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Introduction:

Complex dynamics of global markets force companies to adopt new ways in order to increase
competitiveness. The multidisciplinary approach has proven to be crucial in making products always
more competitive and successful. When tackling issues increasingly complex, the designer is obliged to
consider simultaneously multiple perspectives in order to determine the optimal solution. Engineers
are asked to achieve the right compromise in terms of product features to optimize the product
performances, manufacturing cost and manufacturing lead-time.

This optimization process is often manual [10] and does not allow a comprehensive exploration of
what the main problem is, leading to the choice of solutions that are potentially suboptimal.
Furthermore, objective functions often cannot be expressed through the use of simple algebraic
relations which necessarily bring up the need of using specific software for their evaluation. Moreover,
a step-by-step approach to identify the right combination of design criteria is a time and cost
consuming process. Therefore, the automation of the optimization process, based on the integration
of CAD, CAE and Design for Cost (DfC) software, is essential to increase the product quality and to
facilitate and accelerate the identification of the optimal configuration.

The most used CAD-CAE-DfC tools available on the market are stand-alone systems, which need a
relevant user interaction for achieving a real integrated use [7,8,12]. Moreover, even if integrated
software exist (such as SolidWorks), designers tend to use CAD tools for product modeling and other
commercial CAE and DfC tools for the specific analysis [9].

CAE software tools with optimization modules capable to work with parameterized CAD models,
are widespread. Through these modules, it is possible to set constrains that have to be respected and
goals that have to be achieved in order to automatically identify the best configuration. However, no
economic optimization is taken into account.

Today the need to get information about product manufacturing time and cost in a quick and
accurate manner has led to the development of DfC software (Design for Cost). DfC tools, due to
internal algorithms, are able to determine machining cycles and machine tools required to produce a
part respecting prescribed roughness and tolerance. Furthermore, assembly features, such as weldings
and couplings, can be automatically recognized by analyzing 3D assembly models. However, none of
this software contains features for a multi-objective optimization process.

In literature, it is possible to find numerous approaches for the design and optimization of
products. Nonetheless, in general, the focus of these approaches is the product performance without
any consideration about manufacturing time and cost.
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The multi-objective optimization is a consuming process from a computational point of view due
to the complexity of the FEA codes and the cost assignment process [13]. The general approach used
to reduce the computational cost consists in making a limited number of simulations based on the
Design Of Experiment (DoE) method [1,2,4,5]. The simulation results are used to realize an
approximated model of a system response through the Response Surface Methodology (RSM) [3]. The
approximated model is called “surrogate model” or “metamodel” and can be generated using different
techniques [11]. From the surrogate model it is possible to analyze thousands of configurations that
identify, through the support of appropriate optimization algorithms, the optimal one. With optimum
configuration we refer to the procedure that reaches the right compromise between objectives, that
can also be conflicting, and that does not violate the fixed constraints.

In this context, this paper aims to develop a methodology that allows, through the effective
integration of different design and simulation tools, the product multi-objective optimization
considering also manufacturing time and cost. The CAD system is the main actor of this process since
it is able to interconnect both the CAE software and the DfC software for the specific analysis. In
addition, thanks to the possibility of parameterizing the geometric model, it is possible to use an
optimization tool that enables to vary design criteria in an automated way, allowing the analysis of
numerous configurations and the identification of the optimal one, without any interaction with
designers.
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Fig. 1: CAD based method for multi-objectives optimization.

This paper presents a methodology (shown in Fig. 1) to support the designer in determining the design
parameters, which guarantee the best product performance, while minimizing manufacturing cost and
time. This methodology, combining opposing objectives and considering constraints defined by the
designers, allows coping with the complexities faced in the process of multi-objective optimization,
taking into account multidisciplinary problems.

The proposed methodology integrates three different levels of analysis: optimization problem
formulation, virtual prototyping and design optimization.
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The first step of this methodology consists in formulating the optimization problem by specifying
the objectives, constraints and design variables. The formulation of the optimization problem is a key
level of the presented methodology and it is complementary to the design optimization level. Indeed,
an inadequate formulation typically leads to wrong conclusions. It is necessary to define the
formulation model reflecting the situation being modeled, with a reasonable resources consumption.
In formulating the optimization problem, designers must choose the variables to investigate, the
objectives to achieve and the constrains to satisfy. The variables to optimize may be many and
various: size, geometry, material, tolerance etc. The number of these variables can be very high. The
designers have the task to reduce this number in order to have a good compromise between accuracy
and speed. Usually, there is not only one possible goal but designers have to choose from a variety of
different goals. An important aspect of problem definition is the selection of relevant objectives and,
if necessary, to assign them with an importance rate. The more decision alternatives designers have to
consider, the more difficult it is to choose a proper alternative. Constrains specify the restrictions and
interactions that limit variable values, CAE simulation and time and cost of manufacturing.

The virtual prototyping level employs modeling and numerical simulation techniques to develop a
digital model of the product, containing as many product and process information as possible,
necessary for its production, in order to allow performance, economic, aesthetic and, if necessary,
ergonomic evaluation. In this level, three classes of software tools must be used and integrated among
them:

1. CAD system for three-dimensional geometric modeling;
2. Product simulation system (CAE);
3. System for the manufacturing costs and times evaluation (DfC).

The first step of this level consists in the CAD model generation with the geometrical and non-
geometrical parameterization according to chosen design variables. In this phase, engineers define
also the product characteristics necessary to the next analysis: materials, roughness, tolerances etc.
The subsequent step consists, through CAE and DfC tools, in the product performance and
manufacturing cost and time evaluation.

The Design Optimization level guides the analysis of virtual simulations by identifying a certain
number of parameters, which influence system response. Through the construction of the response
surface, it is possible to analyze the behavior and manufacturing cost and time of the product in all
operating conditions. The DoE method provides the experiment plan definition related to the
parameters chosen in virtual modeling. The engineer can use his know-how to set the parameter range
and to evaluate the most suitable configuration. According to DoE approach, a reduced number of
experiments is required to elaborate the final optimum condition. Each test includes a combination of
the set of values in order to investigate the influence of each parameter. At the end of this level the
model optimal configuration is found. To support this phase on the market are available software that
allow the product multi-objective optimization.

This approach fully exploits the ability to configure the CAD model in order to allow its
integration with other software tools. The optimization software defines the DOE, manages all the
connection between CAD-CAE-DfC software and allows to fully automate the process. Furthermore, it
allows to analyze the results in order to choose the best solution through different methods.

Case study

In order to facilitate the understanding of the proposed approach, a case study will be presented and
discussed. This method has been used to redesign the modular structure used for the rotation of the
armchairs under the floor level (to hide it), with the objective to manufacturing cost and time. An
Italian leading company in the production of sofas and armchairs actively participated at the test of
the proposed method.

The product is made up of commercial and machined parts, for a total of about 300 components. The
existing product has been analyzed by the design team in order to identify both the economic and
functional system weak points.

During the redesign phase, designers proposed different possibilities for the resolution of the
design criticalities, which have been subjected to a technical and economic assessment to be validated.
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In order to find the optimal solution, the method previously described has been used by setting the
most relevant parameters concerning the CAD model. Among these parameters there are, for example,
the diameter of the shafts, the thickness of the sheetmetals, the modules of the toothed wheels, fillet
radius etc. The CAD model has been analyzed with a FEM software (ANSYS® Workbench®) to examine
the structural behavior and with a DfC tool (LeanCOST® by Hyperlean®) to evaluate the manufacturing
cost and time. The automatic integration of these software tools and the changing of the CAD model
parameters has been handled by the optimization software modeFRONTIER® (by ESTECO®), as shown
in Fig. 2. It firstly creates a DOE with the geometric and non-geometric variables of the model and
then generates a metamodel using response surface methodology with the structural results as well as
manufacturing time and cost. Lastly, through specific optimization algorithms, it is possible to
proceed with the determination of the optimal solutions.
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Fig. 2: Workflow of the optimization process for a part.

The optimal solution shown by the software tool was validated by specific simulations to verify
that it is not subject to errors regarding the regression of response surface.

The presented methodology has been used in a case study and it has been compared with the
traditional (manual) optimization process. Two design teams carried out the same optimization
analysis of the modular structure, the first (two engineers) using the presented methodology, and the
second (three engineers) following the traditional method. The aim was to test the functionality of the
automated process and to compare the results achieved. The team that used the mentioned approach
was able to identify the optimal solution, saving 13% of manufacturing cost and 17% of manufacturing
time, compared to the solution achieved by the other group.

Conclusions:

The paper presented an optimization method for supporting the definition of the design solution
optimizing an objective function while respecting the constraints imposed. This method is based on a
parametric CAD system and FEM and DfC software tools respectively for multiphysics and
manufacturing cost and time analysis. By linking these systems with an optimization software, it is
possible to seek automatically the parameters of the CAD model that allow to reach specific goal/s.

The presented methodology has been designed to be used both for the study of a single
component and for complex assemblies. The latter enables designers to focus on the global analysis of
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the system and not only on the individual parts. Thus, the use of this method leads to a significant
time saving and it allows to evaluate a number of configurations that otherwise would not be possible
to consider. However, it is not possible to choose a number of variables that is too vast because of the
metamodel limits [6]. In addition, the analysis of complex systems, especially for FEM simulation,
requires a considerable computational effort and therefore limiting the considered design variables
turns out to be a winning strategy to save time and costs. It is up to the designer, through a proper
correlation analysis, to limit the number of design variables only to those that have a greater impact
on fixed goals.

Future works will be focused on the study of methodologies to support designers in detecting the
low impacting variables that can be neglected by the optimization analysis, in order to save the
computational resources. This improvement will allow designers to reduce the time for the
configuration of the analysis.
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