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Abstract. A system is presented to support the designer in creating custom versions of chairs
within a predefined design language using Thonet chairs as a case study. The system consists
of parametric models based on shape grammars linked to structural analysis to provide an
integrated generative process for mass customization in the furniture industry.
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INTRODUCTION
The term mass customization (Davis, 1987) refers to
transformation processes that occur across industries to provide product variants to meet individual
needs. While there are different theoretical frameworks to comprise mass customization (Pine, 1993;
Zipkin, 2001) it is consensual that, in order to become effective, the transformations must be based
on the use of flexible manufacturing systems (FMS),
computer-aided design (CAD) and computer-aided
manufacturing (CAM). The goal is to design a product through direct contact with the future user and
produce it quickly at low cost.
In the furniture industry, the transition from
mass production to mass customization has two
main directions (Skelstad et al, 2005): custom
standardization and tailored customization. As the
authors defined, in the custom standardization
framework products are designed based on modular product architectures. They become flexible as a
system of interchangeable components. Users communicate with the company and select products
features interacting with online configurators. By the
use of these tool users are able to participate in the

customization process by defining their individual
solution out of a list of options and predefined elements. When the configuration process is concluded, the product is assembled and delivered.
In tailored customization framework products
are designed with the use of parametric models and
produced by flexible manufacturing systems, such
as CNC machineries. Pre-defined design elements
like connection between parts are standardized. Users are able to participate in the definition of final
design using online configurators or direct contact
with the supplier. When the configuration process is
concluded, the product is produced and delivered.
The use of digital design tools has redefined the
role of the designer as they provide new ways of embodying complexity in the process by changing the focus of its methods from design to production (Martegani
e Montenegro, 2000) Digital design tools have changed
from simple representation tools to intelligent environments in which designers are able to generate and evaluate solutions based on predefined algorithms. Oxman
(2005) declares that the redefinition of the designer’s
role includes the designer as a tool builder.
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This paper presents the current stage of an ongoing doctoral research related to the development
of an automated system for generating and analyzing custom-made chairs. The computational design
system is intended to enhance the conceptual exploration of solutions by the designer within a given
design language, while assuring structural stability
of the chairs.

METHODOLOGY
The present research is intended to study the implementation of mass customization processes in industrial design. It aims to produce knowledge that
enables the use of a digital design process, providing
the designer with a wider control over the variables
implied in the design and fabrication of customizable furniture. There research includes two main
phases: the study of an existing design style to generate new designs while maintaining the style’s characteristics; and the transformation of the language
in order to create new design styles. The first phase
includes the following stages: (1) the inference of
a shape grammar for Thonet chairs; (2) the coding
of the shape grammar into a computer program as
a parametric model; (3) rapid prototyping of chair
designs to fine-tune the parametric model; (4) linking the parametric model to analysis software to
assure structural stability of the output; and (5) the
production of real size chairs. The current focus is on
the transformation of the grammar into a parametric
model, the fine-tuning of the system, and the use of
finite element methods (FEM) to analyze the generated chairs for structural stability.

THONET CHAIR DESIGN GRAMMAR
Thonet chairs were created in the 19th century by
the German-Austrian chair-maker Michael Thonet
who developed a series of pioneering processes
for bending beechwood frames to make chairs. The
mass production efficiency of the chair making process, the reduced number of components, the ability
to be transported in flat packaging, the functionalism of the structure, the lack of ornamentation, and
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the modular product architecture were important
features that lied behind the success that Thonet
chairs enjoyed at the time. Thonet developed a
modular product architecture based on the use of
standard elements combined with different veneer
colors and coating materials for the seat. This consistent approach guaranteed formal similarity across
models, establishing a distinctive design language.
In the previous step of the research, the shape
grammar formalism (Gips and Stiny, 1972) was used
first to capture the rules of formal composition of
Thonet’s design style and then to generate new designs through creative application of the same rules.
The definition of the shape grammar schemata was
based on a simplified representation of the backrest
structure—frame and inner area, because its design
was considered key to the definition of the Thonet
design language. The simplified representation is
similar to the one used by Terry Knight for Hepplewhite chairs (Knight, 1980) and it was obtained by
abstracting curves into rectilinear lines and representing just half of the backrest structure due to its
symmetry properties. The shape grammar for Thonet
design style has been described in a previous paper
(Barros et al., 2011).

DIGITAL DESIGN PROCESS
With the goal of developing an automated system
for designing and producing mass customized
chairs, the Thonet grammar was implemented in
the computer. The goal is twofold: to assist the designer in exploring of solutions within Thonet design
style; and to produce information for computer assisted manufacturing. The example shown in figure
1 depicts key steps in the development of the automated design system: (1) use of a sample of original
Thonet chairs designed in the 19th century to infer
the grammar; (2) definition of shape grammar schemata; (3) conversion of shape grammar’s labels into
percentage values to allow for computer implementation; and (4) an use of the parametric models to
generate existing and new chair designs within the
predefined design style.

The literature already includes several studies on
the computer implementations of shape grammars,
such as the ones by Tapia (1999), Wang and Duarte
(2002), and McCormack and Cagan (2002) to name
just a few. A shape grammar interpreter is a computer program that is able to recognize in the current
design shapes that are similar to the ones on the lefthand side of grammatical rules and then substitute
them by the shapes on the right hand side, thereby
computing designs according to the grammar. A
system like this provides a quick way of presenting
the designer with design alternatives, allowing him
or her to focus on creative aspects of design (Tapia,
1999). However, as previous studies on the development of shape grammar interpreters confirm, such
implementations require a large amount of coding
to overcome complex problems linked to shape representation, recognition, and computation, even in
the case of simple 2D, rectilinear shapes. The current
study involved curvilinear lines and surfaces, which
increased the complexity of the implementation, let
alone the coding of information linked to FEM and
CAM and the development of a user-friendly interface, which constituted important requirements in
the effort to create an effective design support tool.
Parametric design models, on the other hand,
are an alternative paradigm that can be implemented using commercial parametric software packages.
In this case, the designer establishes constrained
relationships between parts of the model that are

capable to provide variations when assigning different values to dimensional parameters (Monedero,
1997). The model becomes a reconfigurable set of
algorithmic relations created by the designer. When
compared to a shape grammar, a parametric model
presents some important limitations. It does not
support shape embedding and designs are not created by the recursive application of rules, which sets
limits for topological variation. Although the parametric model is a more pragmatic strategy, the goal
of assisting the designer in the conceptual phase by
enabling the exploration of design alternatives within a given style may be still fulfilled.
For the reasons just explained, it was decided
to encode the Thonet design grammar by converting it to an equivalent parametric model, using the
parametric capabilities offered by CATIA. Because
the grammar rules yielded families of chairs with different topologies, it was necessary to convert it into
more than one parametric model. Each of the parametric models was saved in a specific *.CATPart file.
Parametric models
The Thonet chair design grammar (Barros et al.,
2011) was based on a rectilinear simplification of the
curvilinear designs. The implementation of the parametric model in CATIA followed the shape grammar
rationale, which means that it was necessary to convert the simplified rectilinear representation back
into a curvilinear representation to obtain 3D digital

Figure 1
Overview of the steps to
encode Thonet chairs design
style into parametric models
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models of the chairs. The structure of parametric design model is, therefore, composed of two parts: a
rectilinear wireframe model linked to a curvilinear
representation. (Figure 2)
The rectilinear representation of the chair’s
backrest, as well as points defining the position of
the seat and rear legs, is set on a vertical plan. Grammar labels defining the position of control points are
encoded as integer percentages of the lines’ length.
Geometric and topological relations between parts
of the model defined in the grammar are encoded
as parametric equations in CATIA, establishing the
logic of the reconfigurable model. The wireframe
geometry points set on the vertical plane are projected onto three parameterized planes representing the top part of the backrest, the side and inner
backrest area, and the rear legs. These projected
points become control points for 3D splines linked
to circular cross-sections, which are used to generate the surface model geometry. The curvature of 3D
splines’ is constrained to comply with Thonet style.
To achieve proper instrumentation of the geometric
and algorithmic relations set in the model, parameters are exported using CATIA’s design table feature. This feature creates an Excel spreadsheet that
contains the model’s dimensional parameters, which
completes the definition of the reconfigurable parametric model.

To create a custom version of a Thonet chair
the designer has to: (1) select a parametric model
and the corresponding Excel spreadsheet; (2) assign
values to the parameters in the spreadsheet; and (3)
update the CAD model with the selected version.
Figure 3 shows custom Thonet chairs generated by
the parametric models.
Rapid prototyping
According to Sass and Oxman (2005) rapid prototyping can be used as part of the creative process with
the goal of materializing, refining, and evaluating
design ideas. Similarly, the research methodology
considered the use of rapid prototyping to produce
physical models directly from the digital output of
the parametric design implementation, thereby offering a tangible representation of the outcome. The
goal was to debug, fine-tune, and provide additional
insights into the grammar and its parametric design
implementation.
The specific technique used to produce the
models was 3D Print by ZCorp (Figure 4) Despite
the monolithic materialization, the use of rapid prototyping provided significant knowledge to detect
errors in the digital design procedures and refine
the parametric design model. The errors detected
with the physical models permitted to improve the
following issues: (1) the parameter of the backrest
Figure 2
Internal structure of the parametric design models: rectilinear wireframe model linked
to curvilinear representation.
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Figure 3
Custom-made Thonet chairs
generated by the parametric
models.
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height was limited in order to produce chairs concordant with Thonet design style; (2) the parameter
between the projection planes for the top and inner
areas of the backrest were refined; and (3) the outside beech frame cross-section was limited to values
that could be manufactured by steam bending production methods.
The use of rapid prototyping is foreseen in the
final digital design process envisioned for the mass
customization of Thonet chairs, as a way of conveying designs to future users before proceeding to real
size manufacturing.
Structural Analysis
The purpose of the envisioned digital design process
is the production of real size custom-made Thonet
chairs. It is, therefore, important to guarantee that
the chairs output by the parametric model are structurally sound. To accomplish this goal, structural
analysis using a finite element method (FEM) was
integrated in the digital design process. This was
performed using the Generative Structural Analysis

(GSA) module of CATIA, the same software used for
developing the parametric model, which avoided
the need for data conversion between the computer-aided design and computer-aided engineering
steps of the process. This was efficient as parametric models could be imported to and updated in the
GSA module to be analyzed.
To perform structural analysis in the digital environment, it was decided to simulate the scenario used
in physical testing, namely, the international standard
procedures to determine the structural resistance of
domestic chairs (ISO, 1989). As such, the various elements used in this standard test were integrated in
the parametric models: loading pads were modeled
and parametrically constrained to the geometry of the
chair; beech was defined as the material; and loads and
mesh resolution were defined in the GSA module, completing the description of the digital model.
The reference value of design resistance for
beech was calculated with the following standardized criterion (Porteous and Kermani, 2007), expressed as:
Figure 4
Rapid prototyped models of
custom-made Thonet chairs
generated by the parametric
models
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Rk
Rd = k mod
γM
Table 1
FEM results for Thonet-like
nº14 chairs

(1)
where kmod (0,6) is a modification factor that
takes into account the effect of load duration, γM
(1,3) is a factor for material property and resistance
at the ultimate limit state, and Rk (46 MPa) is the
standard value of beech’s compressive yield strength
parallel to grain. The Rd taken into account for the
simulation tests were 21.2 MPa.
The mechanical behaviors of chairs were examined with the von Mises stress (von Mises, 1913) and
the structure’s displacement (Figure 5).
In table 1 are shown FEM results from structural
analysis namely, the maximum amount of stress in
the critical area of the connection between the backrest and the seat and the structure’s displacement for
chairs with profile sections varying from 27 mm to
32 mm. Results confirm the resistance of a standard

Thonet chair with an outer beech frame diameter of
30 mm. The limit of rupture occurs with a force of
462N assigned to the backrest frame.
Ouside beech
diameter (mm)

Von Mises stress
(MPa)

Structure displacement (mm)

27

24.7

9.85

28

20.7

8.51

29

19.8

7.62

30

18.1

6.92

31

16.6

6.17

32

15.7

5.45

Further tests were made with different design
solutions generated by the use of parametric models. Results revealed that some solutions needed to
be refined in order to comprise the mechanical behavior within the limits of international standards.
There were tests in which the variation of 1-2 mm in
the outside beech diameter was sufficient to guarantee the fulfillment of ISO standards.

Figure 5
FEM analysis: Von Mises
stress, structure displacement
and mesh definitions
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To generate chairs whose performances are
within the ISO standards it will be necessary to develop an automated mechanism to search for optimal solutions within the constraints set by aesthetic
and functional goals. This will be the subject of future research.

CONCLUSION
An overview of the research context suggests that
the use of digital design tools and design for mass
customization may redefine the role of the furniture
designer. It opens new dimensions for the study of
design methods as the convergence of interdisciplinary practices becomes effective.
The initial setup of parametric models is more
time consuming when compared to traditional digital modeling. Nevertheless, the procedure leads to a
closer relation with both the details and the effects
on the overall shape of the product. The fine-tuning
of the parameters is an iterative process similar to
shape refinement in traditional digital modeling.
The initial time setup is overcome with the increased
potential for reconfiguration. Parametric models
have shown to be effective in assisting the designer
in generating custom versions of chairs within a predefined language.
Physical model making enables a tangible relation between the designer and the object. In the
particular context of this research, rapid prototyping
of solutions at an intermediate stage of the process
provided information useful to refine the parametric
models and promoted a critical assessment of shape
attributes. In the final envisioned digital process,
rapid prototyping may promote a higher awareness
of design to manufacturing issues in the process of
chair design.
There are few applications of FEM in early stages of furniture design (Olson et al., 2004) The use of
FEM stimulates new dimensions for collaboration
between design and engineering and expands the
capacity for controlling aspects pertaining to each
field in an integrated way during the design process,
from design to production.
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The next research phase will be concerned with
coupling structural analysis with optimization algorithms to generate customized chairs with increased
performance. Subsequent work will address the
creative transformation of the Thonet design grammar to create new design languages; the production
of real size chairs; and the design of an user-friendly
interface.
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