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An Approach to Constraint-Based
and Mass-Customizable Product
Design
In traditional product development, several iterations are usually necessary to obtain a
successful compromise between constraints emanating from engineering, manufacturing,
and aesthetics. Moreover, this approach to product development is not well suited for true
mass-customization, as the manufacturing company remains in control of all aspects of
the shape of the product-to-be. In this article, we propose an alternative approach that
would (1) allow for an improved integration of industrial design into the product devel-
opment process and (2) enhance the creative repertoire of industrial designers, which (3)
would result in significantly improved prospects for mass-customization. The industrial
design process may benefit from using advanced and aesthetically interesting morpholo-
gies emanating from the areas of mathematics and nature. Such complex morphologies
can only be manipulated (analyzed and represented) by means of specific algorithms. On
one hand, this requires a shift from established industrial design practice, where the
industrial designer is in total control of the product form; on the other hand, it makes it
fully possible to compute form so that it complies with engineering and manufacturing
constraints. In this setup, the industrial designer still has control of the final result, in that
she or he can choose from a set of valid forms. This approach would greatly reduce the
number of iterations in the product development process between industrial design, en-
gineering, and production. Naturally, such an approach also allows for advanced mass-
customization by allowing consumers to use these tools. Within this approach, a table
generation system has been developed: A system that generates tables whose support
structure is based on a Voronoi diagram that fulfills structural and manufacturing con-
straints while being aesthetically appealing. �DOI: 10.1115/1.3569828�
Introduction
In the traditional product development process, several itera-

ions are usually needed to obtain a compromise between engi-
eering and manufacturing constraints on the one hand and aes-
hetics on the other. The process typically begins with a design
rief to which the industrial designer �hereafter, “designer”� de-
elops initial concepts, which are reviewed and decided on in
lose collaboration with marketing, engineering design, and pro-
uction departments. The chosen concept is refined until it satis-
es the engineering and manufacturing requirements and can be
roduced. This traditional approach limits severely any subse-
uent option for mass-customization related to the design of the
roduct: An option to which customers are becoming more at-
uned. Finally, while the new digital means of creation and fabri-
ation empower designers with new levels of freedom to even
ecome market actors in their own right, they are rarely educated
o take full advantage of the new methodologies of creation, es-
ecially regarding the competence to exploit the extraordinary res-
rvoir of morphologies from nature and mathematics, as has been
he case within the area of architecture for quite a while now. In
his article, we want to propose an alternative approach that would
1� allow for an increased integration of industrial design �hereaf-
er, “design”� into the product development process and �2� en-
ance the creative repertoire of the designer, which would even-
ually �3� result in significantly improved prospects for mass-
ustomization.

Today, many natural and mathematical structures can be com-
uted, analyzed, and graphically represented in a manageable
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time. It is believed that designers could use specific tools in order
to create concepts and designs that they could never have con-
ceived without the support of such tools. The new morphologies
can then be optimized with reference to customers’ specifications
and engineering and manufacturing constraints while submitted to
the critical judgment of the designer. This approach has the poten-
tial to allow active customer participation, which might even re-
sult in the actual origination of the design in the spirit of true
mass-customization.

The main focus of this article is to elaborate on the feasibility of
such an approach. Can the customers’ specifications as well as the
engineering and manufacturing constraints be taken into account
in a semi-automated design process without compromising aes-
thetics? To test this approach, a table generation system has been
developed. The designer or end customer �hereafter, user� has
some degrees of freedom concerning the form of tables. A 2D
Voronoi diagram, see Fig. 1�a�, was chosen as a novel tessellation
for the supporting parts of tables and was submitted to a set of
structural and manufacturing constraints. The developed system
allows for the search of tables that fulfill those constraints while
being aesthetically appealing. The first section of this article de-
velops this approach in some depth and compares it to related
works. Then, the heuristic used and the application developed are
presented.

2 Background
Design is by and largely considered an integral part of most

product development processes. Design activities are performed
either by external designers �design agencies or freelance design-
ers� or by an internal design department. In the first case, design is
somewhat in the margin of product development: External design-
ers are hired for one project, they often work relatively isolated

and their proposed concepts will inevitably result in further dis-
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ussions in terms of engineering and manufacturing constraints. In
he second case, even when there is extensive collaboration be-
ween the different functions of the company, iterations are still
ecessary. For the majority of companies, the development time is
f utmost importance and a reduction of the number of iterations
s a priority.

The traditional product development process also puts restric-
ions on the possibilities for mass-customization. Customers may
ccasionally decide between different colors or materials but it is
lmost impossible to allow them to generate a form of their own
hoice, apart from the possibility to select predefined product vari-
nts and models.

The designer is rarely educated to make conceptual use of com-
lex forms such as those derived from Voronoi diagrams or mini-
al surfaces �Fig. 1�. This is partly due to the fact that those forms

enerally require advanced knowledge in mathematics but more
o due to the idea that the designer must be an intuitive author;
ence, often disregarding morphologies that would require the
xpertise of others. This dilemma was discussed in length in
ef. �1�.

Related Work
The association between design and related topics, such as new
orphologies, mass-customization, and integration of engineering

nd manufacturing constraints, has already been considered in lit-
rature but mostly as discrete issues.

In academia, expanding the creative repertoire by using mor-
hologies from nature and mathematics has been the concern of
esign research for some time now, see, e.g., Ref. �2�, although
uch ideas have been deployed mainly within architecture �3,4� or
raphic design. This concern has also been elaborated within en-
ineering design �5,6� and in the development of materials �7,8�.
ore recently, McCormack et al. �9� presented a model of what

hey call generative design and proposed an appropriate agenda
or design research, although the examples were not taken from
he area of industrial design. The research of generative design in
ndustrial design concerns primarily the �1� generation of artifacts
ased on a particular style �10,11� �2� and branding related issues
12–14�. Shea and Cagan �15� used a combination of shape gram-
ar and simulated annealing for both functional and aesthetic

urposes and applied it to truss structures. In Ref. �15�, the aes-
hetical constraints were formalized by using the properties of the
olden number. Shea and Cagan’s �15� approach is the most simi-
ar to ours. In our case, though, it is necessary to let users decide
n their own preferences. This is achieved by using an interactive
ethod.
Some applications can be found in industry, mainly developed

y design agencies and leading designers. For example, Tru-
ridge’s ceiling lamp is based on classic polyhedral geometry

ig. 1 Examples of „a… a Voronoi diagram, „b… a minimal sur-
ace „twisted Scherk surface…, and „c… a D1-tessellation
16�. In general, for products with few structural constraints, such
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as lamps, mathematical algorithms have been used to develop new
forms: This permits to focus on the aesthetic characteristics while
the remaining constraints can be neglected. These structures have
also been used together with rapid prototyping, permitting the
production of virtually every form but is an expensive and time-
consuming production system: Wertel and Oberfell from Platform
Studio �Leuven, Belgium� developed a mineral-based table,
Fractal-T �17�, manufactured with rapid prototyping. Moreover,
many designs remain concepts: They are presented at design fairs
and showrooms, with the purpose of showing the aesthetical and
functional potential of complex structures and inspire other de-
signers rather than making a commercial exploitation of them. For
example, van der Veer developed a paper table, demonstrating the
strength of paper in combination with mathematical models �18�,
and Mayor’s burnout bench is based on a sculptural wave de-
scribed in 3D by a computer �19�. In the automotive industry,
Mercedes has developed a concept car based on the properties of
the boxfish, “respecting at once physics, design, and aerodynam-
ics” �20�. In comparison to industrial design, there are numerous
examples of algorithmically generated and optimized architecture:
London Town Hall, London Swiss Re Building, etc. Nevertheless,
the constraints are different. Since a building is most often a one-
off product, once a proposal has been accepted at the conceptual
level, the architect is assured to receive financing for “manufac-
turing.” The risks associated with the project are thus more or less
eliminated.

Focus on form has usually been decoupled from the other as-
pects commended in this project: mass-customization and integra-
tion of production constraints in the design activity. Concerning
the latter, many methodologies and tools have been developed for
the integration of engineering and manufacture �21� but industrial
design has been neglected. In the domains of product platform and
product family design, the algorithms developed to automate the
generation of product variants and models, e.g., Refs. �22,23�,
take engineering and production constraints into account but not
aesthetics. DASSAULT SYSTÈMES CATIA

® and PTC’s �Needham,
MA� PROENGINEER

® each have implemented a module that per-
mits freeform design in a format compatible with their computer-
aided design �CAD� system: Imagine and Shape and Pro/Concept,
respectively. Such plug-ins can accelerate the design process and
represent a step toward increased integration but still do not
implement any extended morphological repertoire, and the engi-
neering and manufacturing constraints are treated after the first
concepts have been produced.

Concerning advanced mass-customization, where the user has a
direct influence, graphic design has experienced some success sto-
ries, where customers are completely free to design whatever mo-
tive they want, as shown by the Harvard Business School case
reported in Ref. �24�. These are among the examples described by
von Hippel �25,26�, who initiated the user innovation paradigm. In
electronics and software industry, mass-customization is also
highly present. The iPhone® from Apple is no longer primarily
considered a mobile phone with a user-friendly interface but as a
platform in which everyone can build on. Once again, however,
the production constraints are not identical �27�. The novelty of
this project is thus to bring together these three aspects, new mor-
phologies, mass-customization and integration of design, and en-
gineering and production, which should, in a long term perspec-
tive if successful, reduce time-to-market and costs, and give a
competitive advantage to those companies implementing it.

4 Approach and Application
In this paper, we propose an approach that can be appropriate

when aesthetical aspects and mass-customization are prioritized.
Many morphologies from nature �which has long been a source of
inspiration in design� have been described in a computational
form. In geometry, many shapes have been developed that have
structural properties �for example, minimal surfaces, Fig. 1�b��

and are aesthetically remarkable. By coupling such computer-
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ased morphologies to engineering and manufacturing constraints,
t is possible to generate forms that are both structurally sound and
isually appealing. Advances in optimization methods and artifi-
ial intelligence make this integration possible. At the same time,
his approach facilitates the development of variants that can be
ailored to each customer �individuals or groups�. It also allows
or the designer or the customer �the user� to intervene during the
ptimization process �interaction method�. Letting the customer to
o-create the final product makes a truly mass-customized pro-
uction system a reality.

This approach is detailed in Sec. 4.1. The approach is illustrated
y an application presented in the next sections.

4.1 The Approach. The class of problems concerned by our
pproach has the following characteristics: �1� a complex mor-
hology is integrated in a product, �2� the user can partially con-
rol the features of the morphology in order to make the product
nique, �3� the morphology must comply with engineering and
anufacturing constraints, and �4� the complex morphology af-

ects the product’s functionality and aesthetics. The third charac-
eristic implies that the morphology is not just decorative but has
ome structural function; it implies also that the approach takes
nto account manufacturing systems other than just rapid
rototyping.

In this general case, then, some functional and aesthetic engi-
eering and manufacturing objectives F�x� need to be minimized
r maximized �for example, costs and weight� while other func-
ional and aesthetic engineering and manufacturing conditions are
onstraints G�x��0 and H�x�=0. This is a problem of multi-
bjective optimization

minimize F�x�
�1�

subject to G�x� � 0 and H�x� = 0

Some aesthetic qualities of the solutions can be very difficult to
ormalize and most consumer preferences are plainly subjective. It
s therefore necessary to let them express their preferences during
he optimization process. This approach, called interactive multi-
bjective optimization, directs the optimization process toward
olutions that satisfy the user. Typically, the user must be able to
hoose from a set of optimized solutions and possibly to relaunch
he optimization system if not satisfied. An interactive multi-
bjective optimization presents several advantages: The user can
learn about the interdependencies in the problem as well as about
ne’s own preferences” �p. 3 in Ref. �28��, this can save some
omputational costs as the user’s indication directs efficiently the
earch, and it avoids the need to compare many Pareto optimal
olutions simultaneously �see p. 28 in Ref. �29��.

Since the investigated structures derived from mathematics or
ature are highly nonlinear and often discrete, as can be the con-
traints and objectives, a stochastic solver instead of a classical
e.g., gradient-based� optimization approach is to be favored. A
ype of algorithm suitable for these types of problems is the ge-
etic algorithm �GA� �30�. A GA tries to artificially simulate the
rocess of evolution �31�, by which the structures in nature were
rst created. For a review of applications using GA for multi-
bjective optimization, see Ref. �32�. The interactive genetic al-
orithm �IGA� approach is used when the user intervenes during
he optimization process. The purpose of the user interaction is
lightly different from that of classical IGA approaches, see, e.g.,
ef. �29�. The user does not help the system to minimize F�x� by
ringing in expertise �the results presented to the user are already
ptimized� but chooses the alternatives that are thought to fit the
references and restarts the optimization if not satisfied.

Because some constraints can require long computational times
e.g., finite element analyses �FEAs��, it is preferable to handle the
onstraints sequentially, as this does not require that all constraints
e evaluated at each iteration. This is implemented by scoring

ach individual according to which constraints it has fulfilled �see

ournal of Computing and Information Science in Enginee
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Sec. 4.4.2�. The scoring system ensures that an individual
that passes the m first constraints will always have a higher score
than an individual that passes the m−k first constraints
�k=1, . . . ,m−1�. Gradually, the number of individuals fulfilling
the constraints will increase. Individuals that fulfill all constraints
are scored based on how well they minimize F�x�; this score is
obtained by computing a weighted sum of the different objectives.
The individuals are then ranked according to their scores. This
ranking is used as basis for the selection of individuals with which
to create the next generation of new individuals. The scoring and
selection algorithm for the application is developed in Sec. 4.4.
The ranking system for our application is presented in Sec. 4.4.2.
This way of handling constraints sequentially, or lexicographi-
cally, will be denominated, hereafter, lexicographic constraint-
handling technique �Lexcoht�.

In summary, in order to solve the class of problems defined
above, our approach is to model them as interactive multi-
objective optimization problems, using stochastic solvers such as
GA. In line with this approach, the following process is proposed.

The first step is, naturally, to let the designer or consumer cus-
tomize parts of the object. Some of these will be required for the
initialization of the optimization process. This can be material
choice, contour, and choice of morphology. In the application pre-
sented below, the user first specifies the tabletop outline and the
legs; the Voronoi structure was imposed. The optimization system
is then launched and follows the same steps as a classical evolu-
tionary optimization system. Once a first optimization run has
been performed, a set of optimized products fulfilling all con-
straints is proposed to the user. If the user finds one that is deemed
preferential, the process stops. Otherwise, the user is asked to
choose a set of alternatives that are nearest the preferences, and
the optimization process is rerun with the chosen individuals as
“parents” for the initial population. The user can perform several
iterations until completely satisfied, or give up.

4.2 Application

4.2.1 The Type of Structure. Among the infinite number of
possible mathematical structures, cf. Ref. �1�, the choice went to
utilize a simple 2D tessellation, namely, the Voronoi diagram,
which is easy to generate programmatically. Phenomena as di-
verse as the wing of a dragonfly, the structure of bone marrow,
and a honeycomb can be described with Voronoi diagrams �33�.
Such structures are often found in lightweight and strong struc-
tures in nature �2,34�.

The Voronoi diagram is created from a number of Voronoi sites,
or points. Each Voronoi site s is contained in a Voronoi cell, which
contains all points closer to s than to any other Voronoi site. In the
case of two sites s1 and s2, the space is divided in two by a straight
line, which is the bisecting line of the segment �s1s2�. If all sites
are coplanar, the Voronoi diagram consists of polygons, see
Fig. 1�a�. Formally, a Voronoi diagram is described as follows. Let
S be a set of n sites in Euclidean space of dimension d. For each
site p of S, the Voronoi cell V�p� of p is the set of points that are
closer to p than to other sites of S. The Voronoi diagram V�S� is
the space partition induced by Voronoi cells �Ref. �35�, Chap. 7�.

4.2.2 The Product. Furniture has always been a suitable can-
vas for designers on which to paint future technologies and aes-
thetics �36�. In this sense, furniture provides a suitable test bed for
innovation because any person understands what furniture repre-
sents. The furniture industry is also an important part of Swedish
industry, representing 25 billion SEK �3.1 billion USD as of Sep-
tember 2009� �37�. Furniture is important also in terms of image
in relation to what is widely known as Scandinavian design.

Moreover, tables pose high demand on low weight, stiffness,
and visual appeal. This makes them suitable as illustration objects.
Three tables with different sizes and loads have been chosen for

this test: a coffee table, a side table, and a dining table.
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The Voronoi diagram is used as the supporting structure of the
able. The tabletop itself is made of glass so that the Voronoi
tructure is visible.

4.2.3 The Manufacturing Method. The following numbers of
anufacturing methods were considered:

1. laser cutting strips of sheet metal and robot-welding them
together

2. laser cutting strips of sheet metal and computer numerical
control �CNC�-bending them into individual Voronoi cells
and assembling them by welding, screwing, or gluing

3. same as method 2 but with laser cut perforations along the
edges of the cells

4. sheet metal corrugated along the cell walls of the Voronoi
diagram

Method 2 could allow the table to be assembled by the cus-
omer and the cells are easily individualized with different mate-
ials and colors. This is not possible with method 4 and very
ifficult with method 1 �because of welding issues�. Method 3
llows for the same freedom as method 2 and furthermore makes
t possible for the table to be bent by the customers �see Fig. 2�.
his reduces manufacturing and transportation costs �as the cells
an be flat-packed� while the customers have the option to pur-
hase a cheaper table �at the expense of added assembly time�. In
ront of those arguments, both manufacturing methods 2 and 3
ere chosen in order to let each customer decide of the assembly

ype she or he prefers.

4.2.4 Possibilities for Customization. For this product, the
ser/customer is able to fully define the contour and dimensions of
he tabletop �see Fig. 3�a��. The user also chooses the table height,
nd the number and position of the legs. For each user-defined leg
osition, the Voronoi cell closest to it is set as a leg. The legs
hemselves are formed by the walls of cells, and have the same
eight as the table. They are fixed in all degrees of freedom during
he finite element evaluation.

At the end of the first optimization run, the customer chooses
he table that maximizes her or his preferences. The tables subse-
uently displayed have all fulfilled the constraints and have dif-
erent costs �that is the cost minimization function presenting dif-
erent values�. Typically, four or five out of a population of 50 are
resented to the user. The initial population for the next optimiza-
ion run is then created by mutating and crossing the individuals
elected by the user. The algorithm goes on until the user is sat-
sfied �in this example, only two runs were performed�.

4.3 Specifications. Beyond the table properties specified by
he user/customer �Sec. 4.2.4�, the inherent constraints necessary
or a table to perform its function, the manufacturing requirements
nd cost �the manufacturing cost of the table must be minimized�,
ere taken into account.

4.3.1 Functional and Aesthetic Constraints. The tables need to
e able to handle the weight put on them without buckling, ex-
eeding the yield stress of the material or deforming noticeably. A
oad of 500 N was used for the coffee table and the side table, and

load of 1000 N was used for the dining table to model the
ypical vertical loads. It is also important that the deformation of

Fig. 2 Representation of a laser cut and bent Voronoi cell
he table structure is not noticeable to someone sitting at the table,

11006-4 / Vol. 11, MARCH 2011
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as the tabletop is in transparent glass. It was decided arbitrarily
that a deformation under aallowed=2.5 mm would not be percep-
tible. This constraint is expressed as

max�a� � aallowed �2�

where max�a� is the largest displacement measured in an indi-
vidual.

4.3.2 Manufacturing Requirements. All tables were optimized
with respect to the requirements for bending with a CNC-bending
machine �manufacturing method 2�.

As the CNC-bending machine will intersect with itself if the
distance between two bends is too short, the cells cannot have
walls less than 30 mm �lallowed�, or the bends have sharper angles
than 33 deg ��allowed� �38�. This is expressed by the following
constraints:

min�l� � lallowed �3�

where min�l� is the shortest cell wall found in an individual, and

min��� � �allowed �4�

where min��� is the smallest angle measured in an individual.

4.3.3 Cost Objective. The number of cells to be produced
mostly governs the manufacturing cost, rather than the amount of
material used. Also, the time of assembly is mostly dependent on
the number of cells �39�. This means that to minimize the cost of

Fig. 3 „a… User-defined outline and leg positions of the table
„dining table…. „b… Example of how the Voronoi structure is cre-
ated. The Voronoi diagram is generated from the Voronoi sites
and cut off at the table boundary. „c… Final appearance of the
structure after the cells have been cut off.
the product, the optimization should focus on the number of cells,

Transactions of the ASME
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ather than on the amount of material used. The cost is the only
bjective to optimize for this product. The goal is thus to minimize
, where n is the number of Voronoi cells in the table structure.
In summary, the table generation system has to

minimize n

subject to max�a� � aallowed

�5�
min�l� � lallowed

min��� � �allowed

4.4 Implementation

4.4.1 Representation of the Voronoi Diagram. To give the op-
imization algorithm full control of the Voronoi structure, the
tructures were represented by the location of the Voronoi sites.
ach table was represented by the coordinates of nV=70 Voronoi
ites. The number of Voronoi sites was determined by experiment
anging from 50 to 100. With this range, the GA had enough
oints to construct a valid table structure while not having too
any points to optimize. The number of sites could not be varied

uring the search. Nevertheless, the sites can move across the
able boundary �Fig. 3�b�� to reduce or increase the number of
ells in the table structure.

genome =�
x1,1 x2,1

x1,2 x2,2

] ]

x1,70 x2,70

� �6�

To mutate the structures, the Voronoi sites were randomly
oved by a quantity �i,j, varying between 0% and 10% around xi,j

t the beginning and decreasing linearly until the maximum num-
er of generations is reached. To crossover two individual solu-
ions, their vector of Voronoi site coordinates was exchanged at a
andom mutation point p.

4.4.2 Fitness Function and Selection. The constraints were
andled, following the Lexcoht method described in Sec. 4.1. At
ach generation and for each individual, the structural require-
ents were tested first, then the cell wall length, and, finally, the

ell angle. The individuals that possessed a larger displacement
han allowed �aallowed=2.5 mm� were scored the lowest. The
core is based on Eq. �7a� with max�a� being the largest displace-
ent a measured in the individual. The individuals passing the

tructural requirement but not the shortest wall requirement
lallowed=30 mm� were scored the second lowest. The score is
omputed using Eq. �7b�, where min�l� is the shortest cell wall
ound in an individual. Individuals passing the first two require-
ents but containing cells with bending angles sharper than
allowed=33 deg got a score according to Eq. �7c�, where min���

s the smallest angle measured in an individual. Finally, the indi-
iduals that passed all the constraints were given a score p4 in-
ersely proportional to their number of cells, Eq. �7d�, where n is
he number of Voronoi cells in the structure.

f1 = 0 + � aallowed

max�a�
if max�a� � aallowed

1 else�constraint 1 fulfilled�
� �7a�

f2 = 1 + �min�l�
lallowed

if min�l� � lallowed � �7b�

1 else�constraint 2 fulfilled�

ournal of Computing and Information Science in Enginee

ded 01 Apr 2011 to 130.235.213.172. Redistribution subject to ASM
f3 = 2 + �min���
�allowed

if min��� � �allowed

1 else�constraint 3 fulfilled�
� �7c�

f4 = 3 +
nV − n

nV − 1
�7d�

An individual that does not fulfill any constraint gets the score
f1 and the other scores are discarded. Likewise, an individual that
passes the first constraint but not the second gets the score f2 and
an individual that passes the first constraint but not the second
gets the score f3. Finally, an individual that passes all constraints
gets the score f4. The scores f1, f2, f3, and f4 have been normal-
ized and offset such that

0 � f1 � 1 � f2 � 2 � f3 � 3 � f4 � 4 �8�

With Eq. �8�, an individual fulfilling m constraints is certain to
get a higher score fm than an individual fulfilling m−k constraints
�and gets a score fm−k, k=1, . . . ,m−1�. The advantage of this
scoring system over a weighted sum is that if some constraints are
not feasible, this can be discovered quickly.

After the scoring is done, a number of individuals are selected
to populate the next generation. The individuals are ranked, fol-
lowing their score. The probability for an individual solution to be
selected is related to its ranking.

The scoring and selection algorithm is represented in Fig. 4.

4.4.3 Termination. To ensure the convergence of the optimi-
zation, while still keeping the feedback time to the user reason-
able, the termination of the optimization was set to occur after 600
generations, which is a moderate number of generations for truss
optimization problems according to Giger and Ermanni �40�.

4.5 The Table Generation System Software. The code was
developed in MATLAB

®. An interface has been developed for the
user to draw the table boundary and indicate the leg positions. The
implementation of GA is based on MATLAB’s® genetic algorithm
solver in the global optimization toolbox. To evaluate the struc-
tural stability, a finite element package developed at Lund Univer-
sity �Lund, Sweden� denoted CALFEM® �41� was used. This
package makes it possible to calculate displacements and stresses
in a structure by defining the structure’s degrees of freedom, their
coordinates, how they are connected to each other, and the bound-
ary conditions for each degree of freedom. Each cell wall was
represented by a beam element. The load was applied evenly
across the nodes of the frame to simulate an even pressure from
the glass top. The nodes that were meant to be leg nodes and lead
down to the floor were set as fixed in all six degrees of freedom.
Using the functions provided by CALFEM®, it was then possible
to analyze displacements and stresses in the structure. MATLAB

®

has its own function to generate a Voronoi diagram �42�.

4.6 Results. Three different boundaries were used to test the
application: a dinner table of dimensions 2000 mm�L�
�1000 mm�B��750 mm�H�, see Fig. 3�a�, a coffee table
�1000�1000�250 mm3�, and a side table �500�500
�500 mm3�. Two runs were performed before the final tables
were chosen. The first search for suitable individuals used a popu-
lation of 50 individuals and 600 generations �a moderate number
of generations for truss problems, as pointed out in Ref. �40��. The
search took approximately 1.5 h of CPU time on a single core 3.0
GHz processor. After the first search was done, the user was pre-
sented with the different possible solutions. The selected individu-
als were then further optimized for another 600 generations in
separate searches; the resulting best individuals from the different
populations were then presented to the user for a final choice. An

example of the result for the coffee table is presented in Fig. 5.
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he resulting table structures were studied in detail in ANSYS
® that

onfirmed that the structural constraints were respected. Proto-
ypes of all three tables have been built and were exhibited at

Fig. 4 Diagram of the evaluation function

Fig. 5 The final optimized structure of the coffee table
nternational design fairs.
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5 Discussion and Conclusion
This paper has proposed an approach that addresses three issues

relevant to the industry: �1� the low integration of industrial de-
sign into the product development process, �2� the limited mor-
phological repertoire currently available to designers, and �3� the
limited possibilities of product form customization. These issues
have been tackled separately in literature but have not been inte-
grated. The proposed approach is to couple complex morphologies
with an interactive optimization system. By using complex mor-
phologies, designers can deal with forms they could scarcely
imagine. Systems containing these formalized structures can then
be optimized, taking into account aesthetical and functional engi-
neering and manufacturing constraints. The user/customer can
customize parts of the object, some of which will be required for
the initialization of the optimization process �material, contours,
and morphology�, and then interact with the optimization system
by selecting the resulting products according to her or his prefer-
ences. This approach allows for a true mass-customization without
resorting to rapid prototyping. With an integration of morpholo-
gies with engineering and manufacturing constraints, the iterations
between industrial designers and engineers are reduced.

The optimization problem contains a mixed �continuous and
discrete� set of constraints, and the morphologies are not de-
scribed by linear equations; therefore, stochastic search algo-
rithms, such as GA, are recommended for finding solutions. Spe-
cial emphasis must also be put on constraints: The solution space
for engineering problems is often small and scarce, and some
constraints are either hard or time-consuming to fulfill �requires
extensive FEA�. In our application, they have been prioritized
accordingly.

In our approach, we propose that the multi-objective minimiza-
tion be handled by a weighted sum. With the Lexcoht approach,
the individuals fulfilling all the constraints can readily minimize
the objective functions while the others are still evolving in other
areas of the search space. However, the weighted sum is not al-
ways an efficient multi-objective optimization approach and the
setting of the weights may be an arduous task �p. vi in Ref. �43��.
Alternatively, one could separate the constraint-handling activity
from the objective optimization �see, e.g., Ref. �44��, allowing the
use of many more multi-objective optimization techniques. Mak-
ing the population evolve until a certain percentage of the popu-
lation fulfills all constraints could do this. These individuals
would then be used for the optimization of the objective functions.
This promising alternative requires further research.

We have now successfully tested our approach with another
type of furniture �a bookshelf, see Ref. �45��. It is not difficult to
imagine many other applications for the use of morphologies from
nature and mathematics in design. For example, many 2.5D ob-
jects can be designed with regular or irregular tessellations �see
Fig. 1�c��, furniture �as above�, flooring, and wall elements are
obvious examples, others are façade elements �window grates and
balustrades�, enclosure elements �wind deflectors and noise barri-
ers�, driveway elements �drainage gates and banisters�, etc. �a
product typology of such objects is available upon request�. Our
approach may also be used for parts of other products as long as
the interface with the other parts is well defined. It could lead to
new business strategies and models, building on augmented de-
sign automation and customer involvement instead of the tradi-
tional business model development-manufacturing-distribution-
consumption.

The table generating system takes some engineering and manu-
facturing constraints into account but the potential issues linked
with automating the production preparation �process planning and
computer-aided manufacturing �CAM�� and detailed FEA need to
be further investigated. The use of more advanced algorithms may
enhance the heuristic proposed.

The table generating system in its current form does not allow
for instant feedback. Even efficient, fully parallelized algorithms,

while reducing the search time dramatically, will not solve this
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eneral problem. Generative systems may simply take too long
nd, if the system is not designed carefully, the user may get to a
oint, where no design can be generated, given the constraints
mposed. The impact of these issues on the user is under investi-
ation, see Ref. �45�. It is necessary to consider usability features
n such systems with special attention.

Another important point is the effort required to develop a dedi-
ated application. Even if a high degree of freedom is conceded to
he user, many form characteristics have to be frozen during the
pplication development. In our example, the tables were opti-
ized with constant Voronoi cell height. Nevertheless, the tables
ay be considered visually more pleasing and interesting if the

ell heights in the final models are varied.
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