
PRELIMINARY DESIGN SUPPORT FOR 
MECHANICAL PRODUCTS BASED ON 
FUNCTIONAL REQUIREMENTS AND 
MODULAR CONCEPTS USING GENETIC 
ALGORITHMS 

Michiko Matsuda!, Yuki Naoda2 and Fumihiko Kimura3 

1 Department of Information and Computer Sciences, Kanagawa Institute of Technology 
2Graduate School of Engineering, Kanagawa Institute of Technology 
3Graduate School of Engineering, The University of Tokyo 

Abstract: In this paper, a system which provides design drafts of the mechanical 
products based on functional requirements is discussed. Functional 
requirements given by the product designer are analyzed in terms of basic 
functions corresponding to the functionality of each component module. Based 
on this analysis, candidates of function modules for the product are selected. 
Then the system searches for several optimum combinations and arrangements 
for modules using genetic algorithms, and proposes design drafts by 
connecting function modules for each arrangement. The trial implementation 
system of the above procedure is applied to "Lego Mindstorms" a building 
block kit for toy robots. As a result, a design draft for the robot is provided 
based on input functional requirements. 
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1. INTRODUCTION 

Traditionally a CAD system is used at the rough design and detail design 
stages. Mostly, the CAD system does not support the conception of the new 
product at the preliminary design stage. On the other hand, the method of 
design by modules as developed in this paper will provide this support. In 
this method, the product is designed by combining modules. This method is 
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applied to mechanical products in various areas (Moon et al. 1999; 
Nonomura et al. 1999; Arinez et al. 2000; Emiris et al. 2001). This method is 
also used for supporting the conception work of the designer. At the 
preliminary design stage, only abstracted requirements on the product are 
given. If a translation from the abstracted requirement to a requested 
primitive function is possible, the primitive function will easily replace each 
corresponding module. 

The objective of this paper is to support the product designer at the 
preliminary design stage including the conception of the new product. The 
designer just inputs functional requirements to the system which is proposed 
in this paper. The system automatically generates several design drafts of the 
product which satisfy functional requirements. The designer can finish the 
preliminary design by selecting and editing these design drafts. 
Methodologies to organize this system are also proposed. 

In this paper, it is assumed that a mechanical product consists of a 
combination of several modules which correspond to primitive functions. On 
the other hand, the functional requirement consists of several primitive 
functions The functional requirements on the product are satisfied through 
executing these primitive functions. Then, first, the mechanism which 
automatically analyses input functional requirements to primitive functions, 
is proposed in this paper. After analysis and breakdown into primitive 
functions, this problem can be considered as an optimization of a 
combination of modules which correspond to the primitive functions. 
Successful results for this problem have been obtained in Lipson's works 
(Lipson and Pollack 2000; Lipson and Siegelmann 2000; Lipson 2001) in 
the Golem project and in Funes's work (Funes et al. 2000). However, their 
objective of research is different. In their work, the type of modules are 
limited and the target product's functionalities are also limited. In this paper 
in the trial implementation, genetic algorithms are applied to an optimization 
of a combination of modules. In the optimization procedure, fitness of 
individuals are sought out to apply to many types of modules and thus to 
increase flexibility of arrangements. 

2. PRELIMINARY DESIGN SUPPORT 

2.1 Preliminary design 

At the first stage of product design, there is only an abstracted request to 
the product, such as a vehicle for the road and a moving tool for a human. 
The product designer imagines the product shape, size, color and so on 
which satisfy the request. In this situation, the designer's imagination is 



Preliminary Design Support 39 

limited by his/her experience, impression, technical knowledge and so on. 
For example, if the request is for a vehicle for the road and moving tool for a 
human, the designer may imagine something like a car which has four 
identically sized tires. Usually, because of the his/her preconception, he/she 
does not think about an unusual style, such as four different size tires. The 
product designer makes a few design drafts, but normally these do not 
include unusual ideas, because they are not part of his/her normal thought 
process. After the product designer at the preliminary stage selects one of 
the design drafts, rough design and then detail design are done using a CAD 
system, as shown in Figure 1. In other words, the traditional CAD system 
supports the rough design and detail design stages, but does not support the 
preliminary design stage such as the conception of the product. 

To support the preliminary design including conception, it is important 
for the designer to imagine freely without constraints of preconception. If 
some of design drafts include some strange and unusual ideas but which 
satisfy the requested functionality, the possibility arises to produce a really 
new product. Furthermore, the newly produced product can be expected to 
have higher adaptability and flexibility for the given request and used 
environment. 

Request! 
vehicle on the road, 
moving tOOl for human, 

, 

~~ 
Design D~ft ~ m 

rough design and detail design 
'--- J 

Support area by tradfti"onal CAD system 

Figure 1. Product design process including preliminary design 



40 Michiko Matsuda, Yuki Naoda, and Fumihiko Kimura 

Functional Requirement 1 ~ Module 1 

Functional Requirement 2 ~ Module 2 .-........-.Design Draft x 

Requirement Functional Requirement 3 ~ Module 3 "'-'- Design draft y 
i I::::::::::;> Mod u Ie 3' 

Design Draft z 

Functional Requirement n ~ Module n 
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Figure 2. Preliminary design by modules 

2.2 Functional requirements and modules 

At the preliminary design stage, first, one abstracted requirement is 
analyzed by the product designer with respect to several functional 
requirements as shown in Figure 2. Here, the functional requirement is a 
technical requirement which is composed of one primitive function or a 
combination of several primitive functions such as transmitting speed, 
connecting between parts, and so on. A functional requirement is actualized 
by one module or a combination of several modules which correspond to a 
primitive function. Here, module means functional module which satisfies 
one primitive function and corresponds to one component, such as gear box, 
bearing, switching unit and so on. Second, modules which satisfy necessary 
functional requirements are selected. A product consists of modules. Finally, 
design drafts for products are generated by combining modules. In this 
paper, a system is proposed which automatically performs the above process 
of module combination, and generates design drafts, in order to support the 
preliminary design. 

3. PRELIMINARY DESIGN SUPPORT SYSTEM 

3.1 Configuration of the system 

In order to support the preliminary design including conception, the 
system will propose several ideas including some that are unexpected by the 
designers. Sometime, these unexpected ideas release the designer from 
preconceived ideas and provide him with good hints. The proposed 
preliminary design support system will assist this type of conception by 
providing draft ideas which are generated by combining modules 
corresponding to required primitive functions. 
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The preliminary design support system consists of four parts: user 
interface, requirements analyzer, library searcher and combination optimizer 
as shown in Figure 3. Abstracted requirements on the product are classified 
to functional requirements by the product designer. Functional requirements 
are input to the system through the user interface. In the requirements 
analyzer, one by one each functional requirement is analyzed with regards to 
primitive functions which correspond to module functions. The library 
searcher finds adequate modules corresponding to the primitive functions. 
The combination optimizer generates adequate combinations of modules by 
applying genetic algorithms, and provides design drafts which fulfill the 
functional requirements on the product. The designer then selects the design 
draft from the provided design drafts and edits it if necessary. 

3.2 Translation process from functional requirements to 
design draft 

The translation process from functional requirements to design process 
proceeds as shown in Figure 4. The functional requirements given by the 
product designer are analyzed in terms of primitive functions corresponding 
to the functionality of each component module. Based on this analysis, 
candidates of function modules for the product are selected. Then the system 
searches for several optimum combinations and arrangements for modules 
using genetic algorithms. Each individual combination corresponds to one 
arrangement for a product which is constructed from modules and attributes. 
Genetic algorithms are applied to individuals. Finally, the system proposes 
design drafts by connecting modules using functional parts for each 
optimized arrangement. 

,.. ...... 
1'0.. .... 

Module -.... 
Li b rary --fI!oo-

l.a 
Fl!nctional fi Draft Ideas 

User Interface 
==t!!f-===o.fl 

, ~ ~~~== 

Figure 3. Conceptual structure of the preliminary design support system 
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Functional Requirements 

Analyze functional requirement in terms of primitive functions 

Select function modules corresponding to each function 

Construct individuals by function modules and their attributes 

Apply the genetic algorithm 

Connect function modules by connecting parts for each candidate 

Design Drafts 

Figure 4. Translation process 

4. DESIGN SUPPORT SYSTEM FOR "LEGO 
MINDSTORMS" 

4.1 Structure of the system 

The above procedure is applied to the robotics invention system "Lego 
Mindstorms", a building block kit for toy robots (The LEGO Group 1999). 
The structure for the trial implementation system is shown in Figure 5. In 
this system, a module is called a "block." Blocks are divided into function 
blocks and connection blocks which are mentioned in Section 4.2. 

The designer inputs functional requirements to the system. These 
requirements are analyzed for primitive functions by reference to the block 
library. The data structure of the block library has a hierarchical structure 
which is mentioned in Section 4.3. Each primitive function is replaced by a 
corresponding function block by a looking-up block in the library. To 
generate arrangements of possible combinations of function blocks, a genetic 
algorithm is applied in combination with an optimizer for function blocks. 
To make connections among function blocks in each generated arrangement 
using connection blocks and to complete this arrangement as a robot body, a 
simple genetic algorithm is applied again in combination with the optimizer 
for connection blocks. These procedures are mentioned in Chapter 5. 
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4.2 Types of blocks 

A function block satisfies one basic functionality and has some constrains 
when part of the robot. Figure 6 shows examples of function blocks. In the 
figure, ReX is a controller, at least one which is required for one robot; a 
small tire and a caterpillar are used in pairs for moving; and a light sensor, 
which is a sensing tool. A function block class has block type, basic function 
type, position, size and some other constraints as attributes. 

Designer f.m 
Design Ideas .. . ~ ~ 

Functional 
Requirements 

I 
Requirements I~ 

...... --Block Analyzer 
Library 

Primitive 
Function /-11 ..-' 

Combination Combination 
Optimizer for -. Optimizer for 

Function Blocks Connection Blocks 

Figure 5. Structure of the design support system for "Lego Mindstorms" 

A single or a combination of connection blocks are used for connecting 
function blocks. Figure 7 shows examples of connection blocks. In this 
figure, some plate type and brick type are shown. A connection block class 
has block type, position, size and some other constraints as attributes. 

Rex Small Tire 
with Motor 

Figure 6. Examples of function block components 

Light Sensor 
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Plate 1 Plate 2 Brick 1 Brick 2 

Figure 7. Examples of connection blocks 

4.3 The block library 

In the block library, relationships between functional requirement, 
primitive functions and blocks are represented in hierarchical description as 
shown in Figure 8. The highest level is functional requirements. One 
functional requirement is decomposed into one or few primitive functions. In 
some cases, several sets of primitive functions can satisfy one functional 
requirement at the same time. One primitive function corresponds to one 
function block. These descriptions of the relation are used when analyzing 
functional requirements and selecting corresponding blocks. 

Functional 
Requirement 

Primitive 
Function 

Function 
Block 

Two Small Tires 
with Motor 

Two Small Tires 
with Motor and Two 

Small Tires 

Caterpillar 

Figure 8. Example of hierarchical description in the block library 
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Figure 9. Initial individuals for function blocks arrangement 
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Attributes of each block such as block size and constraints when used are 
also described in the block library. These descriptions about blocks are used 
when initiating, applying and estimating individuals while processing using 
genetic algorithms. 

5. DETAILS OF THE ARRANGING PROCESS FOR 
"LEGO MINDSTORMS" 

5.1 The arranging process for function blocks 

Evolution programming which is a variation of genetic algorithms is 
applied for arranging function blocks. The arranging process proceeds as 
follows. 

Combination sets of function blocks satisfying functional requirements 
for the robot are selected. An individual is then generated corresponding to 
one combination set as shown in Figure 9. Each element's genotype of an 
individual consists of data on block type, size, base position, direction and so 
on for each component of a function block. Individuals are initiated by 
random positioning of components of function blocks in the design space. 
Base position is described by three dimensional coordinates. Here, as shown 
in Figure 10, the design space is the space where function blocks can be 
placed. The design space is described using a three dimensional coordinate 
system. The maximum size of the design space is 30x:30y:60z[part units]. 
One part unit is 8x:8y:3z[mm]. One part unit arises from the size of the 
minimum block. 
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z~ 
y 

Design space Ground 

30x : 30y : 60z [part units) 

Figure 10. Definition of the design space for function blocks 

To an individual, a higher degree of fitness is given depending on the 
consistency of directional relation between components of a function block, 
consistency of positional relation among components of a function block, 
and consistency of the positional relation between function blocks. The 
individual which has low fitness is screened out, and a new individual is 
produced. Two individuals are chosen at random for the crossover. Position 
data are changed into binary numbers. A two-point crossover is then done on 
the binary position data. In some individuals, random mutations will occur at 
their genes. For a selected gene, its position data value is changed at random. 
As a result, optimum combination sets of functional blocks are obtained. 
This arranging process is shown in Figure 11. 

5.2 The arranging process for connection blocks 

A simple genetic algorithm is applied for arranging connection blocks in 
order to connect function blocks in each combination of function blocks. The 
arranging process proceeds as follows. 

Individuals which consist of several connection blocks selected at 
random are initiated as shown in Figure 12. Each element's genotype of a 
individual consists of data on block type, base position and direction for 
each connection block. Block type is selected at random from thirty-one 
types of blocks. Base position is generated at random in the design space and 
described by three dimensional coordinates. Here, as shown in Figure 13, the 
design space is the space where connection blocks can be placed for 
connections among function blocks. The design space for connection block 
arrangements is defined as including the space of all function blocks in one 
combination group. The operator determines the design space. Direction has 
an x-axis direction or a y-axis direction. Each individual corresponds to one 
draft idea. 
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The arranging process is shown in Figure 14. An individual has higher 
fitness when it consists of fewer blocks and when there are larger contact 
areas between blocks. The individual which has the lowest fitness is 
screened out, and a new individual is produced. A two-point crossover is 
now applied. Two individuals are chosen at random as parents and two 
crossover points are also chosen at random for a crossover. As shown in 
Figure 14, elements between two crossover points in the parents are 
exchanged with each other. This crossover produces two individual children. 
This crossover procedure is repeated until all individuals have had 
crossovers. Some of individuals have random mutations in their genes. 
When a gene is selected for mutation, its value is changed at random. 
Mutations occur with 0.01 probability to every individual. A new generation 
is produced through the above mentioned procedure. This procedure is 
terminated after 1000 repetitions. The few individuals which have a high 
fitness are chosen as design ideas for the robot. 

iV 
u~a~~r:v 

Genotype 
L / 

Brick ;; .. Block Type 

x, V, z .... Base Position 
/ 

1 . .. Direction 

"'-....:.;."5~:' e .:,-. J ~j:~1:.;:. 

Blocks Direction: 1 Direction:2 
, 

Z Z 

Maximum 50 

'~~ _:~. ~~N"'''' ~·" I~·l. _~D 
Individual 1 Individual 2 Individual n 

Figure 12. Initial individuals for connection blocks arrangement 
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Design space 

Maximum size 30x: 30y : 60z [part units] 

Figure 13. Definition of the design space for connection blocks 

6. EXAMPLE 

The arranging process described in Section 5 is now applied to an 
example. The given primitive functions are "speed is low, number of tires is 
four and required torque is high." The example results of function blocks 
arrangements is shown in Figure 15. According to the required primitive 
functions, two small tires with motor and two small tires are selected as 
function blocks. Then one individual consists of five elements induding the 
ReX. Twenty individuals were generated. The arranging process was then 
applied to these individuals. Figure 15 shows two example results. To these 
example results, the arranging process for connection blocks was then 
applied. Finally, the result shown in Figure 16 was obtained. 

7. CONCLUSIONS 

In this paper, a preliminary design support system for mechanical 
products is proposed. In this system, required functionality on the product is 
analyzed with respect to primitive functions, and each such primitive 
function is replaced by a corresponding function module. Genetic algorithms 
are applied for optimizing the combination of modules. The optimized 
combinations which fulfill the constraints are proposed as the design draft. 

The trial system to "Lego Mindstorms" was implemented. This trial 
implementation showed the effectiveness of the preliminary design support 
based on functional requirements and modular concepts. 
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Figure 14. Arrangement process for connection blocks 

( a) ( b ) 

Primitive Function 
Speed: Low 
Tire: 4 
Torque: High 

Function Block 
Two Small Tires 
with Motor and 
Two Small Tires 

Figure 15. The example result of function blocks arrangements 

( a·l ) ( a·2 ) ( a·3) 

( b·l ) ( b·2 ) ( b·3 ) 

Figure 16. The result of connection blocks arrangements for the example function blocks 
arrangements 
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