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Multi-criteria Optimization of the Mechanical Systems by
Virtual Prototyping Tools

Catalin Alexandru

Abstract—The work approaches the multi-criteria
optimization with design constraints of the mechanical systems
by using virtual prototyping software environment. The
optimization problem is formulated in the following way: to find
the optimal values of the independent design variables, defined
by upper and lower bounds, with the view to minimize or
maximize the design cost function (i.e. design objective), which is
subject to equations of state for the mechanical systems, and
design constraints. The application is developed for the hood
folding mechanism of a storage container, the optimization
process being configured by one design objective, and three
design constraints that cover the whole range motion of the
folding mechanism. The virtual prototyping environment
ADAMS of MSC Software has been used for the modeling,
simulation, and optimization of the mechanical system.

Index Terms—Mechanical system, optimization,
objective, design constraint, virtual prototyping.
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I. INTRODUCTION

The development of automatic analysis & optimization
tools is a continuous concern and challenge for the research in
the field of mechanical systems design. Important
publications reveal a growing interest in analysis &
optimization methods for multi-body systems (MBS), which
may facilitate the self-formulating algorithms [1]-[6]. Such
methods are intensively used to develop powerful virtual
prototyping software environments.
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Fig. 1. The virtual prototyping platform.

A typical virtual prototyping platform (process) is
schematically represented in figure 1. The stages to create a
virtual prototype mirror the stages to create a physical model
[71, [8], as follows: modeling (create parts, restrictions, and
forces generating elements), simulation (analysis / testing),
validation (compare virtual and experimental data), refining
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(improve the fidelity of the virtual model in relation to the
physical one, e.g. add friction, flexible parts, actuating &
control systems [9]), optimization (improving the behavior of
the mechanical system, usually from - but not limited to -
functional point of view). The physical (hardware)
prototyping is a support activity for the virtual (software)
prototyping, providing the experimental results used in the
validation stage of the virtual model [10]. The basic principle
for a successful virtual prototyping process is to manipulate
the simplifying assumptions in a way that reduces the
complexity of the virtual model, but without altering the
accuracy of the results [11].

In these terms, the current work is focused on the
optimization stage of the mechanical systems in the virtual
prototyping concept. First of all, in the 2™ section of the paper,
the optimization algorithm is depicted in the main specific
steps, and then, in the 3™ section, the algorithm is
implemented for the optimal design of a complex mechanical
system (namely, the hood folding mechanism of a storage
container), whose behavior is subject of several functional
constraints. Results and conclusions are discussed -
formulated in the 4™ section, with the aim to prove the
viability (usefulness) of the optimization study.

The optimization purpose is to minimize the material cost
of the mechanical system while satisfying three design
constraints that refer to specific functional requirements
throughout the entire range of motion of the mechanism. The
virtual prototyping environment ADAMS (Automatic
Dynamic Analysis of Mechanical Systems) of MSC Software
has been used for performing the optimization.

Il. THE OPTIMIZATION ALGORITHM

In the virtual prototyping concept, the optimization of the
mechanical systems is performed with the following steps
[12]: parameterizing the virtual model, defining the design
variables, defining the design objectives and constraints for
optimization, performing parametric studies or design of
experiments, and optimizing the model on the basis of the
main design variables.

Usually, the parameterization of the mechanical systems is
made by using the points that define the structural model, in
fact the locations of the geometric constraints (i.e. the joints).
The parameterization simplifies changes to model because it
helps to automatically resize, relocate and orient parts. In this
way, relationships into the model are created, so that when a
point is changed, any other objects (bodies, joints, forces) that
depend on it will be updated.

Design variables represent elements in model that allow
creating independent parameters and tie modeling objects to
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them. Usually, the locations (coordinates) of the design points
are considered as design variables. Design variable allows
running automated simulations that vary the values of the
variable over specified ranges to understand the sensitivity of
the design objective to the design variable changes, or to find
the optimal values.

In addition, using design variables, parametric studies can
be performed. The parametric study represents a set of
simulations that help to adjust a parameter to measure its
effect on the performance of the mechanical system. Design
study describes the ability to select a design variable, sweep
the variable through a range of values, and then simulate the
behavior of the various designs in order to understand the
sensitivity of the overall system to these design variations. As
result, design study allows to identify the main design
variables, with great influence on the mechanical system
behavior.

In general, an optimization problem is described as a
problem to minimize or maximize an objective function over
a selection of design variables, while satisfying various
constraints on the design and state variables of the system.
Various algorithms are available for finding a solution to an
optimization problem, given the problem has been formulated
in the manner described in this section.

The objective function is a numerical representation of the
quality, efficiency, cost, or stability of the mechanical system.
The design engineer decides whether the optimization
chooses to find the minimum or maximum of the function.
The optimal value of this function corresponds to the best
possible design in the given conditions. Examples of
objective functions include execution time, energy (effort)
required, and total material costs.

The objective function, also called the cost functional,
performance measure, or performance index, is a numerical
quantification that distinguishes or rates candidate designs.
The optimal design is achieved when the objective function is
minimized or maximized. In the case of minimization, the
objective grows smaller as the design improves. In the case of
maximization, the objective grows larger as the design
improves. Typical standard objective functions may refer to
minimum operating time, minimum effort or energy
consumption, maximum energetic or economic efficiency,
and others.

Design variables can be thought of as the unknowns for the
design problem. These are the parameters that can alter to
define the design. Changes in the design variables should
result in changes to the design function. Examples of design
variables are part dimensions, joints locations, part masses
and others.

To avoid unacceptable results/configurations, from
functional or constructive point of view, design constraints for
optimization can be defined. The optimization study improves
the design objective as much as possible without violating the
design constraints. Constraints are boundaries that, directly or
indirectly, eliminate unacceptable designs. Constraints often
take the form of additional goals for the optimization of the
mechanical system.

Usually, a constraint creates an inequality relation, the
optimization keeping the value of the constraint less than or
equal to zero. Constraints can involve the simulation results,
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but are not required to do so. They can constrain overall size,
weight, or other factors that depend only on model data. Most
designs have specific requirements, such as to support a
specified load or trace a specified path. There is usually some
means of distinguishing a good design from a bad design: it is
too heavy or it will cost too much to produce. Some
requirements can be restrictions on a design: packaging, end
conditions, or material availability.

Part of the design process is to manipulate the unknowns
(variables) in a design to arrive at a good design that satisfies
all goals (objectives) and restrictions (constraints). If these
features can be quantified, optimization techniques can be
used to analytically arrive at the best theoretical solution.

In the general case, an optimization problem can be briefly
formulated in the following way:
- to find the design variables: a' = [a;, a,, as,
- with the upper and lower bounds

Yori=a - (ai)H <0,i=1,...,n

Wiy = (ai)L -3 <0,i=1,...,n
where ()™ is upper bound on the i-th design variable, and
(a)" - lower bound on the i-th design variable
- to minimize/maximize design cost function:

Yo=f(y a1t
- subject to
a. equations of state for the mechanical systems
g(y,at)=0

b. design constraints
b.1. equality constraints
Ye=h.(y,a,t) =0
b.2. inequality constraints
Pi=h(y,a,t)<0
where: t - time, y - state vector for the system, g - vector of
governing equations, h. - vector of design functions defining
equality constraints, h; - vector of design functions defining
inequality constraints [13].

For this paper, the optimization study will be performed by
using the optimal design tools provided by MSC.ADAMS, so
that there is no need to develop a mathematical algorithm for
the numerical optimization.

I1l. CASE STUDY

For this paper, the hood folding mechanism for a storage
container has been considered. The virtual model of the
mechanism, which is shown in Fig. 2, has been developed by
using the MBS package ADAMS of MSC Software [14].

7 ADAMSView 2005.0.0 (= |[0][X]
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bracket

Fig. 2. The MBS virtual model of the hood folding mechanism.
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The mechanism contains five mobile bodies (1-5), the fixed
part (0) of the model being the container bracket. The six
bodies are connected through revolute joints (A-G). In
addition, the mechanism includes a spring, which is connected
(in H and 1) between the 2" link and the bracket. The storage
compartment has a filter that needs to be replaced, therefore
the mechanism must be designed so that the hood does not
interfere with the filter when it is opened.

In the virtual model, there are nine design points that
control the locations of the joints (A - 3/5,B - 4/5,C-2/3,D -
2/0,E-5/0, F - 1/4, and G - 1/3) and the locations in which the
spring is connected to the adjacent bodies (H, and 1I).
Considering that the locations of the points on bracket, which
is attached to ground, and hood are established on
constructive criteria, only four design points will be available
for optimization: A, B, C, and I.

These points determine in fact four design variables: the
lengths and the position angles (relative to the horizontal axis)
of the links 2 and 5 (L, Ls, oy, as). The design variables allow
to define independent parameters that can be linked to objects,
and to organize the critical parameters of the design into a
concise list of values that can be easily modified. In this way,
a parametric model of the mechanism has been created.

The goal of the optimization is to minimize the material
cost of the hood folding mechanism while satisfying the
following three design constraints:

1) The hood does not interfere with the filter throughout the
entire range of motion;

2) The inclination angle is of 50° when the hood is fully open;

3) The filter is accessible from above when the hood is open.

The first design constraint is to design the linkage so that
the hood never touches the filter as it is opened. The design
function is based on a measure that defines the vertical
distance from a marker on the rear of the hood - MARKER_I
to the top surface of the filter — MARKER_J (fig. 3). In
ADAMS, this measure was created by using in Function
Builder the predefined function “Distance along Y”. When
the value of the measure becomes negative, the hood
penetrates the filter and this is an unacceptable design.

7 ADAMSIView 2005.0.0 [ |[B][X]
File Edit “iew Build Simulate

Fig. 3. The monitored coordinate system markers.

In ADAMS optimization objectives and constraints, the
sign of a measure (+ or -) has special meaning [14]. For
example, if an optimization constraint is positive, then it has
been violated. If it is negative, it has not been violated, and the
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design is acceptable. In these terms, it is necessary to negate
the DY function expression so that a positive value of the
measure indicates that the hood marker has interfered with the
filter’s top surface. Conversely, if the measure stays negative
throughout the operation cycle, it means that there is an
acceptable design. Thus, the measure has the expression:
distance Y = -DY(Marker_I, Marker_J), the constraint
applying to the maximum value of the measure.

The second design constraint is to have the hood open to a
minimum inclination angle of 50950 it is necessary to create a
design constraint in order to monitor the angle, making sure it
is satisfied during the optimization. The current inclination
angle of the hood relative to ground is created by using in
Function Builder the predefined function “Angle about Z”
and then subtract it from the desired angle. The measure was
created by referencing the marker placed in the front part of
the hood (Fig. 4).

3 ADAMS/View 2005.0.0 [ |[B]X]
File Edit “iew Build Simoulate

MARKER_front

Fig. 4. The monitored marker in the front part of the hood.

Thus, the measure expression is: inclination_angle =
50-AZ(marker_front). This will result in a positive value for
the measure when the angle is less than 5029 The second
design constraint was created using the value at simulation
end of this measure.

The third optimization constraint is to design the linkage
such that the air filter is easily accessible from above when the
hood is fully open. One way to achieve this goal is to have the
rearward end of the hood move forward as the hood opens,
ending at 50 mm offset from the starting configuration. The
current horizontal distance between the coordinate system
markers | and J (see Fig. 3) was created using the “Distance
along X” function, and then it was subtracted from the desired
offset distance of 50 mm. In this way, the measure has the
expression: distance_X = 50-DX(Marker_I, Marker_J). This
result is a positive value for the measure when the distance is
less than 50 mm.

The above-created measure is used to define the third
design constraint for the optimization process. When the
constraint value is negative, the criterion is satisfied.

The goal of the optimization is to minimize the material
cost. The cost of the material is proportional to the overall
mass of the link parts. There was created a measure that sums
up the total mass of the linkage using a computed measure.
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IV. RESULTS & CONCLUSIONS

For the initial mechanism, defined by the initial values of
the design variables: L, = 180 mm, Ls = 230 mm, o, = -15°,
and o5 = 4.8°, the specific results are shown in figure 5. There
are the following approximate values of the design objective
& constraints:
= design objective — 1.141 kg,
= 1% constraint — 9.853 mm,
= 2" constraint —9.746°,
= 3" constraint — 28.198 mm.

The results show that in the initial configuration the hood
folding mechanism does not respect the imposed design
constraints, all the three constraints being violated.
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Fig. 5. The variations of the constraint measures in the initial design.
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The algorithm used to perform the optimization is
OPTDES-GRG (Generalized Reduced Gradient), which is
provided with ADAMS. This algorithm requires that design
variables have range limits, since it works in scaled space.
The differencing increment, which specifies the size of
increment to use when performing finite differencing to
compute gradients, is defined using the forward method (the
value is added to the nominal value of each design variable on
successive runs) [14].

For the optimized mechanism, the specific results are
presented in figure 6, with the following numerical values:

1) Design objective — 1.126 kg,

2) 1st constraint — -5.945E-002 mm,
3) 2nd constraint — -3.947E-003°,

4) 3rd constraint — -9.578E-002 mm.
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Fig. 6. The variations of the constraint measures in the optimal design.
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The optimal configuration of the mechanism is defined by
the following values of the design variables: L, = 178.22 mm, Ls
=230 mm, ap =-14.97°, a5 = 10°.

From the results shown in figure 6, there can be observed
that the optimized mechanism respects the design constraints,
and at the same time there is a decrease in the material cost /
mass. Therefore, the optimization objective is allowed,
respecting the design constraints.

Finally, in figure 7 there are shown the graphic animation
frames in the fully-open configuration of the initial (a) and
optimized (b) mechanism.

A ADAMS/View 2005.0.0 =l
File Edit “iew Build Simulate
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Fig. 7. The fully-open configuration of the mechanism.

In this work, specific aspects regarding the optimization of
the mechanical systems by using virtual prototyping-based
software tools have been presented. An important advantage
of this kind of approach consists in the possibility of
performing easy virtual measurements at any point and/or
area of the mechanical system, and for any parameter. This is
not always possible in the real cases due to the lack of space
for sensors placement, lack of appropriate sensors, or high
temperature in the fitting area of the sensor.

The optimization of the hood folding mechanism, which
leads to a significantly improved mechanism, with minor
changes in its geometric configuration, proves the usefulness
of the adopted optimal design strategy. The behavioral
performance predictions are obtained much earlier in the
design process of the mechanical systems, thus allowing more
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effective and cost efficient design changes.
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