics the position of the end-effector is determined given the joint 

variables, being θi for revolute joints. 
The homogenous equations 1

i
iT −  for a robot containing n+1 links can be described 

since each link is assigned a coordinate system and hence the point coordinates on link i 
are constant for frame i .  For a 6 DOF robot the transformation matrixes  and  are 
generated as follows 

3
0T 6

3T

3 1 2
0 0 1T T T T= 3

2
6

5

6
3

 
6 4 5

3 3 4T T T T=  
The position and orientation of the tool center  is then calculated 6

0T
6 3

0 0T T T=   
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Inverse position 
In inverse kinematics the joint variables are calculated by determining the end effector 

position and rotation in Cartesian space. Important to note is that the mathematical 
solutions may not be physically feasible given the manipulators final structural 
appearance.  

Solving the inverse kinematics is essential for manipulators since the trajectory 
planner solves the joint variables for each tool center step in the Cartesian space. It is 
therefore highly preferable that the inverse kinematic equations are solved analytically as 
the time needed for computation will significantly decrease compared to numerical 
methods.  

For a six DOF robots consisting of an anthropomorphic arm and a spherical wrist, the 
inverse kinematics can be decoupled into two simpler problems namely inverse position 
and inverse orientation. The characteristic of an anthropomorphic arm is it consisting of 
three revolute joints with the first joint axis being orthogonal to the other 2 joints axes 
which are parallel. The feature of a spherical wrist is the three last joint axes intersecting 
at a point called wrist center.  

The first three joint variables are calculated following a geometrical approach. Here 
only one of the possible four solutions is illustrated.  

The wrist center point in the Cartesian space is defined by subtracting the distance 
between the wrist center point, on axis 4, and the tool center point, on axis 6. 

6
6 0 kwc tcp p d R= − . 

The first joint angle is calculated by projecting the wrist center point on the x0-y0 
plane, see Figure 3-9. 

1 tan 2( , )wc wcA y xθ =   

 
Figure 3-9.  The first, second and third joint angles are solved following a geometric approach  

The third joint angle is then computed by firstly calculating angle t1 using the cosine 

law, observing that 1 1cos cos( )t tπ− = −  and ( )2 2
4 3oa d a= + , 
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2
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r s a oat D
a oa

+ − −
= =  

2
1 tan 2( 1 , )t A D D= −  

where 

( )( )2
2 2 2

1wc wcr x y a= + − and 1wcs z d= −   

t2 then becomes 
1 4

2 1cos dt t
oa

− ⎛ ⎞= +⎜ ⎟
⎝ ⎠

 

and θ3 is given by 

3 22
tπθ = −  

Hence the second angle is computed as following, 
2 4 1tan 2( , ) tan 2( sin , cos )A s r A d t a d t2 4 1θ = − +  

For the three first joints, four solutions can be found following elbow up and down 
configurations and also left and right arm configurations. After calculating the inverse 
position of the manipulator then the last three joint variables are easily calculated since 
the tool center rotation 6

0R  is also known. 

( )6 3
3 0

T 6
0R R R=  

When computing the inverse orientation another two solutions are found which 
amounts to a total of eight inverse solutions for a 6 DOF robot. For further reading please 
refer to Spong et al. [27]. 

Inverse Velocity and acceleration 
For inverse velocity, the velocity of the end effector is given and the joint velocities 

required are computed by using the Jacobian J(q), which is a relation matrix between the 
tool center velocity in the Cartesian space ( TX v w)=  and the joint velocities . The 
elements of the Jacobian are derivatives of each position equation with respect to the joint 
variables. Thus when the Jacobian is square and non singular, the joint velocities are as 
follows 

( )q t

1( )q J q X−=   
The joint accelerations are then calculated q

1( ) ( ( ) )dq J q X J q q
dt

−= −    

Singularities 
Identifying singularities is generally an important part of robotics control, i.e. 

indentifying configurations where certain motions are not possible. Not being in focus in 
this work, only a brief explanation is given. Singularities are classified into boundary and 
internal singularities. Boundary singularities occurs when the robot is completely 
outstretched or retracted and internal singularities is caused by the alignment of two or 
more axes in motion. 
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Trajectory Generation 
In robotics two type of trajectory planning is used, joint space and operational space, 

Sciavicco et al. [26]. In joint space trajectory planning an algorithm is generated for the 
joint variables q(t), resulting in a hard to predict trajectory of the tool center through 
direct kinematics. However if the trajectory is planned in operational space then the tool 
center is moved according to the trajectory and the resulting joint variables are computed 
in respect to the inverse kinematic algorithms introduced.  
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Figure 3-10.  The Cartesian trajectory is divided in smaller segments 

The path generated in operational space is divided into several path primitives, which 
can be linear or circular, see Figure 3-10.  

For linear segments connecting points ip  and fp  following formula is used 

( )( ) i f
f i

s
ip s p p p

p p
= + −

−
 

For a circular segment with initial points ip  and center point c , where  

ip cρ = −  
and the rotation matrix R  in respect to the base frame is given, following 

representation is used 
( )
( )

cos /
( ) sin /

0

s
p s c R s

ρ ρ
ρ ρ
⎡ ⎤
⎢ ⎥= + ⎢ ⎥
⎢ ⎥⎣ ⎦

 

To initiate the trajectory for the tool center position the time dependent variables 
velocity and acceleration are needed, here for the linear segment 

( )

( )

f i
f i

f i
f i

sp p p
p p

sp p p
p p

= −
−

= −
−

    

and for the circular segment 
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3.2.3. Dynamics 
In dynamics full considerations is taken on the forces and torques required to produce 

the sought after motion. Computation of the dynamic behavior is considered essential in 
terms of manipulator design, control design and trajectory planning to name a few. In 
manipulator design a dynamic model provides means to i.e. choose drive train 
components for each axis by performing life time estimations on the components and 
calculating the static torques needed for specific robot configurations. Generally two 
methods are used to analytically derive the dynamic properties of a robot namely Euler-
Lagrange equations and Newton-Euler formulation. In the Euler-Lagrange formulation 
the manipulator is treated holistically by calculating the potential and kinetic energies. In 
Newton-Euler formulation each link is treated separately. Both methods solve the same 
problem, however the choice of method is very much depending on the application, i.e. 
the Lagrangian computes the dynamic equations directly while the Newton-Euler 
calculates all forces and torques and not only the generalized ones acting around the 
joints. For further reading see Sciavicco et al. [26]. Since only the Newton-Euler 
formulation is utilized in the Application Examples sector to create a dynamic model, 
here a brief description is given. 

Newton-Euler 
In the Newton-Euler formulation, link velocities and acceleration are iteratively 

computed, a so called forward recursion 
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When the above properties are known the force and torque interaction between the 
links are computed backward recursively from link n to 1. 
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Where ω  is the angular velocity and ω  angular acceleration,  and  describe the 
acceleration at the end and at the center of each link respectively, 

ea ca
f  and τ  describe the 
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force and torque between each link respectively. R  is the rotational matrix, I  the mass 
inertia,   the gravity acceleration and  the positional vector. 0g r

3.2.4. Electric Motors 
The most common electric motors in robotics are AC motors, Brushed DC motors, 

Brushless DC motors and Stepper motors, see Niku [28]. The basic principle of these 
motors is the same since they basically consist of two parts, namely a stator and a rotor 
(Figure 3-11). A carrying current within a magnetic field will experience a torque, forcing 
the rotor into rotation. When actively changing the direction of the current the rotation is 
sustained. However how this mechanism is done in practice is what separates the motors 
apart. 

 
Figure 3-11.  Simplified representations of brushed DC motor to the left, brushless DC motor in the 

center and hybrid stepper motor to the right 

The stator of a brushed DC motor consists of a permanent magnet creating a fixed 
magnetic field and the rotor is made of one or several windings. The rotor comes into 
motion when the direction of the current fed to the windings is continuously switched 
through brushes mounted on the commutator. The major disadvantages of a DC motor are 
caused by the brushes which lead to friction causing lower efficiency, wear out and noise. 

In an AC motor the rotor is permanent magnet and the wirings are mounted on the 
stator instead. The switching of current is generally obtained by the altering current (AC) 
through the wirings causing a rotating magnetic field forcing the rotor to follow and 
rotate. Because of a constant line frequency AC motors have the disadvantage of fixed 
nominal speeds. However because of housing the wiring on the stator, the heat dispatch is 
much more effective than brushed DC motors. 

A brushless DC motor is constructed very similarly to an AC motor with the 
difference of being powered with direct current. The waveform is electronically switched, 
meaning that unlike AC motors, brushless DC motors operates well in both low and high 
speeds.  

Stepper motors are very close to the design of brushless DC motors. However for 
stepper motors the rotation is not continuous and is instead caused in steps by the 
windings being energized and de-energized in a stepping sequence. Therefore there is no 
need of feedback though the angular position of the rotor is equal to number of steps 
inputted. To achieve smaller steps hybrid stepper motors are used where number of steps 
is dependent on number of teeth on the rotor, see Figure 3-11, i.e. a 200 teeth rotor can 
perform 400 steps or 800 half-steps per revolution. New hybrid stepper motors are also 
able to perform microstepping motion, generating a smother movement. The major 
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disadvantage of stepper motors is that the torque output decreases considerably with 
increasing speed. This is due to the fact that the rotor has to start and stop repeatedly for 
each step. Consequently stepper motors are not useful in applications where high angular 
velocity is desired. 

When selecting electric motors, in the design of serial manipulators, the RMS torque is 
seen as an important constraint. The RMS (Root Mean Square) torque provides an 
estimate on the average load of the motor and variations of the RMS torque therefore also 
give an indication of the variation of the temperature. 
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Where T(t) is the corresponding motor torque. 
 

3.2.5. Gears 
The motors described previously operate in speeds not suitable for industrial robots 

and therefore speed reduction transmissions are needed. Traditionally spur gears and 
planetary gears have had a major share in the robot industry for revolute joints 
transmission spanning from base to wrist axes, see Figure 3-12.  

 
Figure 3-12.  The four most common gear types in industry robotic applications  

However the transmission trend is rapidly moving to harmonic drive and cycloid 
gears, see Figure 3-12, offering better efficiency, higher speed reduction and higher 
torque output. The efficiency of harmonic drive and cycloid gears is due to:  

• Transmitting parts rolling instead of grinding which reduces friction and 
therefore resulting in less heat generation and ware out. 

• Number of teeth in contact is greater than traditional planetary gears, evening 
out the load and therefore increasing the maximum output torque of the gear. 

Although the principle of speed reduction and general output characteristics for both 
harmonic drive and cycloid gear is very similar, the actual underlying mechanism is 
different, for more reading see Harmonic Drive [29] and Nabtesco Drive [30]. 

In order for the designer to be able to choose correct transmission according to product 
requirements, the lifetime of the gear has to be calculated during the design process. The 
manufacturers provide formulas to calculate the lifetime, i.e. cycloid gears (Nabtesco 
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Drive [30]) are dependent of the rated performance values of the gear as well as the 
actual values of how heavily the gear is run in terms of torque and speed. The definition 
of lifetime is then 
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where  is the predicted lifetime in hours, K is a converting factor, is rated 
output speed,  is rated output torque, and  is average output speed. 
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where n(t) is the actual time varying gearbox speed during a robot cycle, and T(t) is 
the corresponding gearbox torque. 

The lifetime equations described are utilized in the Application Examples to 
investigate the lifetime properties of various robot concepts. 

 



 

 

4  
Application 

Examples 

N THIS SECTION the proposed theories are utilized with the aim of achieving holistic 
design frameworks for two separate engineering applications. In the first application 

example, a civil aircraft model is considered and in the second example, study on a 
modular industrial robot is performed. Both examples have emphasis on how to establish 
the complex dependencies between geometry and design analyses models, as well as 
decreasing time of re-modeling. The CAD models illustrated in this chapter are modeled 
in CATIA V5 [31].  

I 

4.1 Example A: Civil Aircraft Model 
Research on a novel, multidisciplinary and holistic design framework for early aircraft 

design phase is currently being conducted at the divisions of Machine Design and FluMes 
at Linköping University. The motivation of the stated framework is to produce an 
alternative design approach to the traditional and statistical based methods. The major 
disadvantage of statistical approaches is due to the inability to perform design on new 
type of aircraft falling out of the methods validity range. It has been effectively 
demonstrated by Jouannet et al. [32] that the mass properties of an aircraft can be 
effectively estimated through CAD tools. Furthermore Krus [33] has shown that the 
hydraulic system of an aircraft can be modeled using differential algebraic equations, in 
order for the model fidelity to increase. Gavel [34] has produced methods and models 
predicting the fuel system characteristics of an aircraft, as Berry [35] have conducted for 
landing gears. Amadori et al. [36] have successfully tailored complete frameworks for 
automated design of micro UAVs, where a complete design with the belonging drive 
train components is suggested by the optimization algorithm. Lundén et al. [37] proposes 
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novel methods for integration of distributed models and finally Ölvander [38] depicts 
methods for multidisciplinary optimization on simulation based design. Here it will be 
described how the complexity of the concept under study can increase greatly and still be 
manageable and ultimately utilized in future automated design studies. 

The challenge is to perform accurate weight and aerodynamic predictions already 
illustrated in earlier work by Amadori et al. [36], on more complex geometries such as 
civil aircraft. During conceptual design work it is required that the models are able to 
simulate a wide range of design alternatives.  

4.1.1. Geometry Model 
In the design of civil aircraft, repetitive work occur rather frequently. The CAD model 

can effectively be used for weight estimation and the geometries used for aerodynamic 
calculation as suggested by Amadori et al. [36]. The modeling approach adopted for 
designing the geometry is seen in Figure 4-1. Because of the complex geometric 
dependencies it was chosen to incorporate an MDR assembly to easier define the 
geometries in the MDC and MDS assemblies. Hence, when the shape of the MDR 
assembly is modified parametrically then the constraints defined for the MDS and MDC 
will adapt simultaneously and automatically, causing the geometric objects in each 
assembly to react.  

 
Figure 4-1. The architecture setup of the aircraft model 

The MDS assembly generates the structural layout of the entire aircraft, where the 
geometric features which are repetitive are made as high level templates and can thereby 
be generated and de-generated parametrically, i.e. the ribs of the wing, see Figure 4-2.  

 
Figure 4-2. Generation of Rib instances follows user input of number and placement of each template in 

the MDF assembly and the instances are then made in MDS according to the rib template produced and 
following the constraints in the MDR assembly 
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These templates are made according to the MBR or SBR stages demonstrated in the 
morphological pyramid and instantiated as specified in the GAI of the topological 
pyramid. Therefore upon instantiation each context dependent instance will be able to 
change parametrically. 

The MDC contains the templates such as doors, windows and galleys which are 
parametrically modifiable. These parameters are selected discretely from a component 
database and the geometric parameters are transferred to the created instances. The 
templates are made according to the MBR stage of the morphological pyramid and 
instantiated as specified in the GAI of the topological pyramid. 

To be able to generate a wide range of different concepts, the MDR assembly is 
constructed to be very robust and flexible, see Figure 4-3.  

 
Figure 4-3. The MDR assembly has a broad range of design alternatives 

The power of this approach derives from the possibility to parametrically determine 
number and placement of propulsion(s), placement of the wing on the fuselage and 
placement of the horizontal tail either on the fuselage or the vertical tail. This gives the 
MDR a very wide design space and moreover each component is able to change 
morphologically. 

Consequently the MDR is not very detailed for any specific aircraft type. However 
when a specific design is considered then the design space can be narrowed down. The 
reference geometries in MDR can be replaced offering higher fidelity for a specific type 
of aircraft, see Figure 4-4. 

 
Figure 4-4. The MDR can be modified or replaced to more detailed geometries as the design process 

carries on, as seen here for the wing-fuselage interface which is tangent to both bodies in the right picture, 
unlike the left picture where no tangency is used 

4.1.2. Aerodynamic and Weight Predictions 
Fast information on the aerodynamics and weight properties of the aircraft is possible 

following a multidisciplinary framework, see Figure 4-5. Following parametric input 
from a user interface, defining the morphological and topological features of the aircraft, 
instant aerodynamic and weight output is generated. 
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Figure 4-5. The weight properties (in MDC and MDS) and the aerodynamic results (Panel Code) are 

automatically computed following parametric input in the user interface. 

To achieve aerodynamic simulation on the panel solver, the surfaces of the MDR is 
transformed to points, hence the choice of creating a dynamic mesh model in CATIA. 
The produced mesh consists of quadrilateral or triangular panels. The position of each 
node is exported to a text file where it is modified into the correct format and employed 
as an input file for the aerodynamic panel solver PANAIR. The observed results (Figure 
4-6) are very promising, where a comparison to wind tunnel test confirms the framework 
validity. For more detail regarding the results obtained see Paper II. 

 
Figure 4-6. A Comparison on the CL to alpha curve of a wind tunnel test and the proposed framework, 

where the un-dotted line represents the data gathered from the panel code solver 

The weight property estimation of CAD tools is not new and unquestionably a well 
accepted fact in both academia and industry as demonstrated by Jouannet et al. [32]. 
However by adopting the proposed framework, faster output is generated though no time 
is wasted in re-creation of repetitive geometries.  
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Conclusively it can be assumed that though the applied framework has a proven 
validity for using the real 3D geometry for weight and aerodynamic prediction as 
observed in Paper II, it can therefore be applied to unconventional aircraft design where 
traditional methods cannot, though based on statistical data. Hence this approach can 
pave way for conducting design on truly new concepts. 

The decomposition of the civil aircraft geometry is described more comprehensively 
in Paper I. The process of geometric and aerodynamic integration is further depicted in 
Paper II. 

4.2 Example B: Modular Robot Model 
The concept of redundant industrial modular robots has been discussed intensely since 

late 80, i.e. Krenn et al. [39] and Paredis et al. [40]. Recently these robots are becoming 
increasingly attractive for robot manufacturers, such as Motoman [41] Nachi [42]and 
Robotics Research [43], with features such as maximizing the operational work space. 
Also the increased flexibility followed by increasing number of DOF makes redundant 
modular robots more suited for applications where increased mobility is requested i.e. 
Bluethmann et al. [44], see Figure 4-7. To more effectively understand and manage the 
complexity of this technology and find the optimal solution for a family of modular 
robots, a novel design framework is being developed at Linköping University, i.e. 
Lundén et al. [45] and Petterson et al. [46]. 

 
Figure 4-7. Striking similarity observed between links 1, 3 and 5 

When observing the structure of the robot in Figure 4-7, one striking feature often left 
out when listing the number of benefits, is the modularity and similarity between the 
links. This opens a new dimension of possibilities from a design and modeling point of 
view. If sufficient modeling techniques are applied then the design phase for each link 
can be reduced to fractions by applying design reuse and automation. 

The mechanical structure of the modular redundant robot consists of a base followed 
by a series of modular structure links. Each module consists of drive-train components 
(servo actuator, combining precision Harmonic Drive gearing with highly dynamic AC 
servo motors). Major components of the robot controller are power units, rectifier, 
transformer, axis computers and a high level computer for motion planning and control. 

The design choices made on the links before applying modularization and reuse are 
not trivial. Considering the fact that limited knowledge is at hand concerning the 
properties of the finished product, some design aspect should be easy modifiable during 
the entire design phase. One example is the type of drive train used. The choice of type of 
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motors and gears dictates the shape of the robot links. Changing the gear type should not 
be encountered with re-modeling of the entire geometry model. An important factor here 
is therefore a possibility for the design team to remedy shortcomings of certain design 
choices made early on. In order to do so, various properties of the robot should be 
analyzed throughout the geometric design process. Important properties to check are the 
kinematics and dynamics of the robot which in turn are utilized to compute life time 
estimations on certain components. To faster evaluate the geometric design alternatives, 
the dynamic and geometric models are integrated through a user interface where the 
design data for both models are stored, see Figure 4-5.  

 
Figure 4-8. The weight and the dynamic properties are concurrently computed following parametric 

input in the user interface. 

Following input in the user interface, fast data from both models are gathered 
simultaneously, supporting the design of the robot following a holistic approach, where 
various engineering aspects of the robot are analyzed concurrently. Also in the 
component library both the geometrical and dynamical aspects of the components are 
stored. 

4.2.1. Geometry Model 
As mentioned previously one important factor for making the geometry model has 

been the possibility to remedy poor design choices in an early design phase. Thus the 
model is divided in component (MDC) and link (MDS) assemblies, where each assembly 
can be modified without affecting the other as seen Figure 4-9. 

 
Figure 4-9. The architecture setup of the modular robot model 

Each assembly is defined by importing the geometries of high level templates, stored 
in template libraries (Figure 4-10). Firstly the number of axis of the robot is determined, 
calling a procedure importing the geometries from the MDF template to the MDF 
assembly, as specified in the GAI of the topological pyramid. The constraints of each 
initiated instance are given by the translation and rotation of the previous instance. The 
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MDF templates are based on MBR morphology. To customize the skeleton of the robot 
the user has to define the start and end position, the rotational axis and the position of the 
components for each instance in the MDF assembly. 

 
Figure 4-10. The relations between the assemblies and template libraries visualized 

To define the MDF and MDS assemblies, templates are chosen parametrically. For the 
MDS assembly the retrieved high level templates are based on MBR and are able to 
morphologically adapt following instantiation, though containing geometric design 
parameters.  

Since detailed methods for creation of high level templates has been outlined, the user 
is not forced to merely choose from the templates available. New templates can easily be 
created, placed in the library and called parametrically into the assembly. 

In cases where component complexity is too extensive, creating parametric modifiable 
components can be very time consuming, which is the case of detailed motors and gears 
in robotic applications. The approach adopted here is to instead create component 
libraries where static geometries (FO) with no morphological value are installed. These 
components are then imported to the MDC assembly following discrete parametric 
inputs. 

4.2.2. Kinematic and Dynamic Modeling 
To support the geometry modeling, the dynamic properties of the robot has be 

simulated in order to reject poor geometric design choices. Simultaneously, to be able to 
compute the dynamic behavior, the weight properties have to be known. Therefore there 
is a need to have integration between these disciplines as seen in Figure 4-5. 

Two different dynamic models have been used to predict the properties of the modular 
robots. By being able to choose a dynamic model the modularity of the framework is 
confirmed.  One of the dynamic models is developed in house at ABB Robotics and the 
other is developed using the Modelica language and standard library, see Elmqvist et al. 
[47]. In Paper III the Modelica standard library is used in order to create the dynamic 
model and in Paper IV Mxperf is utilized to simulate the dynamic behavior of the robot. 
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ABB Mxperf  
Mxperf is an in house simulation tool developed at ABB. The equation of motion for 

the robot is implemented in the simulation program which also includes path and 
trajectory planner and calculates properties such as torques, accelerations, speed and 
cycle-times. 

Modelica model 
The dynamic model created in the tool Dymola (Elmqvist [48]) consist of three sub-

components, as seen Figure 4-11. The first component, a trajectory planner, computes 
the trajectory for the robot in joint space. The joint space trajectory is then sent to the 
drive train consisting of electrical and mechanical models of the motors and gears. The 
output from the drive train component is then used to generate motion on the rigid body 
model, containing mechanical structure of the links. 

 
Figure 4-11. Dynamic model created by utilizing the in house modeled trajectory planner and the 

Modelica standard library 

The trajectory planner (Figure 4-12) consists of four sub-components, namely a 
Trajectory Generator, a DH Parameter component, a Dynamics component and finally 
an Inverse Kinematics component. These components are modeled according to the 
theories outlined in Application Theory.  
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Figure 4-12. The trajectory planner is modeled using the Modelica language 

The components visualized in Figure 4-12 have the following features:  
• DH Parameters: The actual kinematic structure of the robot is defined by 

choosing the Denavit-Hartenberg parameters of the sought after concept. This 
component doesn’t contain any mathematical equations to execute upon 
simulation. The purpose of the component is to forward the DH parameters to 
the Dynamics and Inverse Kinematics components where the kinematic 
structure of the robot is needed. 

• Trajectory Generator: The Cartesian space trajectory is user defined, i.e. 
number of trajectory segments.  

• Inverse Kinematics: This component is divvied into Inverse Position and 
Inverse Velocity components. In Inverse Position, the joint angles are 
computed and sent to the Inverse Velocity component. Here the 
transformation matrix for each axis is computed by utilizing on the pre-
described DH-parameters and joint angles. Once the transformation matrix 
for each axis is defined, the Jacobian of the robot can be determined and 
thereby joint velocities and accelerations computed as well. 

• Dynamics: Here the Newton Euler formulation is implemented where the link 
velocities and acceleration are computed, forward recursively, starting with 
the first link. When the kinematic properties of the links are calculated then 
the force and torque vectors between the links are backward recursively 
computed, starting with the last link. 

When performing a simulation, following event sequence will take place: 
1. DH parameters are sent to both the Dynamics and Inverse Kinematics 

components to attain the correct kinematic structure of the robot.  
2. The tool center position, velocity and acceleration vectors in Cartesian space 

for each time step are generated by the Trajectory Generator and sent to the 
Inverse Kinematics component. 
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3. The Inverse Kinematics component determines the joint angles for each time 
step and by using the Jacobian, computes the joint velocities and accelerations. 
The joint angle, velocity and accelerations are sent to the Dynamics 
Component for each time step. 

4. The Dynamic Component calculates the force and torque vectors at each axis. 
5. The joint values generated in the Trajectory Planner, see Figure 4-11, 

component are sent to the drive train component as input signals to ultimately 
put the Rigid Body Model into motion.  

6. Properties such as friction and life time estimation of each component are 
computed in the Drive-Train component.  

4.2.3. Automated Design of Modular Industrial Robots 
To evaluate the automation possibilities of the depicted framework, an optimization 

task for an industrial modular robot has been performed. Beforehand, different concepts 
for the modular robot have been analyzed by varying the MDS templates of the geometric 
model. Finally one high level template was chosen as the most promising and hence 
forms the basis for the more detailed optimization study. The selection was made mainly 
by analyzing and choosing the concept with the best structural strength, least joint angle 
restrictions inflicted by the mechanical structure and naturally, dynamic performances. 
The Dynamic model utilized in this test case is Mxperf. 

Objectives 
In the problem formulation the objectives are to minimize the cycle time (CT) and the 

component cost (Cost) while assure a prescribed gearbox life (GL) and tool centre point 
acceleration (TCPacc). The optimization variables are choice of servo actuators and torque 
and speed limits for axes 1, 2 and 3. The optimization problem is limited to three axes in 
order restrict the design space for the optimization algorithm. Ideally all 7 joint could be 
optimized using the same approach. 

Each robot configuration is evaluated using a set of representative duty cycles and the 
objectives and constraints are calculated based on dynamic simulation of these cycles. 
Hence the cycle time is obtained by summing the cycle time for all cycles, whereas the 
constraints are evaluated for each cycle separately and the penalties are then summed. 
The cost is simply assumed to be proportional to the size of the servo actuator, and hence 
Cost is just a sum of the component sizes.  

Results 
The optimization problem stated has been solved using both a genetic algorithm and 

the discrete Complex method, in order to increase the confidence in that the global 
optimum is really found and to compare the two algorithms. Both methods have 
identified the same solution at numerous optimization runs, giving confidence to the fact 
that the true optimum has been found.  

The genetic algorithm is slightly more robust in identifying the global optimum, but it 
does require more function evaluations in order to converge. In average the Complex 
method needs about 800 function evaluations whereas the GA needs 3000. Of the 
function evaluations around 200 involves calls to the CAD model for the Complex 
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method whereas 300 CAD evaluations are needed for the GA. All together the Complex 
method requires around 4 hours on a 2.4 GHz PC, whereas the GA requires 10 hours. 

The design vector for the obtained optimal point is: 
[12, 11, 7, 1.20, 1.59, 1.61, 0.89, 0.89, 0.94]=x  

This implies that the servo actuators 12, 11 and 7 should be used for axes 1, 2 and 3 
respectively. The convergence of the optimization process for the complex method is 
visualized for the choice of servo actuator in Figure 4-13, and for the continuous 
variables determining the torque and speed limits of the gearboxes in Figure 4-13. 

These selected servo actuators have a maximum output torque of (372, 216, 151) [Nm] 
respectively and a rated torque of (178, 178, 87) [Nm]. For a complete description 
concerning the optimization formulation and results, see Paper IV.  
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Figure 4-13. Convergence of the servo actuator for each axis (left) and continuous variables (right) 

4.2.4. Rapid Concept Realization 
When conducting design on complex mechatronic products it can be valuable to test 

and evaluate the concepts throughout the design process by producing them in down 
scaled prototypes, see Jouannet et al. [49]. This is especially true when the product is of 
unconventional design and the designer can get increased confidence of the proposed 
concept by testing it as a sub scaled version. 

Nonetheless, the process of constructing the concepts should be done in a rapid 
fashion in order to provide fast and critical information without halting the design 
process. For that reason, the manufacturing process can to a high degree be automated 
where construction of the physical prototype can initiate immediately upon decision. 

The objective is to show that the design framework for modular industrial robots can 
be applied to design and set up concepts rapidly. This project has recently been initiated 
and will in future be utilized to validate the simulation data achieved during the design 
process.  Here only a holistic and brief description is given, for more details please refer 
to Safavi [50].  

The robot components described earlier, are replaced, i.e. instead of harmonic drive 
and brushless dc motors, a stepper motor and a planetary gear are used as drive train. 
Nevertheless, because the geometry model is constructed in a dynamic top down fashion 
and the topology of the robot assembly is modifiable, only new link and drive train 
templates are needed to be added in the template library, see Figure 4-16.  
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Figure 4-14. The type of drive train was modified during the design phase of the concept realization 

robot which resulted in new templates in both the MDS and MDC libraries 

By adding new MDS and MDC templates in the template library, it is possible to 
define and assemble a new type of modular robot from the user interface, see Figure 4-15. 

 
Figure 4-15. Comparison between the CAD and the physical prototype link 1 & 2 

The concept realization process portrayed in Figure 4-16 begins by defining the 
geometry parametrically. The mass properties are then automatically exported to the 
dynamic model where the dynamic properties are estimated. In the dynamic component, 
see Figure 4-12, the torques and forces needed at each link, for a set of trajectories, are 
computed. By specifying the motor parameters in the drive train component, see Figure 
4-11, the dynamic behavior of the motors are further calculated. Thereby suitable 
geometries for the links and selection of drive train units are faster approximated.  

When the final design is set, a physical prototype can be assembled. The drive train 
controller of the prototype receives the reference joint values from the trajectory planner 
of the dynamic model. Since the implemented motors are of the type hybrid stepper 
motors, there is no need of feedback control and the angular position of the rotor is equal 
to the number of steps inputted. 
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Figure 4-16. The process of concept realization initiates with geometry definition, evaluated in a 

dynamic model, then a controller is automatically defined and finally a prototype manufactured  

The physical prototype is manufactures with a 3D prototyping machine. The 3D 
printers used are suitable for this purpose, since complex geometries are produced time 
efficiently. Following various test cycles performed on the prototype, the dynamic model 
can be further modified in order to calibrate the reference variables of the robot 
controller. If the physical prototype does not fulfill the defined requirements, the process 
of a new concept can be initiated. This iterative process continues until the prototype’s 
performance is satisfactorily evaluated. 

In order to evaluate the predictability of the framework, a trajectory performed by the 
prototype is compared to one simulated by the dynamic model. The motion is generated 
by first defining the DH parameters of the sought after concept and then specifying a 
number of trajectory segments in the trajectory generator, see Figure 4-12 and Figure 
4-17.  

 
Figure 4-17. The DH parameters (above figure) and Trajecotory segments (below figure) are 

inputted as illustrated 

Two separate test motions have been defined. The first test consists of 15 line 
segments of which 6 segments are on a vertical board surface (to write LIU). The second 
test consists of 6 line segment of which 4 segments are on a vertical board surface (to 
draw a rectangle), see Figure 4-18. By being able to conduct these trajectories it can be 
concluded that the set up of the trajectory planner is correct and that the procedure from 
the dynamic model to the prototype robot controller is also properly integrated. 
Furthermore it can be assumed that the assembled geometries in the CAD model have 
kinematic validity, though if the prototype would not have the correct kinematic 
structure, then the performed trajectories would turn out to be very different to the 
computer simulations. 
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Figure 4-18. Comparison between the trajectories performed by the dynamic model and the physical 

prototype 

The initial results achieved from the prototype tests are promising and thereby further 
confirms the advantages of the proposed automated design framework. For more details 
concerning this project and the results obtained, see Safavi [50]. 



 

 

5  
Discussion and 

Conclusions 

 
HIS THESIS DISCUSSES CAD modeling techniques for design reuse and 
automation realization. An automated design process is achieved once knowledge is 

effectively captured, stored and executed. It has been established that the type of models 
and analysis tools employed in a knowledge based system vary depending on the product. 
Complex products generally have an intricate dependency between geometry, dynamic 
performance, functionality and cost. Thereby key framework enablers, to achieve 
automated design, are flexible and reusable geometry models. The geometry models 
provide various analysis tools with geometric input, i.e. exterior surface for CFD 
analysis, solid geometry for FE-analysis and mass properties for multi-body dynamics.  

T 

The methodologies for geometric modeling proposed in this thesis are based on top 
down modeling, but with the fundamental difference that the model hierarchy is not 
static. Geometries for repetitive components are saved in high level templates, which in 
turn are stored in template libraries and instantiated to the CAD model parametrically.  

To verify the hypothesis concerning elimination of repetitive work, multidisciplinary 
design on two different types of products has been performed. The application examples 
have confirmed that various aspects of repetitive and non-creative design can be 
eliminated by implementing a dynamic top down modeling and store repetitive 
geometries in templates. In both examples, the geometry models serve as framework 
integrators, providing geometric input to the analysis tools involved.  

In the first application example, a framework for civil aircraft structure, interior layout 
and aerodynamic integration is presented. Here a reference model (MDR) is proposed as 
geometry integrator for the framework models. The built in knowledge in the MDR 
allows the user to parametrically search through a wide design space, spanning from 
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small business jets to larger passenger aircraft. Following the definition of the geometry, 
an aerodynamic simulation can be initiated. The exterior geometry of the aircraft is then 
automatically meshed and following series of procedures sent to the aerodynamic panel 
code solver. Contrary to classical statistical approaches, this framework utilizes the real 
3D geometry of the aircraft for weight and aerodynamic computations, thereby analysis 
on more unconventional concepts is also feasible. 

In the second application example, an automated design framework for modular 
industrial robots is presented. It is illustrated that by storing the drive train and link 
geometries in template libraries, the design space can effectively be expanded. Unlike 
conventional approaches where only the morphology is modified resulting in a restricted 
design space, here the topology is modifiable as well, allowing new link templates to be 
stored and instantiated. Furthermore a multidisciplinary design framework containing a 
geometric and a dynamic model is suggested. The dynamic behavior as well as the mass 
properties of the robot is simultaneously evaluated through a user interface. To show the 
automation validity of the framework, an optimization problem has been formulated and 
executed. In the carried out optimization the drive train units for a given kinematic robot 
structure has been successfully generated by implementing two separate optimization 
algorithms. To further evaluate the performance predicting accuracy of the framework, a 
proof of concept prototype has been manufactured and operated.  

In conclusion, this work has demonstrated that by featuring high level templates, 
various repetitive and non-creative geometry modeling can be eliminated. This approach 
enables multidisciplinary design where both the morphology and topology of the 
geometry can be parametrically altered. By utilizing the geometry models as integrators, 
other branches of the design framework can be fully automated as well. Making it 
possible to create holistic design approaches where several aspects of the product can be 
evaluated concurrently. 

 
 
 
 
 



 

 

6  
Review of Papers 

Paper I 
In this paper a detailed description regarding the developed framework for civil 

aircraft conceptual design is given. Methods to achieve robust and flexible CAD 
modeling are discussed and the composition of the CAD models is presented. 
Furthermore it is investigated how the framework integration, the user interface and the 
component library should be applied in a multidisciplinary design approach. The paper 
presents a methodology where the proposed framework integrated with a conventional 
aircraft sizing tool can effectively be employed for aircraft conceptual design. The 
benefits of the framework is finally verified as the students of the course Aircraft 
Conceptual Design successfully apply the integrated models to design a family of 
turbofan powered aircraft. 

Paper II 
This paper investigates the possibility to automatically generate the aircraft mesh 

needed to perform aerodynamic simulations using high order panel code. The geometry 
and the mesh of the generic aircraft model are created in CATIA. Excel has been 
implemented as a user interface where all design data is stored and parametric 
modifications of the models occur. To evaluate the automated process, starting from the 
geometry definition to the final output of the panel code solver, a comparison is 
conducted with wind tunnel data gathered at NASA Langley. 

Paper III 
An automated design framework is presented for a backwards-bending industrial 

robot. The framework consists of a parametric CATIA model, a dynamic model created 
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in Dymola, a user interface and a component library. In this paper an important step is 
taken towards the integration of geometric models and models for estimation of dynamic 
behavior of a mechatronic system. The approach facilitates a holistic view of the 
complete product from the early stages of the design process. Furthermore, a real world 
industrial application from the field of industrial robotics is used as a proof of concept. A 
commercial non-gradient solver is applied to find the optimal relation between the lower 
and upper arm of the robot as well as optimal motors for a given reach and payload.  

Paper IV 
In this paper a multidisciplinary design approach is undertaken to design and optimize 

the geometry and drive train of a modular industrial robot. One of the main challenges 
which emerged in the previous paper was the time demanding process to generate new 
concepts. Since the geometric model in Paper III was only able to parametrically adapt 
within a static design space. Therefore to perform analysis on an entirely new concept, 
extensive manual re-construction had to be done on the CAD model. As a result a new 
methodology for geometric modeling is presented here. The geometric and the dynamic 
models together with a component database are then effectively connected through a user 
interface and hence global simulation of the system models is made possible. To evaluate 
and optimize the system model, non-gradient based algorithms, namely Complex RF and 
a Genetic Algorithm are used. 
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