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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Looking to nature for inspiration, this paper presents fundamental principles and a practical algorithm for the development of innovative designs. 
All the necessary information for design is contained within a “design seed”, which is formed as a set of “design genes”. The genes trigger and 
direct the development of a design within a CAD system and make use of the mechanisms of copy, crossover, and selection. A gene is structured 
as a one-dimensional array, which includes attribute, attribute’s value or type, active status, working conditions (lower value and upper values 
for environmental stimuli), and dominance. Gene action is regulated within a seed, by guiding which genes are switched on/off, and under what 
conditions they are active. Design development is managed within a virtual environment which provides the external triggers and conditions 
needed to regulate the genes. The major processes involved in the development are pattern formation, change in form, and size variation. The 
processes are implemented as a simple algorithm which focuses herein on the development of a single component. Numerical examples are 
presented to demonstrate the effectiveness of the approach. This work provides a theoretical foundation for a novel engineering design system, 
which can develop innovative designs from a seed, transforming the role of designers and capitalizing on advanced manufacturing methods in 
the era of Industry 4.0. 
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1. Introduction  

Innovation in product design is crucial, not just to ensure 
market competitiveness but to meet increasingly stringent 
environmental and economic requirements. Traditional top-
down strategies usually take a topology optimization 
reductionist approach to design where the problem is broken 
into sub-problems until each is tractable. At each step in the 
process constraints are passed down through sub-systems, 
gradually narrowing the design space to focus on a solution. 
However, the consequence of such is that the design space 
becomes increasingly limited as the design progresses and there 
is less opportunity for innovation. To address these issues 
methodologies such as [1] were developed to help create more 

free form geometries that maximize the efficiency of the 
structure. In topology optimization material regions are 
iteratively deleted from an initially specified domain to leave 
only the material that meets requirements. Although this has 
been quite successful it remains a reductionist approach, 
gradually reducing degrees of freedom in the problem domain. 
Therefore, although such strategies are widely used today in 
many practical design problems, innovations are often merely 
perturbations on existing solutions. By contrast, bottom-up [2] 
design systems such as generative design [3-4], take an additive 
approach which strongly encourages divergent exploration and 
exploitation with few predefined solutions. Degrees of freedom 
are continually added to the problem domain offering more 
opportunity for exploration of the solution space. This opens up 
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free form geometries that maximize the efficiency of the 
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iteratively deleted from an initially specified domain to leave 
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been quite successful it remains a reductionist approach, 
gradually reducing degrees of freedom in the problem domain. 
Therefore, although such strategies are widely used today in 
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tremendous opportunities for innovative designs which allow 
unpredicted and novel solutions to emerge during the design 
process. Rather than top-down approaches, therefore, industry 
is increasingly looking to bottom-up design systems to help 
generate innovative design solutions. Moreover, as computing 
[5] and manufacturing [6] techniques have improved, the field 
has dramatically expanded in recent years.  

Although generative approaches to design have shown 
promise, they remain constrained using building block 
approaches and standard libraries of solutions. This work seeks 
a more general underlying approach to generative design that 
will allow greater freedom in exploring the design space and so 
enable more innovation in design solutions. 

2. Lessons from Nature 

Nature generates exciting and unpredictable design solutions 
and many researchers have looked to nature for inspiration in 
their design systems. Nature-inspired design systems attempt to 
exploit biological theories and principles (e.g. Natural 
selection, where stronger concepts survive and the weaker die 
off to see even stronger concepts evolve over time) to create 
innovative solutions to design challenges. Notable work has 
been published in this area including antenna designs evolved 
by using a tree structure inspired algorithm [7], a transport 
network design based on a slime mould growth strategy [8], a 
similar approach used to redesign a partition structure inside a 
commercial aircraft [9] and a plant growth inspired model 
known as the Lindenmayer System [10] that is applied to 
generate branch-like structures in a topology design scheme 
[11]. Moreover, nature-inspired approaches have been applied 
in the design of heat conduction paths [12], electronic systems 
[13], robots [14] and architecture [15]. Reviews can be found in 
[16-18]. These approaches show promise and potential for 
innovation. They hint at a deeper level of design theory, but to 
date each has been focused on a single challenge or discipline 
and has largely developed mathematical analogues for 
solutions. They can therefore be considered largely as 
biomimicry, rather than radical new design paradigms. 
Additionally, these approaches typically focus on design with 
few considerations for manufacturing. 

In nature, a single organism (e.g. a plant) develops as a 
consequence of the complex interplay between the environment 
and the developing organism. In effect, manufacturing and 
design are completely integrated. Over many generations 
organisms evolve to become more suited to their environment. 
However, development (i.e. how an organism grows) is a 
necessary first step along this path [19]. The premise of this 
work is that design development should be a process of 
construction that emerges from interplay between the design 
and the environment. 

To enable design development to occur, the technical 
questions are: (1) Can design be defined at a more elemental 
level and allow variation to emerge within the environment? (2) 
What triggers the decision on how to develop by adding a new 
design feature? (3) Conceptually, are there design genes that 
could drive the development of design form and function, and 
what are the major processes of the design development? 

To start to answer the above questions, this work focuses 
initially on biological development analogies to define the 
fundamental principles and processes of growth, namely: 

1) to investigate basic principles and processes of design 
development from a simple group of design genes;  

2) to define the representation of design genes which 
direct the development of design; 

3) to build a simple algorithm that implements the 
principles to develop designs to meet requirements. 

3. Gene-inspired principles of design development 

In the approach proposed herein, a design emerges from a 
seed consisting of design genes by following a development 
strategy influenced by the environment. As far as possible, the 
design must emerge rather than its formation being tightly 
controlled with predictable solutions. Fig. 1 illustrates that in 
the implementation of this work a design develops from a 
simple set of design genes and is represented as a geometric 
model within a CAD system. The genetic information carried 
by design genes in the seed is the genotype. Its appearance, 
structure, shape or form at any stage of development is the 
phenotype, which includes the interaction with the 
environment. To achieve this, basic principles, definitions of 
design gene and seed, developmental processes, and an 
algorithm for the design development, are needed. 

Fig. 1. Design genes direct development of design. 

3.1. Principles 

Ten principles have been identified, as follows: 
1. A design gene does not know the consequences of the 

decisions it makes. 
2. One design gene can describe only a single attribute. 
3. A design gene comprises of several elements (see more 

details in Section 3.2): attribute, attribute’s type or 
value, active status, working limits, and dominance. 

4. No genes with the same attribute can have the same 
dominance. 

5. A set of design genes is contained in a design seed. 
6. One design seed can develop only one structure 

(coherence). 
7. Environment influences the development of designs. 
8. The same seeds within the same environments have the 

same development path and final formation 
(consistency). 

9. Design development involves the emergence of pattern, 
change in form, and size variation. 
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10. A design seed will develop until a stop criterion (single 
objective or multi-objective) is satisfied. 

The problem of design development can be posed in terms 
of the relationship between genotype and phenotype. The 
question is how the design genes are ‘translated’ during the 
developmental processes to generate to a functioning design. 

3.2. Design gene and seed 

Considering the development of bamboo, the action of its 
genes determines the final form. The same set of genes creates 
leaves, branches, roots and so on. At the outset of growth, what 
ends up becoming a leaf does not plan to become a leaf, it 
happens as a consequence of the interaction between the genes 
and environment as the bamboo develops. Thinking of the 
genes as switches helps in understanding what is happening. 
For example, if the gene for ‘branch’ is active, then a branch 
will develop, otherwise it lies dormant and inactive in each step 
during development. In the work herein, design genes act as 
instructions to allow features to emerge during the process of 
design development in response to stimuli in a given 
engineering environment. They are used to trigger and guide 
the developmental behaviour of a design. 

Design gene: this is the basic geometric and functional unit 
of heredity. Based on principles 1, 2 and 3 stated in Section 2.1, 
in this work a design gene is structured as a (𝟏𝟏 × 𝟔𝟔) array, string 
or sequence of real values which represents the heredity of a 
design, i.e. gene = [attribute, attribute’s type or value, active 
status, working condition (lower value), working condition 
(upper value), dominance] 

• Attribute – describes properties of growth. e.g. “cross-
section” or “direction”, is used to determine the cross-
sectional shape, or growth in a particular direction. 

• Type/value – expression/enumeration of the attribute. 
For example, for a cross-section attribute this might be 
square, or 0.2 mm for a length attribute of a cylinder. 

• Active status – either a 0 or 1 that represents the working 
status of the gene, “0” means the gene is not active while 
“1” means it is active. 

• Lower and upper working conditions for environmental 
stimuli – the interval [lower value, upper value] within 
which the gene remains working. The condition can be 
given as a threshold. E.g. Height ≥ 0.0  mm and 
Height ≤ 1.5  mm as lower and upper working 
conditions for a gene, respectively. It means that the 
gene works within the interval Height ∈ [0.0, 1.5]. 

• Dominance – real number between 0 and 1 that 
describes the priority of the gene (1 indicating the 
maximum). 

For example, a typical design gene could look like:  
gene = [Cross-section, Circle, 1, 0.0, 1.5, 1] 

It can be explained as follows: the cross-section type 
(column 1) of the geometry is a circle (column 2), the gene is 
active (column 3: active status = 1) and its working conditions 
are Height ≥ 0.0  (column 4) and Height ≤ 1.5  (column 5) 
and it has priority (the last column: dominance = 1). 

Design seed: this is a collection of design genes that 
characterize a complete design. Gene action is regulated within 
a seed by controlling which genes are switched on/off and 

under what conditions they are active. A typical design seed 
can be structured as a (𝒏𝒏 × 𝟔𝟔) multi-dimensional array. A seed 
including six design genes is shown below: 

gene1 = [DirectionX,              0,   1,   0.0,  1.5,  1] 
gene2 = [DirectionY,              0,   1,   0.0,  1.5,  1] 
gene3 = [DirectionZ,              1,    1,   0.0,  1.5,  1] 
gene4 = [Cross-section,   Circle,   1,   0.0,  1.5,  1] 
gene5 = [Length,                  0.5,   1,   0.0,  1.5,  1] 
gene6 = [Radius,                  0.2,   1,   0.0,  1.5,  1] 

3.3. Processes of design development 

During the design development process new design features 
are generated from a seed. Design genes in the seed guide 
development by informing where and when geometries emerge. 

Design development: this is essentially the emergence of 
functional designs from an initial simple group of design genes. 
This is directly analogous to the development of a single plant. 
It is convenient to distinguish three main developmental 
processes: pattern formation, change in form and size variation. 
However, whilst independent processes, they may overlap with 
and influence one another. 

Pattern is an organized form of geometry. Pattern formation 
is the process by which a spatial pattern of design gene activities 
is organized within a seed so that a well-ordered design 
develops. It is achieved by a variety of design genes and at 
different stages of development. Pattern formation is essentially 
what makes designs different from each other. The second 
important developmental process is change in form. Designs 
undergo remarkable changes in three-dimensional form. This 
process may overlap with pattern formation in certain 
situations. The third process is size variation, the increase in 
size for example. Differences in variation rates between 
designs, or between part geometries of the design, can generate 
changes in the overall shape of the final design. 

4. Algorithm of design development 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2. A framework for the proposed algorithm of design development. 

Given a seed with genes and its initial position 

Read the information of each gene

Check each gene status

Output the emergent design

Stop criterion
(e.g. stress balance)

Update the seed position

Assess the model
(theoretical or experimental analysis) 

Create and update CAD model

Yes

No
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4.1. A general framework 

 A simple algorithm is presented for design development. In 
the algorithm, the process of design development is 
implemented as a loop incremented at each step. During the 
loop, a strategy of recursion is executed for individual design 
development. An emergent geometry is created and updated 
based on the information from the design genes as well as 
environmental influence within a CAD system. The design 
develops until a stop criterion (such as stress balance or total 
length reaches a given value) is satisfied. A seed and its 
position are the algorithm input. The algorithm outputs a 
design. Fig. 2 illustrates this methodology graphically. 

4.2. Development of simple designs – geometry studies 

Two cases of geometry development are investigated to 
illustrate the feasibility of the approach. 

Case 1: A cylinder structure develops from a simple seed 
located at (0, 0, 0) comprising of six design genes, as defined in 
Section 3.2. In the gene sequence, genes 1-3 specify that the 
development direction of the seed is the vector [0, 0, 1], i.e. 
growth in the Z axis only. The cross-section shape of the 
geometry is specified as a circle in gene 4. Gene 5 and 6 
determine the length and radius of this cylinder and are 0.5m 
and 0.2m, respectively. The active status and dominance for 
each gene are all set to 1. The working conditions for each 
active gene are given as Height ≥ 0.0m and Height ≤ 1.5m 
respectively. Due to the working conditions and principle 6, 
after each growth step the seed will continue to produce new 
features (in this case cylinders). Finally, at step 4, the model has 
a height of 2.0m. As this is outside the working limits no further 
cylinders will emerge. Details of the cylinder development in 
each step are shown in Fig. 3. According to principle 9, the 
developmental process is clearly shown, the cylinder geometry 
pattern is formed based on the genotype information (gene 4, 
gene 5 and gene 6). In each step, the cylindrical cross section 
shape does not change but one new identical cylinder emerges. 
It can be seen from this case that the high fidelity of gene copy 
from the current step to the next step is used for design 
development. CADfix software [20], which is a geometry 
modelling tool, is used to create the CAD model in this work.  

Fig. 3. A design development from a cylinder seed 
Case 2: In Case 2 the design genes are set almost the same 

as those in Case 1. The difference here is that a branch gene 
(gene 7) and its direction genes (genes 8-10) have been added 
to the seed that was shown in Case 1 to create a new seed. 
Moreover, the upper working conditions for each gene in this 
seed are all given as Height ≤ 1.0m. The genotype in the new 
seed is shown below. 

: 
gene7 = [branch,                      1,   1,   0.5,  1.0,  1] 
gene8 = [branch directionX,    1,   1,   0.5,  1.0,  1] 
gene9 = [branch directionY,    1,   1,   0.5,  1.0,  1] 
gene10 = [branch directionZ,   1,   1,   0.5,  1.0,  1] 

The developmental process of the design from this seed is 
similar to Case 1. The phenotype of emerged structure can be 
seen in Fig. 4, in which the final design is a branch-like 
structure.  

Fig. 4. A design development from a seed with branch genes 

The development of branches is because gene 1 to gene 3 
direct the cylinder as it develops along the vertical direction 
[0,0,1] from Height = 0.0m to Height = 1.0m, while gene 8 
to gene 10 determine that a new branch (cylinder) will be 
created at each end point of the last created geometry 
(geometries) along the direction vector [1,1,1] from Height =
0.5m until Height = 1.0m. During the developmental process, 
a cylinder pattern is formed based on the genotype information 
(gene 4, gene 5 and gene 6). After step 1, however, a branch-
like pattern forms as two new cylinders emerge from each end 
point of the last created cylinder (cylinders), while the total size 
of the emerged structure is increased. 
5. Test cases 

The proposed design approach is further evaluated using six 
test problems, including five geometry design problems and 
one cantilever beam design problem including analysis. 

5.1. Effect of dominance 

Based on the seed shown in Section 3.2, two cross-section 
genes, “circle” and “square” are defined, each with different 
dominance and working conditions as shown in gene 4 and gene 
7 below. Due to the dominance property, during the 
developmental process, the “square” cross-section has priority 
to develop until Height = 1.0m, the cylinder (“circle” cross-
section) then develops from Height > 1.0m  until the 
development stops. Finally, a “non-uniform” structure forms, 
as seen in Fig. 5(a).  

(a)         (b)                       (c) 
Fig. 5. Effect of dominance on design development 

Furthermore, Fig. 5(b) and (c) show a comparison between 
two branch-like structures’ development without and with 
dominance effect. The “circle” cross-section gene has priority 
during the entire developmental process shown in Fig.5(b), 
while Fig. 5(c) illustrates that priority of the “square” cross-
section gene has been triggered when a condition is satisfied 
(i.e. height of the emerged structure greater than a given value). 
It is found from these cases that the design genes’ dominance 
property plays a key role in changing the pattern form during 
the developmental process. 

gene4 = [Cross-section,   Circle,    1, 0.0, 1.5,  0]  
gene7 = [Cross-section,   Square,   1, 0.0, 0.5,  1] 
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5.2. Complex geometry design and manufacturing 

The branch genes (gene 7 - gene 13) shown below are added 
to the seed listed in Section 2.2 to form a new seed. A complex 
branch-like structure develops from this seed. Having 
developed such sophisticated geometries, it is then 
straightforward to have the structure printed in 3D. The 
emerged CAD model and its 3D printed model are shown in Fig. 
6. It is noticeable how many of the structures which have been 
developed are eminently manufacturable using modern additive 
processes. It also illustrates the effectiveness of the present 
approach for developing a complex design from a simple seed. 

gene7 = [branch,                      4,   1,   0.0,  1.0,     1] 
gene8 = [branch directionX,    1,   1,   0.0,  0.5,     1] 
gene9 = [branch directionY,    0,   1,   0.0,  0.5,     1] 
gene10= [branch directionZ,   1,   1,   0.0,  0.5,     1] 
gene11= [branch directionX,   1,   1,   0.6,  0.8,  0.5] 
gene12= [branch directionY,   0,   1,   0.6,  0.8,  0.5] 
gene13= [branch directionZ,   0,    1,   0.6,  0.8,  0.5] 

           (a) 3D view                     (b) Side view            (c) 3D printed model 
Fig. 6. A complex design and its 3D printed model 

5.3. Using Gene Crossover to generate changes 

Crossover, which is an example of a gene recombination 
operator, can generate diversity of a design by adapting to 
variation in the environment. The simplest crossover is one-
point crossover. Two groups of genes are split at the position of 
the crossover point and all genes after the position are 
exchanged, as shown in a design seed below. Initial group 1 
includes gene 1- gene 9, and the others are set to initial group 
2. The genes in bold in the two groups will be exchanged under 
a certain condition. Initial group 1 directs a slender cylinder to 
develop along the vertical direction, while initial group 2 guides 
a short and thick cylinder to develop along the horizontal 
direction. Various crossover frequencies (how often the 
crossover occurs) can simply trigger that the crossover occurs 
in order to adapt to variation of different environments. 

: 
gene7 = [cross-section, Circle, 1,  𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎 𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≤ 𝟏𝟏𝟏𝟏     1] 
gene8 = [length,                   5,  1,  𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎  𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≤ 𝟏𝟏𝟏𝟏     1] 
gene9 = [radius,                   1,  1,  𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎  𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 ≤ 𝟏𝟏𝟏𝟏     1] 
: 
gene15 = [directionZ,              0,  1,  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ ≥ 0   𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ ≤ 6      0.4] 
gene16 = [cross-section, Circle, 1,  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≤ 𝟔𝟔     0.5] 
gene17 = [length,                    3,  1,  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≤ 𝟔𝟔     0.5] 
gene19 = [radius,                    2,  1,  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≥ 𝟎𝟎  𝑾𝑾𝑯𝑯𝑾𝑾𝑯𝑯𝑯𝑯 ≤ 𝟔𝟔     0.5] 
 
Fig. 7 shows a comparison among designs developed with 

and without crossover from the above seed. Based on principle 
7 and principle 8, this case illustrates the adaptability of the 
design genes. It is analogous to the event in nature whereby the 
same seeds can grow to become trees as disparate shapes with 
a different mix of light, water and soil, etc. While the genotype 
of a design seed certainly guides design development, the 
environment interacting with the genotype influences the 
phenotype outcome in development via gene recombination 
such as crossover. 

Fig. 7. A comparison among design developments with and without 
crossover: (a) no crossover; (b) crossover in every even step; (c) crossover in 

every uneven step; (d) crossover in every three steps 

5.4. Cantilever beam design variations 

A prototypical mechanical engineering problem is that of 
designing a cantilever beam to support a certain uniformly 
distributed load. The new portion of the beam seed is shown 
below.  

: 
gene5 = [Length,                             0.5,   1,    0.0,       0.11,  1] 
gene6 = [Diameter,                         0.4,   1,    0.0,       0.11,  1] 
gene7 = [Increase ratio_L,              0.5,   1,  0.11,  1000.0,   1] 
gene8 = [Increase ratio_D,             0.5,   1,  0.11,   1000.0,  1] 
gene9 = [Young's modulus,  2 × 1011,   1,    0.0,   1000.0,  1] 
gene10=[Density,                         7800,   1,   0.0,   1000.0,  1] 
gene11=[Allowable stress,    2.3 × 108,  1,   0.0,   1000.0,  1] 

In this genotype, gene 7 and gene 8 are increase ratios for 
increment of gene 5 (length) and gene 6 (diameter), 
respectively. Gene 9 - gene 11 are the material genes (steel, in 
this example) that influence the beam development (increase of 
length and diameter) under a load environment. Load density 
of the uniformly distributed load is given as a constant 𝑞𝑞 =
2 × 106 N/m. For the individual beam development, the size of 
each body of the beam will be updated in each development 
step. Meanwhile, one new cylinder body emerges. Therefore, a 
tapered beam pattern will be formed. Length and diameter of a 
cylinder are updated by following respective equations 1 and 2: 

  𝐿𝐿𝑖𝑖,𝑗𝑗 = {√(𝜋𝜋𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝐷𝐷𝑖𝑖,𝑗𝑗−1)3/(16𝑞𝑞) − 𝐿𝐿𝑖𝑖,𝑗𝑗−1, 𝑊𝑊𝑖𝑖 𝑗𝑗 > 1
𝐿𝐿𝑖𝑖,𝑗𝑗(1 + 𝐺𝐺𝐺𝐺𝐿𝐿), 𝑊𝑊𝑖𝑖 𝑗𝑗 = 1

  (1) 

  𝐷𝐷𝑖𝑖,𝑗𝑗 = ( √16𝑞𝑞𝐿𝐿𝑖𝑖,𝑗𝑗2

𝜋𝜋𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚

3  )(1 + 𝐺𝐺𝐺𝐺𝐷𝐷)                                      (2) 

where 𝑞𝑞 is load density. 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚  is allowable maximum stress for 
a material, gene 11. 𝐺𝐺𝐺𝐺𝐿𝐿 (gene 7) and 𝐺𝐺𝐺𝐺𝐷𝐷 (gene 8) are growth 
factors for length 𝐿𝐿  (gene 5) and diameter  𝐷𝐷 (gene 6), 
respectively. 𝑊𝑊 denotes development step, and 𝑗𝑗 is index of each 
created cylinder geometry. 𝐿𝐿𝑖𝑖,𝑗𝑗  and 𝐷𝐷𝑖𝑖,𝑗𝑗 are length and diameter 
of a cylinder 𝑗𝑗 in step 𝑊𝑊, respectively. Unit is N-M-Kg. 

A small set of beam seeds can easily be created by giving 
different initial value(s) for the specified gene(s), as shown in 
Table 1. For the development of the set of beams, a stop 
criterion is given as maximum load 6 × 107N and maximum 
weight 5 × 106 kg. A set of tapered beams emerge from the 
seeds shown in Table 1 that meet the requirements. Fig. 8 
shows the final forms and their load/weight coefficients. The 
larger the coefficient, the better the performance of the emerged 
tapered beam. This means the beam can bear more load and 
require less material for manufacturing. Therefore, the tapered 
beam which emerged from seed 4 is best among those seeds. 
Taking a wider view, this case illustrates the potential of the 
proposed approach to select better solutions within a 
population from a set of seeds under a given environment. 

      (a)                           (b)                         (c)                           (d) 
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Table 1. A set of cantilever beam seeds. 
No. of seed gene5 gene6 gene7 gene8 gene10 

1 0.5 0.4 0.5 0.5 7800 
2 0.25 0.2 0.5 0.5 7800 
3 0.5 0.4 0.4 0.4 7800 
4 0.25 0.2 0.4 0.4 7800 
5 0.5 0.4 0.5 0.5 3900 

Fig. 8. A set of tapered beam developments under a static load 

6. Discussion  
This work has defined a design gene form and basic 

principles that can be used to specify the building blocks of a 
complex design. The design emerges during the developmental 
process, the features of which (including their size and shape) 
are defined in the genes. The simple examples here demonstrate 
how quickly and easily innovation and variation in designs can 
occur. Simple low-level changes as in Case 2 in Section 4.2 
show how cross-sectional shapes can change in regions, and in 
moving to Example in Section 5.3 a simple mutation of genes 
can result in varied geometries appearing. Figure 8 shows how 
section diameter and length change in response to stress levels, 
each beam growing according to its own body plan. 

The approach has shown promise for these preliminary 
examples, but many challenges remain. Firstly, the current 
processes of specifying the genes is manual. Secondly, only a 
basic form is presented and the potential of a more generic 
solution opens questions, such as dealing with variability, 
failure, etc. Finally, there are many possible mappings between 
genotype and phenotype during the developmental process. 
Turning the correct design genes on or off in at the correct step 
becomes a central issue. 

While the examples shown are reasonably simple to explain 
the approach, it is clear from case 2 in Section 4.2 and cases in 
Sections 5.1-5.3 that the system produces results that would not 
appear using traditional design approaches. This highly novel 
method is transformative giving designers many potentially 
novel solutions and a wider exploration of the design space than 
is currently possible. This is possible because the design 
description is captured in the seed and not communicated in 
traditional fashion via specifications, CAD models, etc. 
7. Conclusion 

This work addressed the challenge in design systems of how 
to produce more innovative designs. It set out to address the 
three technical challenges as listed in Section 2 ultimately 
aiming to develop a set of design genes which can drive design 
innovation. The paper describes basic principles and the main 

processes for gene-inspired development of a single 
component. Design genes are contained in a digital seed which 
describes the whole design and from which sophisticated 
geometries can be generated creating opportunity for 
innovation during a developmental process. This method is 
promising and lays the foundations for future work. In 
particular, how to determine the reasonable type/value for each 
element in each gene, and seeking evolutionary approaches to 
influence the design development based on the fittest solutions 
within a complex environment are being  investigated. 
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